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PREFACE

Traditionally the site of this conference has rotated from Asia to Europe to North America.
In keeping with this tradition, this 13th Conference on Magnetically Levitated Systems and Linear
Drives is being held at Argonne National Laboratory in the United States. The 1 lth and 12th
Conferences, Maglev '89 and Maglev '92, were held in conjunction with the 5th and 6rh World
Conferences on Transportation Research in Yokohama, Japan and Lyon, France. Anticipating
greater participation this year, Maglev '93 was organized as an independent conference. Indeed, for
the first time in many years, U.S. investigators joined their Japanese and German colleagues in
contributing the majority of the manuscripts received. In addition to these papers, we were gratified
to receive contributions from China, Korea, Russia, Ukraine, Italy, Canada, and the United
Kingdom. The many papers from countries around the world confirms the continued and renewed
worldwide interest in this topic. It is as a _sult of your efforts that we have been able to assemble
this program and organize this conference.

After a brief period in which the Japanese MLU-002 was rebuilt and changes were made to
the Transrapid test track at Emsland, testing is resuming at both sites and this conference finds
renewed activity and interest in maglev technologies. The substantial growth in U.S. participation is
due to the R&D program supported by the National Maglev Initiative in 1991 and 1992, and the
anticipation that a National Maglev Prototype Development Program will begin later this year.

We have been honored to serve this conference as co-chairmen and hope that you will find
it to be intellectually stimulating and rewarding. At the conference dinner, and on the dinner cruise
aboard the Spirit of Chicago on Lake Michigan, you will have an opportunity to become acquainted
with your maglev colleagues from other countries. We look forward to visiting with our old maglev
friends and colleagues and to meeting those of you whom we do not yet know.

Donald M. Rote Howard T. Coffey
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Development of Maglev Transportation in Japan :

Present State and _.%]ture Prospects

Eisuke Masada

Department of Electrical Engineering, The University of Tokyo

Hongo, Tokyo 113, Japan

Abstract - The present state of developments is ev- In 1973 ,]AL c_npleted a 1.3km test track in Higashi-

el_iewed on the maglev transportation systems and the ohgishima, Kawasaki and carried out operational

related technologies in Japan. Both EDS and 5_4S systems experiments of the High Speed Surface Transport (HSST)

are at the final stage of development for practical system with test vehicles HSST-01 and 02. HSST is based
applications. Their prospects are explained for future on the concept of the combined lift and guide type of

application fields in relation with their o_ features. EMS system utilizing U-shaped magnets and U-shaped rail

in their cross section. The technical feasibility of the

I. Introduction system was established with operational tests at the

velocity up to 308km/h. The vehicle can be light-

The railway systems have been well developed in Japan weighted due to rather simple EMS structure and is

as the mass transports for public. The urban networks considered to be applicable to urban transports

withsubways and suburban systems have covered over many practically.

large cities. The Shinkansen system has extended with MOT supported further develo_nent of HSST for the

longer than 1,800km track connecting cities over our urban transport. Then HSST-03 was demonstrated on 400m

main land with highspeed as 270km/h. They have track in Expo'85 in Tsukuba for public. It satisfied

contributed to support socio-economical activities in more than 600,000 passengers with its excellent riding

Japan and assist industrial growth, comforts and very low operational audible noise. It lm-

Our land is narrow and long extended over 2000km from pressed them as a promising future transport in urban

north-east to south-west. The need for superspeed area. Continuously demonstrations of HSST-03 in Expo'86

ground transportation system is considered as the in Vancouver and HSST-04 in Saitama attracted interests

growth of the demand of the Shinkansen system, of many veoples. In 1989 on the occasion of Yokohama

especially for the connection between Tokyo and Osaka. fair, HSST-05 was licenced for revenue service by MOT on

However, the rail system has its own limit of operati- the basis of operational results before as a demonstra-

onal velocity due to maintenance efforts to keep it rien transport operable up to 60bn/h. Practical deve-

with high reliability and environmental influences on lopment for the urban transport is taken over by the

the area along its track. The problem is more severe in project in Nagoya based on its success in Yokohama.

the metropolitan area. After the basic research on the principle of the

Therefore the deve].opments of the maglev transports superconducting electrodynamic suspension system and the

were considered and started in late 60's, in order to superconducting magnets in Railway Technology Research

solve the l_nits of the wheel and rail system. Begining Institute, JR constructed a 7km long test track in 1977

with the basic research on the new concepts and the in Hyuuga, Miyazaki. ML-500 vehicle recorded the highest

realization of necessary co_3onents, the developments velocity of 517km/h in 1979 and verified the technical

have taken more than 20 years and are at their final feasibility of the system. The guideway was modified

stage for the practical applications, into U-shape in 1980 and the manned operation was
carried out thereafter with MLU-001 vehicle

II. Short History of Developments successfully. Though its operational velocity was

limited due to original dimension of the guideway, it

At early 70's, after basic researches in institutes and attained at the speed of 401km/h. Improvement of super-

universities, the Ministry of Transport, Japan (MOT), conducting magnets was done to increase their reliabi-

the Japan Air [,ines (JAL) and the Japanese National litv and better their characteristics to realize appli-

Railways (JR) were interested on the maglev system as cable ones to practical system.

transports in future in different application fields Though JR was separated and put into private manage-

respectively, and started practical development for ments in 1987, the development was continued and

their own purposes. MOT wished to solve the problem of transfered to RTRI. The prototype vehicle MLU-002 with

public acceptance for the construction of new urban the half size of the practical model and equipped with

transportation systems needed from the rapid increase bogietracks, was introduced. Operational characteristics

of the population in large cities with the reduction of of superconducting magnets agaist complicated dynamic

environmental infringement due to the operation of motion of bogies coupled with car body were measured and

transportation systems based on the principle of evaluated for the design of the full-scale train. On the

contactless maglev system. JAL intended to introduce a basis of the concept of this this system, JR Central

new high speed _::nsport mean to connect airports Japan proposed the Linear Express Project in 1989, which

with city centers in short time, in order to keep up would connect Tokyo with Osaka in about an hour as a

with expansion of the domestic air network. JR concent- future system to measure the growth of demand in tl,_

rated to develop the superconducting maglev system, 21st century. It was approved as a candidate system for

which could operate at the velocity up to 500-600km/h the Chuoh Shinkansen Project which L'einferthes Tokaido

and was applicable as the next generation inter-city Shinkansen as a trunk line for the Tokyo-Osaka corridor.

system replacing the Shinkansen. To prove the technical readiness of the superconducting

MOT constructed a 166m test track at Tsukimino near system for the project, a new large scale test track was

Tokyo. A test vehicle EML-50 of 1.8t with the electro- decided to be constructed in the south east of Koufu,

magentic suspension system (EMS) was made and operated. Yamanashi in 1990 by MOT.(1)
It verified the technical feasibility of the maglev

system, but the original concept was based on too heavy III. Superconducting Magiev System
vehicle for the urban application. The council for the

transportation technologies of MOT approved the In order to evaluate technical completion to be

necessity of the urban maglev transports and applied to a practical system with the operational speed

reconTnended their staged development in cooperation up to 500km/h, and clarify the economical basis of the

with HSST project, investment, the Yamanashi test track is under



construction. Technical studies are carried out conti- current to each train, and a depot for trains.

nuously in the Miyazaki test track for the design of

the facilities in Y_nanashi and improv_nent of the sys- J_ 42.8km _-
t6_ll. The final+ decision for the practical application ["
will be done until March 1998 with the results of con-

struction and operational tests in the new test track. Kofu

ttninel
A. Linear Express Project

The ridership of Tokaido Shinkansen has grown steadi- _suki
ly and the nt,nbec of passengers +mt: day has attained up

to 360,000. lt is foreseen that its transportation I%

capacity will not be able to cope with the d_l_nd in Tsuru V
the 21st century. The second connection between Tokyo

and Osaka passing over nDuntainous area straight has

planned as the Chuoh Shinkansen fr_n this reason. N

JR Central Japan proposed to introduce the supercon- _ Mt. l._ji
ductimg mag[ev system into this connection and named it

"Linear Express". (2) lt is considered to connect Fig. 2 Yamanashi Test Track

Tokyo, Nagoya and Osaka with the operational velocity

of 500_n/h. I0 trains with 12-16 cars will operate per The project was started in 1990. The construction

hour at n_ost, it wilt share the passengers in Tokaido began in 1991 and the operation will be carried out

corridor with Tokaido Shinkansen and carry more than fr_n 1995. The total at_]unt of the project budget is

200,000 passengers per day. The profitability of Linear 346 BY. JR group shares n_ain part of it. ,IR Central

express is estimated good, if it operates alone. Japan invests 196 BY. The goverr_nent supports about 20%
of it. 12% of it will be spent for the technical deve-

lot_nent program.

_Osaka_/'_+ .......\ _xpr_" _ %-Ko[u C. Definition of New Systmn, ii, iJ ii I

+.._ _ -_ '1V'kYt'_.._ On the definition of the system realized in Yamanashi

the following 9nprovements of the syst_11 characteri-

stics are taken into account for practical application.
- reduction of energy constmtption

- increase of systmn reliability

Then such modificatios are taken oyez the syst_n dsed

in Miyazaki test track before as:

Fig.l Linear Express Project - introduction of the sidewall levitation schemle

- t_ layer coil arrang_nt for the long stator of

MOT instructed JR Central Japan and Railway Construc- linear synchronous motor

tion Corporation to investigate geographical and geo- -G_%)inverter for the drive system

logical condition of the route for Chuoh Shinkansen on - coupled bogie structure for multi-section train
the basis of both conventional Shinkansen and linear The basic design of Y_tlanashi Test Track was carried

express in [990. The wr)['k will be ccmtpleted in 1997. out on these concepts.

With the test results on the chnracteristics of the

superconducting nmglev system obtained at Y_nanashi 1) guideway: The long stator coils and levitation

Test Track, the final decision for the realization of coils are installed on the side of the U-shaped guide-

Linear Express project will be done in 1998. way. In order to suppress disturbances in the magnetic

field generated with the long stator and to increase

B. Y_nanashi Test Track operational reliability of superconducting n_agnets, the

stator coils are equipped in tx_) layers. The levitation

After ten years of basic develc_nents and operationa] coils are installed over them as sho_] in Fig. 3.

tests in Miyazaki Test Track, MOt' and dR groups decided Three kinds of colt. fixing structure and three types

to construct a full scale test track for the practical of beam structure of guideway will be tested in the new

realization of the superconducting maglev syst_n in track for the study of economical construction of

1989. The objectives of the project are: guideways. ( 6 combinations )

- to c(]nplete the system technology necessary for

practical application 2) concept of train: Two train sets with 3 and 5 cars

- tc) evaluate econc_nical feasibility of the system will be n_nufactured. The length and weight of the

as a superspeed transportation system front car are 28m and 30t. Those of intent_diate cars

To carry out enough op_grationa] tests to achieve these are 21.6m and 20t. The tlk]xhllt,n operational velocity is

objectives, a new test track is needed, which has the supposed to be 550km/h. A superconducting magnet with 4

lengtl] of a[x)ut 40Run, double tracks, tunnel and bridge, coils is installed in each side of a coupled tx)gJe. Its

as well as steep gradient and curves. I+_n three alter- magnetmot:ive force :is 700kAT.

natives, Yc_nanashi Test Track Icx_at£+_ south east of

Kofu was chosen. If the successful results will be got 3) _x]wer supply station: 'I_) [x_wer supply stations

there and favorable decision wi II be, given to the will be constructed, w%ich can supply current indepen-

superconducting umglev system, the test< track will be dently for each train, as well as t:ransfer F_+werfeed to

utilized as a part of the track of the linear express a train between their. They l_-_vedifferent caF*_c:ity. 'lg]e

line. smatter one is ecB_ipped with a forcc_] c¢]mlutated

The length of the test track is 42.8_n, {Skin ¢)t7 which converte[" to suppr'ess disturbances to utility
is tunnel. Its central, area of 24_an is double track netw_)rk. To supply variable frequency current to the

with a high speed switch. '2tie highest gradient is 4%. long stator to accelerate ()r deaccelerate a train, the
The smallest radius of the curved track is 8,000m. The w)ltge source type, pulse-width m(x_hJ[ated G'R) inverter

space between the center of double tracks is 5.8m. [t :ts uti.l_zc_l.
has tw,_ substations, which feed variable frequency



D. Technical Develo_]_nt Program guidance force required wiring between each coil, the
scheme is adopted for the practical system to reduce

operational costs.

Several spans of guideways of Miyazaki have modified

_____ into this arrangement and operational tests showed

_____ successful results. Method of construction and practi-cal installation of coils of this scheme were also

_ Levitation Coli studied with mock-up guideway model_.

3) MLU-002N vehicle: Soon after the fire of MLU-002,

.... __ _ _ MOT approved to restore it. A new vehicle MLU-002N wasbrought into Miyazaki at the end of December 1992 and

I _q has been operated from January 1993. Its basic confi-

[] ArmatureC0il(InnerLayer) guration is the same as MLU-002, but countermeasures

against fire are taken. Its features are as follows;

_[] _ _ - aerodynamic brake is installed
',, [] - cabin material is Aluminium alloy
""........ without front windows

ArmatureCoil(OuterLayer) - no seats for passengers
-- - double frame, link coupled bogie

CrossSectlon - 14-inch tire with the disk brake

U v W U V - inframable hydraulic oil

___ -heat resistant piping

- sensor for inner pressure of tires

- guarding wheels

Total Structure of Ground Coils (Side View)
(240.degree2.layer alternatwepole nrucmre)

Fig. 3 Ground coil arrangement

Parallely with the construction of the new test track,

RTRI has modified the facilities of Miyazaki Test Track

and carried out operational tests to verify new concept

and design.

i) improvement of superconducting magnets: In order

to reduce the probability of quench of superconducting

magnets, the mechanism of the generation of losses in

them is analyzed in details. Both mechanical vibration

tests and simulated vibration tests due to electroma-

gnetic forces generated in the guideway were carried

out at the bench test equipments with full size magnets

in RTRI and manufacturers. Then it became clear that

- mechanical losses due to vibration in supercondu-

cting coils

- eddy current losses in the structure of the magnet

caused by vibration Photo 1 MLU-002N

were influential to quench phenome_na. New construction

scheme is introduced to suppress these effects. E. Future Prospects

First bogie installed new designed magnets were equi-

pped to MLU-002 and put into operation in June 1991. The future of the application of the superconducting

However, due to the interaction with the other old maglev system depends strongly upon the results of con-

bogie, operational results of it were limited. The struction and operational tests in Yamanashi Test Track

second new bogie was equipped in October 1991. Un,or- for this several years. Though high speed rail develop-

tunately on the first day of the operation of the new ments are being carried out in Japan too and operation

arrangement, the vehicle had a fire because of mechani- over 350km/h has been realized, their emission of audi-

cal failure in a wheel and was completely distroyed, ble noise to the environment is considered to be diffi-
cult to be solved for practical application. Also the

2) sidewall levitation scheme: With EDS system, problem related to the increase of air traffics over

enough lift force cannot be obtained at low speed as Japan should be taken into account. The superconducting

less than 200km/h. The wheeled operation with rubber maglev system has high potential as the future transpo-

tires is required in this velocity range. If the levi- rtation system with larger capacity, better environmen-

ration coils are installed on the surface of the base tal influences and higher safety. The extension of

of the track, as in the original arrangement in Miya- Linear Express to further west to Fukuoka, the airport

zaki, induction current flows in these coils even connection in Sapporo and others have been considered

in wheeled operation and causes much energy losses due by local governments for possible application of the

to low speed, system.

A new scheme to install these coils on the sidewall

of the guideway is introduced to improve operational IV. HSST Project

energy efficiency and named "sidewall levitation". If

the superconducting magnet is positioned at the center As the first stage of application of HSST, many local

of the 8-shaped levitation coil on the sidewall under governments have been interested to use it for urban

wheeled operation, no induction current flows because transports in city center. The maximum operational

of the null-flux principle. Then no losses are genera- velocity less than 100km/h is considered to be enough,

ted in them. Though the null-flux connection between but negotiation with small radius curves and steep

coils or, both sides of the guideway to provide lateral gradient track are required to be realizable. The con-



struction and operation costs should be evaluated in draulic brake is also operable as a back-up syst_n and

details. For its practical construction and operation, in very low velocity. The maximum acceleration and de-

the official legislation and technical standardization celeration is 4.5km/h/s, but the latter can be in-

should be established. The Nagoya project has been creased up to 5.3k_n/h/s in emergency. The maximum

introduced for these aims. operational velocity is ll0km/h. The propulsion is

automatically regulated based on the pre-programmed

A. _goya Project operation pattern. The protection of train operation is
done with ATS and ATO.

For the evaluation of HSST system as an urban trans-

port, HSST Co. (a subsidery of JAL), Nagoya Railways 3) Electrical system: The electrical power to the

Co. and Aichi Prefecture formed a joint venture of vehicle is supplied with 1500 v.d.c, from a substation

Chubu HSST Development Co. (CHSST) irl 1989. lt con- at the end of the track. AL/SUS solid contact rails are

structed a new test track of 1.6km long in Na_yd, equipped along a side of guideway beam. Through sliding

Aichi, utilizing an existing line of Nagoya Pm±lways collector the current is fed to the vehicle.

connecting Ohe with Nagoya Port in the sosth part of

the city.

Various cemponents needed for the realization of an !

urban transport with HSST have been installed and i

tested for tw_ years, i_

i) guideway: The test track is constructed with a _
main single track and a short branch line connected

with a bending switch. The main track has both elevat-

ed and grounded guideways. The latter part is used for

the test section of various types of guideway construc-

tion and supporting rail fixings. Features of the main

track are as follows:

- two gra<'ient parts of 6% and 7%

- curving parts with radius of I00, 300, 1500m

- two elevated end stations

- a depot for the vehicle maintenance

The short branch line has a curve of very small radius

of 25m, which should be negotiated with the operation

of the vehicle in the case that the elevated guideway

is constructed along the roads in urbe, area, using Photo 2. HSST Nagoya Test Track

their r ght of way to make land acquisition for the

track easy. It should be noted that the whole project is strongly

intended to keep operational and technical compatibil-

_ 6% gradlent 7% gradlent ity with the conventional urban transportation system,
i i - I

/_,i! i ii I as being understood from above explanation.

_ N , in Nagoya Tracki radiusi i _ _ _ Port B. Operation and Tests

/_._ curce l%_st section

Evaluation Evaluation of

Fig. 4 CHSST Nagoya Test Track of Technologyand

read,hess ................................] safety for

2) vehicle: Assuming the application in the center of ,or CHEST 1 public

cities, a train unit with two cars (2-section vehicle) applicati_,n c0 I t.....ports I

of rather small size ham been tested, lt is modeled as _-- -_i_i_\il i_-_ I I_______ _ii_ | __J

a half unit of the practical train unit, which consists iiii_L_--

of 4 cars and is applicable to the urban transport in a I

local city. The basic features of the train unit are: ^_ch_ i i Operat,on I M_nistrx
[ ref_ tur i and ' I of- dimensions: 8.5m(L)x2.6m(W)x3.3m(H) per section

- weight of train: 18t(empty), 30t(nk_x. allowable) _ ! ! Test.... I T...._ort

- no. of seats: 24 seats per section acad_m,cs _--%1_ Na,o_ __ +

- no. of passengers: 44 per section (normal) sore.....tal "k4......I/I Test i_-_[ academics67 per section (max.)

HSST is based on the combined lift and guide _4S system or_,cials Track /

and the short stator linear induction motor propulsion, spec,al_sts

which are integrated into a structure called "module". from

The basic features related to the module are: _ndustr,es

-vertical gap length: 8mm ........... 7..................... _ .......... ==_____------__------- 3 modules per side per section .............._ ..............................
- each module ecg_ipped with 4 magnets, a SLIM landing

skids, hydraulic brakes and sensors r_,f,r_at,on MOT Approvalas

- modules in both sides of section are coupled each of Transportatlon the public

other through beams technical safety Transport

- CO_n, .ted to the cabin with air springs readiness
- m ^. lift force 5t 1

The propulsion of the vehicle is controlled with a _ppi_cat_o,_ _,:_,:a_h LegislationI
GTO variable frequency variable voltage inverter, which fie_,d_ ;n___',_t_ __I_

regulates the stator current of 6 LIM' s in each ..........................

section. Both regenerative and reverse p_se braking

are applied directly to the vehicle by LIM's. The hy- Fig. 5 Aims of Operation and Tests in Nagoya



The operation and tests in Nagoya have two objec- retical studies. Mainly the matters on the safety and

rives. Aichi prefecture has made a study on the environment are studied in details.

technical evaluation of readiness as a practical system The lateral guidance with magnets based on the com-

and the application field in it on the HSST, in cooper- bined lift and guide principle is a key item related to

ation with CHSST Co. MOT has carried out an investiga- HSST, as an example. It is evaluated with the guidance

tion on the technology and safety of the EMS maglev characteristics in operation;

system as the public transport. The program of tests - performances at the irregular arrangement of rails

was considered to satisfy both. The operation has been - operation over curved track with various velocity

done by CHSST, as well as the main part of tests. The - variation of gap length in normal operation

research institute on transportation safety of MOT has The experimental results and theoretical analysis of

shared the tests related to the safety and influences the motion of the module over small radius curves are

on the environments, examined. Then the item is decided acceptable as the

The results of both studies are evaluated by the com- public transport.

mittee of academics and specialists respectively. The A few items related to the life of skid and brake ma-

reports are completed at the end of March 1993. terials are considered to be tested further before the

practical application case. but the HSST is evaluated

C. Readiness for Application to be applicable as a public transportation system.

Even though HSST tec_lology is considered to be

The technology of HSST is decomposed into more than applicable, it should also be based on the reasonable

140 items to evaluate its technical completion level investment and operational costs. Then two practical

and necessary investment costs to construct it as a cases of public transports are chosen and the costs

practical system, related to HSST are calculated. %he results show that

Since May 1991, the operational tests with HSST-100 HSST can ai3o be constructed and oeprated in these

were carried out to gather needed data for the evalua- cases with reasonable costs.

tion stated above. After that the continuous operation As a whole, MOT has concluded that HSST is applica-

test has been continued to attain the total length of ble to practical transportation ;ind is acceptable to be

more than 35,000km of operation. During the tests, some licenced as a public transport with operational veloc-

modifications are made both for the vehicle and guide- ity under 100km/h. In the case of the system with

ways to improve the characteristics of the system and higher speed as 200km/h, further study as this project

satisfy the requirements. The construction efforts on would be needed.

site and the maintenance experiences are analyzed in

details to estimate expenses, too. E. Prospects for Application in Future

No important modification was needed in relation

with the maglev system, other than the reinforcement of Aichi prefecture studies eagerly to construct a HSST

the fixing of the levitation rails, system in it on the basis of operational tests and

The conclusion of the evaluation is as follows, results of the Nagoya project. As a possibility, a

The only one item, the consulmption of the skid for the connection between a housing complex in the suburb and

_nergency landing, is evaluated to be improved before a metro station, or a transportation system from the

the construction of the practical system. Other items city center to the planned expo site, both in Nagoya,

are evaluated as technically enough completed, is considered. HSST Co. studies also applications in

On the basis of the results, the investment and urban area near Yokohama and an airport connection in

operational costs of the system are calculated and Hiroshima. Hopefully one project might be realized

compared with those of the monorail and the people before the turnover of the century.

mover, in relation with an asstm_ syste_n of 10km long.

The results show that the costs are less in the case of V. Related Systems

HSST than others, though the profits from revenue

service will be obtained in longer time than the mono- The public interests on the new type of transporta-

rail due to the governmental supporting system in tion system is n_ch in Japan, but there exist some un-

Japan. certain feeling on the technology. Then it is consider-

Due to the higher velocity and the flexibility to ed to be important to show publics its component

negotiate smaller radius curves and higher gradients, technology practically and make them convince step by

the application fields of HSST-100 is considered to be step. In this sense, as an intermediate stage to future

mainly in the system, which has rather longer track as transportation system, it is important to utilize its

more than 10km ar_ connects the city center to sub- component technologies in conventional transportation

urban residential area. Such characteristics of HSST system.

are stressed as preferable urban transports compared

with other alternative systems: A. Linear Metro

- smaller travelling time

-better riding comforts The transportation authorities of metropolitan area

- less audible noise to environments both in Tokyo and Osaka have introduced the linear

-higher safety due to no-derailing structure motor drive system in their subway systems. With the

-robustness to weather conditions application of the short-stator, single-sided linear

lt is also noted that the operation after the stacking induction motor, though the basic configuration of the

of snow up to 4cre was also successfully experienced and vehicle is basically same with the conventional invert-

proven to be satisfactory, er driven cars of the subway, the cross section of the

tunnel is made small and the construction costs are

D. Evaluation as Public Transports reduced. The projects were also supported by MOT.

Before practical utilization, similarly as the case of

As a part of the technical investigation on the H_4S HSST, the operational tests of the system had been

n_giev transport, MOT evaluates the technology and carried out with test track long ti_l_.

safety of HSST as a public transportation system. For Though the influences of the normal forces cause by

this purpose, technical items, which are considered to SLIM's on the wheels, the operational results in both

be essential of the system, are listed up and related systems have been satisfactory. Various types of the

to necessary characteristics of the components, sub- secondary of linear motors are also tested to evaluate

system and system. These items are evaluated on the their operational characteristics and costs. The

basis of test results, simulational studies, and theo- successful operational experience of both systems have



given publics the applicability of linear drive system References

clearly.
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B. Transportation Syst_ns with Pemnanent Magnets Transports" Obm-sha (1992).

Other systems with magnets were demonstrated and 2. T. Doi et al: "Linear Express" Proc. Int. Conf.

under development too. on Maglev Transports, Yokohama, (1989).
I) CTM: The continuous transportation system with

magnets is the people mover, which is installed with

permanent magnets on board and driven with moving ferro

magnetic belts. The attractive force between magnets

and the belt provides propulsive force to vehicle sup-

ported with rubber tires. C_npared with people mover

driven by the rope as the Otis system, it is considered

to have more flexibility. A model system was tested in

Yokohama. Another d6_nonstration system was constructed

and operated in the flower fair in Osaka in 1990.

2) ALPS: The rather shorter stator section version

with electromagnets of EDS system had been also studied

by RTRI.

(

Photo _. Linear Metro in Osaka

The conceptional study of the suburban transportation

system based on it was carried out as ALPS. The system

utilizes mJbber tires to lift and guide the vehicle. A

new version with pe_rmanent magnets is also under study.

V]. Conclusion

The develo_nent of n_aglev transports are at their

final stage for the practical application. The

conclusion of the technical evaluation of syste_ns based

on the data obtained at test tracks are positive. The

realization before the 2 isr century is expected

hopefully in Japan. ._IT_ experiences obtained already

with hybrid systems with conventional systems have

given good results and proven as a 9_)r_d example.

Though the introduction and extension of high speed

rail are also planned and developed, the maglev

transport has high _)tentia] as the future system in

the operational ve](x:ity, riding cc]nforts and environ-

mental influences, _tlich are important features for the

active s<_iety in the next century.
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Abstract - Since 1970, Japanese National Railways have contln, gained the status of a national-funded project in Japan. The Gov-

ued to promoted R&D of a superconductingmaglev system. The eminent authorizeda 42.8 km test line in YAMANASHI prefec-

epoch-making event for this system came In 1980 when lt gained tare. R & D entered a new phase. The project team consists of

the status of a natkmai-funded project InJapan. The government Railway Technical Research Institute, the CentralJapanRailway
authorized a 42.8 km test line InYamanashl Prefecture and R&D

entered a new phase. The date for completion isset for the fiscal Company and the Japan Railway Conslruction Public Corpora-

year of 1,997. Our maIn objective Is to upgrade the new test line's tion, was organized. The date for completion is set for the Fiscal
rellabili_yand stability, and alsoto ensure commercialviability, year of 1997. Our main objective is to upgrade the new test line's

Thispaper shows some background on R&D, the brief descrlp- reliability and stability, and also to ensure commercial viability.

tlon of newly constructed test line and the future outlook of this

system. II. DETAILSOF DEVELOPMENT

I. INTRODUCTION Irl order tocreate a railway system which would far exceed the

Shinkansen in speed, it was necessary to seek a new one. The

The concept of a superconducting maglev system was advo- maglev was born in the course of groping after the successor to

cated in the paper of ASME by Dr. Gorden Danby and Dr. James the Shinkansen.

Powell of Brookhaven National Laboratory in 1966. We are The following are the reasons why it has been examined.

most thankful for their pioneering work on this system. (1) For the wain to run at a high speed beyond 500 km/h, it is

Since 1970, Mr. Kyotani and his colleagues of Japanese Na- suspected that the conventional railway is limited by the adhesive

tional Railways have continued to promoted R & D of this sys- force between rails and wheels.

tem. He worked vigorously to establish the principle of maglev (2) Adopting Linear Induction Motor (LIM) I.obe replaced lat-

which means magnetic levitation system, by conducting many er by Linear Synchronous Motor (LSM), will make it needless to

experiments from basic ones to more complex ones including the mount a heavy motor on the vehicle.

test of MLU001. His work confirmed the feasibility of this sys- (3) The height of levitation of about 100 mm ensures this sys-

tem. tem against earthquake.

The epoch-making event for maglev came in 1990 when it (4) Because of non-contact, it is advantageous in maintenance.

(5) Noise and ground vibration caused by train are smaller and

ManuscriptreceivedMarch15,1993. Thedevelopmentof thesupereon- they are favorable for the preservation of environment.
ductingmaglevsystemhasbeenfinanciallysupportedby the Ministryof

Around 1967, the ftrst experimental facilities that had a small
Transportof Japan.
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vehicle using permanent magnets and a short track with electro- guidance of the vehicle instead of as coils for propulsion.

magnets were installed on the premises of the RTRI. lt was the The side-wall levitation method has already been .set up on

first step for the development. In 1972, marking the Railway some sections in MIYAZAKI test track, and the data about the

Centennial in Japan, a vehicle of LIM system tirsfly succeeded in vehicle motion, riding comfort, etc. were collected.

levitated running. This will be adopted in ali sections of the newly constructed

In order to prove the possibility of 500 km/h running, a test test line in YAMANASHI prefecture.

track with length of 7 km was constructed in MIYAZAKI prefec-

ture, south-west of Japan, about 1,000 km away from TOKYO, IV. BRIEFDESCRIPTIONOFNEW TEST LINE CONSTRUCTION

in 1975.

In December 1979, an unmanned vehicle named ML-500 at- In order to put the vehicle to more practical use as means of

tainexl a maximum speed record of 517 km/h surpassing the tar- railway, a new test line which has the sufficient facilities to pro-

get speed, which demonstrates the feasibility of high speed mn- mote the technological development related to the ma#ev will be

ning. Subsequently, it was found that the straddled type vehicle needed in future. This isdue to the facts that the MIYAZAKI test

had to be changed into more practical box type one to secure a track is only 7 km in length with a single track and the structures

room for the passengers, and the inverted-T shaped guideway consist of only viaducts and bridges, that it is impossible to carry

was transformed into U shape. The manned vehicle named out a running tests in tunnel sections.

MLU001 after that transformation successfully attained a speed Japan Ministry of Transport (MOT) made investigations and

of 400.8 km/la in 1987. studies on the site suited for construction of a new test line and

The next vehicle MLU002 debuted in the same year, and the the step of pursuing the technological development for its real-

latest car MLU002N unveiled in January 1993. The tests of dura- ization.

bility for YAMANASHI test line or practical use in future have Meanwhile, MOT set up an internal committee called "The

been continued. Superconducting Magnetically Levitated Train Study Commit-

tee" (chairman: Prof. Dr. Eng. Yoshiji MATSUMOTO, Science

III. COMPARISONOF MAGNETICAt.LYI.EVrrA'rED VEHtCt.ES University of TOKYO) in 1988.

The requirements for the new test line agreed upon by the

The magnetically levitated train system HSST of Japan and Committee are as follows;

TRANSRAPID of Germany are levitated by attractive force us- (1) There "shallbe a continuous straight section.

ing electromagnets, but the JR type maglev uses repulsive force (2) There shall be a curve.

using with superconducting magnets. (3) Them .shallbe a steep slope section.

In MIYAZAKI test track, we have had the facing levitation (4) There _'tall be structures stlch as tunnels and viaducts.

method with the ground coils for levitation airanged on the slab (5) Besides fulfilling the above requirements, the test line shall

of viaduct. But it was decided to change the levitation method have an overall length of some 40 km or so.

from the facing to the side-wall type to reduce the magnetic rests- After the discussion being made concerning the test line con-

rance. In the side-wall levitation method, a ground coil for levita- struction site, the Committee selected YAMANASHI prefecture

tion ("8"-figured coil) formed by transposed connecting the small as the best one from the view point of feasibility of achieving the

upper one with the lower one is set up on the side-wall of the test objects, effective use in future and obtaining the cooperation

guideway, of local authority concerned.

Though the magnetic resistance which influences electric con- The plan for development of fundamental technology and the

sumption inrunning increases at low speed, the side-wall system, plan of YAMANAS Hl test line construction are approved by the

which is superior inefficiency of levitation force m the facing Minister of Transport in June 1990, and these plans am being

one, may redt_ce the electric drag. pursued.

Besides, there is merit that the high voltage at null-flux cables The YAMANAS Hl test line has a length of 42.8 km including

will be cut down by using the side-wall levitation coils for lateral about 35 km length of tunnel .sections, partially with double
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tracks. And it has some sections with maximum gradient of 40 In order to begin early the running test in some section where

permillage (4 percent), and with ininimum radius of curvature of the construction was finished, it was concluded that "The Priority

8,000 m. The dis-rancebetween the centers of tracks is 5.8 m. Section" which had a length of 18.4 km set up at midpoint includ-

The following are main items to be tested; ing the main installations such as a substation, a test center and a

(1) Stable run at 500 km/h with safety and comfort, car shed was constructed on priority basis. Although a test will

(2) Reliability and durability of vehicles including supercon- remain for stabdity and durability over long period, prospects for

ducting magnets and ground facilities, the technology development have been confirmed by the running

(3) Structural standards specifying a minimum radius of cur- test in the priority section, with the stationary test and some sim-

vature, the steepest gradient, etc. ulations, will have to be planned with Fiscal Year 1997 target

(4) Distance between both guideways taking account of two unchanged.

trains passing each other.

(5) Vehicle performance related to tunnel cross section and to VI. CONCLUSION

the pressure fluctuation in a tunnel.

(6) Turnout performance. We have been researching and developing a superconducting

(7) Control system between substations, maglev system for 24 years. And we now are highly honored to

(8) Multiple train operation control system, be conducting a "national project" of this magnitude. But, sever-

(9) Safety operation system, al obstacles must be overcome before we have a commercially

(10) Environmental preservation, viable system. Two main ones are;

(11) Technical standards on maintenance. First, we have to ensure reliability and durability of the magnet

(12) Investigation of cost performance, and grasp of construc- system as well as the total system when it is running at super-high

tion and operation cost. speeds for a long time. In order for us to do this plan to perform

as many tests as possible at super-high speeds on the new YA-

V. CONDITION OF PROCEEDING M_ANASHI test line.

Second is the issue of cost. In order to reduce the running-cost

In September 1991, the ground-breaking ceremony was held we made a major improvement by shifting levitation ground

for east-side section of KUKI Tunnel in Tsuru-City, which is to coils from the floor of the U-shape track to side-wall, thus, re,duc-

be about 1,670 m long, it was the first phase of the constructions, ing the running resistance. And we are also making an effort to

And now, the excavations in 9 tunnel sections are in process by reduce the construction costs of the total system.

the Japan Railway Construction Public Corporation and the Cen- The construction of the YAMANASHI test line is going on.

tral Japan Railway Company. At open section, theworks for in- Our anticipated success on this test line will be a major step to-

frastructures such as bridge and viaduct will be started in already wards building a "CENTRAL LINEAR EXPRESS" linking TO-

prepared section. KYO and OSAKA. Because of this, the focus of much of our

But progress in the works delayed about a year because of a work is the national YAMANASHI test line project.

difficulty inright-of-way purchase. Otherwise, with the improve- We are convinced that the superconducting maglev system

ments of .specifications achieved such as boosting the blocking will be an important transportation system in the next century.

voltage in the ground coil for propulsion and enlarging the capac- After all, it is an ideal system offering super-speed .service, high

ity of GTO inverter, a higher acceleration can be set in the run- energy efficiency and the least pollution of environment.
curve.
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Abstract - Today, in Yamanashl Prefecture in Japan, we are I. INTRODUCTION

constructing a 42.8km test line using a superconducting maglev

system whose technology is based on the best results achieved by Two years before Bullet Train of Tokaido Shinkansen came

the efforts of the defunct Japanese National Railways (J'NR) and into being, JNR started basic research on super-high speed rail-
Railway Technical Research Institute (RTRI). The new test line,

way systems in 1962, which has led to the present supercon-
having as many useful Installations as possible to operate the rev-

enue service, will be used for evaluating the practicability of a su- ducting maglev system composed of both LSM and EDS. Dur-

perconductlng maglev system, ing the past 30 years, the technology has made great advances;

This system features an electrodynamic levitation system for example, superconductors, power electronics, engineering

(EDS) which enables a superhigh speed running without any spe- plastics, to name a few. This progress has made the manufac-

clai control devke for levitating a coach as well as guiding one. turing subsystems easier and more reliable. In the early stage,

Using this fundamental method, we developed and designed a based on the experiments, we pursued feasibility studies vigor-

new test line, which Is mainly composed of vehicle, guideway, Un- ously. But, now, we are struggling with the problems concern-

ear synchronous motor (LSM) and so on. To be a practical trans- ing the manufacture, the maintenance and the environment.
port means in the 21st century for high speed operations, the ma-

In 1987, JINR was privatized and divided into seven Japan
glev system requires high running stability and perfect safJ, .'y, in-

cluding the friendliness to the environment, even ff lt may involve Railway companies ORs) and so on. RTRI took over the work

ali the possible risks which originate from outer disturbances or of R & D and also ali the matters concerning the MAGLEV

any other troubles. To fulfill these requirements, we conducted system from JNR. In 1990, the Government authorized con-

many laboratory works and full-scale running tests. Through structing a 42.8km test line in Yamanashi Prefecture. To push

these efforts, we have Identified tihe problems, devised counter- ahead with this plan, a project team, which is composed of

measures to solve them, and developed subsystems. The design of RTRI, Central Japan Railway Company ORC) and Japan Rail-
the Yamanashi test line ts based on these achievements so far

way Construction Public Corporation (JRCC) was organized.

gained. Today, the development is coming into a more practical Now, this team is held responsible for the construction of the
phase of assessing the reliability, the durability, and the economic

Yamanashi test line.
efficiency using a new long test line.

The facilities in the test line will be made using the best tech-

nology available and ali the necessary equipment for the com-

mercial maglev service will be furnished as far as possible.

Using this test line, we shall evaluate the serviceability of thisManuscript received March 15, 1993. "lhc development of the supercon-

ducting maglev system has been financially supported by the Ministry of superconducting maglev system, that is, JR maglev system.

Transportof Japan. AS for the Miyazaki test track, full-scale test runs using it will

1()
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be kept up, and the results thereof will be reported to the com- As a quenching trouble influences the system reliability, we

mittee of the Yamanashi project team. performed stationary vibration tests using a_aelectromagnetic

field, in a simulation test. This equipment can generate an

II. JR MAGLEV'SFEATUREAND PRINCIPLE electromagnetic field which is equivalent to the actual electro-

magnetic field to which the running SCM is exposed on ac-

JR maglev system, using a superco_ducting magnet (SCM), count of energized track coils. Through testing, we have ac-

features a super high speed running without any control pro- quired good prospects.

cess, which is achieved by the EDS. The utility of this system

will be confLrmed through the running tests on Yamanashi test III. JR MAGLEV'STECHNICALDIFFICULTIES

line.

The principle of a superconducting maglev system is as fol- Aiming at the revenue service, we need to confirm the abil-

lows: ity of the 14 subsystems, which are scheduled to be introduced

An onboard SCM can be moved by a travelling magnetic in Yamanashi test line as many as possible (see Table 1).

field caused by the current of ground coils for propulsion. Table 1 reveals what is peculiar to JR maglev and what is dif-

Thus a maglev u'ain runs synchronized with the ground travel- ferent from the conventional iron-wheel system though it may

ling magnetic field of a linear synchronous motor (LSM). A look similar to the conventional system at a glance. Besides,

moving SCM produces an induced current in the ground coils the technology which is common to ali systems is listed.

for levitation, which generates a repulsive force between the To commercialize JR maglev: not only the performance of

ground coils and SCMs. This is an electrodynamic levitation each subsystem, but also its environmental compatibility,

system (EDS). As the train speeds up, the levitation force in- safety, reliability, durability and economic efficiency have to

creases. But, at low speeds, the induced levitation force is not be well _alanced and perfect. The Yamanashi project team is

enough to lift a maglev train, which then needs rubber tires to making efforts to put together ali subsystems into an integrated

support itself. A guidance force can be obtained by the current well-balanced system, i.e., the best system.

induced in the levitation ground coils, linking both side levita- Concerning the conventional rail-wheel system, we have

tion coils by a null-flux cable. When a vehicle runs on the sufficient know-how and standards. On the other hand, as for

center of the guideway, no guidance current is induced. But, the superconducting maglev system, I regret to say, inexperi-

when it runs leaning to one side, a guidance current will be enced matters remain. So, we are now making a review cover-

generated, which makes a guiding force. This is a null-flux ing a wide area, such as ali the design specifications, advance

guidance, survey of the weak points in each part, the system safety in ali

As for the braking, JR maglev normally uses a strong power- the cases of failures which may occur. We have used some

regenerative braking. However, against any trouble in the effective means of the failure mode and effect analysis

ground facilities or the vehicle, some safeguards will be avail- (FMEA), the Fault Tree Analysis (bTA) and so on.

able, such as a coil short-circuit braking, an aerodynamic brak-

ing and a wheel disc braking. IV. MAJORRESULTSTO BE UTILIZED

The running stability of SCM has been studied sufficiently. IN YAMANASHITF.STLINE

But, in the case of a quenching trouble with loss of the magne-

tomotive force of SCM, a null-flux guidance generates an un- In the following, we present major results to be imple-

necessary guidance force. To avoid this unnecessary force, mented in Yamanashi test line -the results derived from R & D

both side pairing SCM will be discharged promptly. And be- up to now in vehicles, guideway, driving system and so on.

sides, the onboard stopper wheel is provided to protect the side Progress is remarkable, especially in the stability and the ef-

of the car body against abrasion. Even in this case, we can ficiency of JR maglev system.

move the maglev train up to a safe place using other e_r_ergized

SCMs. A. Development in the field of vehicles

II



3 of 6

TABLE 1

CONFIGURATION OF TtlE JR MAGLEV SYSTEM

Subsystem Peculiar technology to JR maglev Similar technology between new Common technology between new
and conventional systems and conventional systems

, ,,,

Running operation Generating a running curve Supervision of operatitm
Management of diagram
Control of route

, ,,,

Traffic control Traffic control pursuing a train Blocking control
movement Train speed control with

monitoring

Telecommunications Inductive wires for inductive radio Leakage coaxial cable
transmission Information sysmm

Train position detector Inductive wires for inductive radic, Train position detector
transmission

Power supply and driving Driving control Power converter
Prt_ulsion coil Feeder
Feeder section switch
lxmndary section switch

Suspension and guidanee Coils for levitation and guidance
Null flux cable

Guideway Running way Turnout Tunnel
Guiding way Viaduct

Bridge
,,, ,, ,,

Station Platform Information

Vehicle SCM Track Car body
Magnetic shielding Onboard conrol unit
Auxilliary guiding wheel Onboard braking equipment
Auxilliary supporting wheel Coupling device
Onboard power supply

Cabin facilities Ventilation facilities Broadcasting
Accommodation
Onboard equilxnent

,,,,, ,,,,

Car delxa Cooling system
Exciter

Distribution Distributing
Charger

Ground equiranent Protection for overrun
Protective equipment
Preventing disasters

Maintenan_ wagon Inspection wagon
Service wagon

..,

We have made some test vehicles which are listed in Table evaporated helium gas. The truck of the car named ML-500 is

2, in which we introduce the main results. Among the listed applied to the car named ML-5(X)R, whose car body has been

vehicles, the test vehicle coded ML- I(X)is one exclusively us- made newly for the onboard refrigerator. As a more practical

ing the linear induction motor (LIM), having an onboard reac- testing car with a box type cabin, we made a train _t named

tion plate and running on the active track. Other vehicles are MLU001 composed of three motor cars having 8 SCMs to one

driven by LSM. The car named ML-500R is the first one hav- car. Running tests with a single car and with a train _t have

ing an onboard refrigerator which re-liquefies the recovered been carried out. Unfortunately, the car named MLU002 was

12
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TABLE 2 duces magnetic drag and increases levitation ability, which has

"]_T VEHICI.,BS OF JR MAGi_V AND RESULTS been verified mainly by MLU002 since 1988. This change has

borne fruits, which make it possible to simplify the mainte-
Year Namesof test Typicalresult._
manufactured vehicle nance work of guideway, that is, the re-alignment work is re-

...... stricted to one face of the side-wall, having levitation coils and

1972 LSM200 Running by LSM propulsion coils. Besides, the side-wall has become a "beam"

....... fabricated to high precision as a precast concrete beam. Then

1972 ML-100 Verificationof EDS manufacturing a side-wall beam has become much simpler,

that is, we can manufacture side wall beams in a yard near the

19/5 ML-100A Protolype of JR Maglev construction site. In the same yard, we can also set up ali the

ground coils. Therefore, with high accuracy and without 1abo-

1979 ML-500 Confirmationof high speed runningat rious work, we can build a maintenance-free structure, that is, a
500km/h side wall beam.

1979 ML-500R Onboardrefrigerator In the development of a turnout, we developed two different

types, one ot which is a traverse type for high speed running

1986 MLU001 Running oftrainsets and the other is a side-wall concrete traversing one for a car
Testingof trainmotion depot.

, H,

1987 MLUO02 Concentrated arrangement of SCM on

truck C.Development in the field of propulsion system
,|,

1993 MLU002N "Elasticsuspension of SCM
The propulsion system is composed of a train position detec-

..... tor, an LSM propulsion control equipment, a power converter,

a feeder, a feeder section switch, a propulsion coil and so on.

spoiled by a fire on last October 3rd in 1991. Using a new car The system configuration of a propulsion system is presented

named MLU002N which has two aerodynamic braking sets, in Fig.1. When running on the guideway, a vehicle issues a

test runs on Miyazaki test track have been resumed in Jan. '93. signal. This makes it possible for us to know where the train is

Up to the present, we have developed a simpler I-type SCM; running using an inductive wire for inductive radio transmis-

a lighter concentrated arrangement of SCM using a truck; a sion. Using this position data, the LSM propulsion control

downsize onboard refrigerator to re-liquefy the evaporated he- equipment outputs which section must be energized and what

lium gas; a track brake system with sliding frictional shoes for power, that is, propulsion current must be supplied. A power is

high speed running; an aerodynamic brake and so on. supplied to the appointed feeding section using a feeder section

Now, using MLU002N, we are completing with an elastic switch. This switch changes over as every train passes. As its

suspension truck system, a wheel disc braking which is avail- frequency is very high being equal to the running frequency,
able at a high speed of 500 km/h. These products are to be we _havedeveloped a much more durable switching gear, for

implemented in the new test cars for Yamanashi test line. example, can be switched 300,000 times.

Even when a maglev train is crossing over the feeding sec-

B. Development in thefield ofguideway tion, to propel a train smoothly we have used a two-power con-

verter system in Miy_aki test track. To improve the fault tol-

We began with a test using ML-500 on an inverted-T type erability of the power supply system, we have decided to adopt

guideway in Miyazaki test track in 1977. In 1980, the guide- a three-power converter system in Yamanashi test line. Using

way was changed to a U-type and the I_:sting car was changed this system, we can drive a maglev train when one power con-

: to MLU001. Recently, we changed a normal flux levitation verter fails. Besides, the total capacity of the power supply

system to a null flux magnetic suspension system which re- equipment will be reduced to three-fourths of a two-power

13
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Transmission line

iTransformer

Vehicle control

..L

Total T Capacitor

Control
|

Vehicle Cyclo- Cyclo- [ GTO
Changeover location Synchronization convener converter

control detector control (A) (B) [ inverter

_ O-'---_F_der (A)
- _ _- Feeder (B)

Vehicle [.__/Changeover switch
/

(B) _ _..J Coil for propulsion
Inductive wires
with transposition
Leakage coaxial cable

Fig. I. Power supply system of Miyazaki test track

converter system.

A B A I3 A The development of the power convener equipment is un-
------ -=---*-- m _ derway as follows:

I At Miy_aki test facility, we have used
a cycloconverter

0. with a thyristor element. As this is a direct conversion type

without intermediate direct current (DC) circuit, a characteris-

Two-power convener system tic of the load may influence the electric power system. There-

fore, in the early stage, we have used a rotary type power con-

A C 8 verter with a motor-generator set as the first convener. The
-- ... ,,-. i!i_i..!!!_i_ii_!_+?!_i!E!i!_!:i?!_!_::::::::::::::::::::::::::::::::::::::::::::::::::::]

next converter is a circulating current type cycloconvener

without a frequency convener as a motor-generator set, its ca-

L_::_:_:_:_:_,_._::::::t _ .............. pacity being 16 MVA. Even I:histYlX"needs many capacitors
C B A

to improve the power factor. And in an area with low power

Three-power convener system capacity, the cross intluence between the load and the power

system through the cycloconverter is undesirable.

Meanwhile, today, the technology of the large power gate
Fig. 2. Feeding Arrangement for propulsion coils

turn-off thyristor (GTO thyristor) has progressed remarkably.

So, we decided to develop a large power pulse width modula-

tion (PWM) inverter as a power convener with DC circuit.

14
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Using this type, unacceptable cross influence will not occur, sectior_.

being eliminated by intermediate DC circuit. After authoriza- Second, considering the revenue service, the overall running
\

tion of Yamanashi test line, we have installed a PWM inverter performance is confirmed, such as passing each other test runs,

in Miyazaki test facility for testing, whose capacity is 10 substation cross-over test runs, simultaneous multiple trains

MVA. The data derived from this inverter set are available for operation tests, test runs with artificial failures.

designing the new large inverter of Yamanashi test line, whose Third, the continuous test run at high speeds is confirmed to

capacities are 20 MVA and 38 MVA. assess the reliability and the durability of the total system.

In parallel with these tests, we conduct other tests concern-

V. Testing items in Yamanashi test line ing the passenger physiology, the influence on the environ-

ment, the economic efficiency, the maintenance specificatio:_s

As for the details of equipment installed in the new test line and so on.

which are presented in the poster session, we have simplified

the description. The technical assessment concerning the ACKNOWLEDGMENT

equipment is conducted in three steps as fellows:

Fil _t, the basic running performance of each of two train sets We express our appreciation to ali the people who have per-

is confirmed, such as the acceleration and the deceleration mitted us to participate in this '93 maglev conference and who

when running on a curve section, a gradient section, a tunnel have been in charge of business involved in our participation.
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Outline of HSST-100 System

and Test Line in Nagoya

Masaaki Fujino

Managing Director, Engineering

Chubu HSST Development Corporation (CHSST)

Abstract - HSST-100 is ali urban transit version C. HSST development after CHSST
of Maglev - HSST (High Speed Surt_tee Trans-

CHSST decided the specification of test line, then con-port) system, which has been tested for the sooner
structed it in Nagoya City. Two-year long HSST-100 testpractical use by CHSST (Chubu HSST Develop-

merit Corporation). runs started in April 1991.
The special conmaittee to evaluate HSST-100 SystemThis paper reports HSST-100 system and its

test runs on the test line in Nagoya, Japan. was organized by Aichi Pref. lt consists of Chairman
Prof. Masada and other professors, government special-
ists (Ministries of Transport and Construction, and Aichi

I. General and History of HSST Prcf.) and engineers of manufacturing companies (vehi-
cle, electric systems, signal systems etc) and construction

A. HSST Development before CHSST companies. The committee also gives advices regarding
test plans and test items.

HSST is nonwheeled maglev vehicle system which is sup-
ported and guided by attraction forces between electro- Ministry of Transport (Japan)has formed another com-

mittee which discusses how to revise transportation reg-magnets and iron rails, and propelled by LIM, Linear In-
duction Motor. ulations etc for the practical use of Maglev (normal con-

HSST development work was started by Japan Airlines ducting) systems.
in 1974, and has been succeeded by HSST Corporation
since 1986. II. Outline of ItSST Test Line in Nagoya

Before CtlSST establishment, five HSST vehicles from
HSST-01 to HSST-05 were built, tested and operated. A. General

Especially, ItSST-05 was operated on the first maglev Nagoya test line is 1530 m long single lane track including
commercial line with Railroad license in Japan though it a tracl_ switch (turnout). Fig.1 shows a plan and profile of
was a temporary operation at low speed in '89 Yokohama the test line that is capable to make ali types of test runs
Expo site. for HSST-100 system and is equipped with steep slopes,

small curves and a track switch. Maximum (design) speed
B. CHSST is 110 kph for this line.

Table.1 shows major specifications of HSST-100 system
ttSST demonstrated its maglev operations at six expos and Nagoya test line.
(two International expos included), however, the opera-

tions were made at low speed due to limited track lengths B. Test Vehicle and Test Facilities
available and the conditions were not enough for the com-

plete system test. I) Vehicle: The test train consists of two tlSST-100
To be certified as the public transit system, HSST has cars which are called MC1 and MC2 respectively as shown

to demollstrate its system performance for safety, relia- in Fig.2, and the car bodies are made of aluminum alloy.

bility, economy, etc through the repeated runs on the test Modules are tlSST's essential parts that are similar to
line with sutticient length, necessary curves and slopes, the truck bogies of conventional train, and contain ali of

CtlSST w_s founded in 1989 by Aichi Prefecture (a levitation magnets, LIMs, brake system etc. Each car has
local government), Nagoya Railroad Company and HSST six modules which are connected to the car body with air
Corporation to conduct test runs of IISST-100 system, springs and slide tables. Fig. 3 shows Modules.

Aichi Pref. conceives a plan to construct the 10km LIM output (drive and brake forces) is controlled by
HSST cornmercial line in east of Nagoya City. VVVF Inverter (Variable Volt./ Variable Freq.) loaded

1 16



on MC2 car. 4) Signal Facilities: Dual functions are provided for

Normal brake system is LIM/Hydro-combined type end station overrun protection. One is multi--step ATP
with vehicle load compensation function, and it consists of (Automatic Train Protection) which activates an emer-
LIM brake (Regenerative/Reverse phase) and Hydraulic gency brake in case of a train overrun condition detected,
(mechanical friction) brake which is applied in case of in- and the other is the normal automatic brake activation
sufficient LIM brake, based on the normal operation pattern prior to an emer-

gency brake.
Train detection is based on the continuous check-

2) Guideway and its structure: Test line has minimum in/check-out method. Speed measurement is made
curve of 100 m radius (8 degrees of cant angle or superel- through counting and processing pulses oil the pattern
evation angle) on main line and 25 m radius on a branch belt (signal cable).
line beyond a switch.

Main line has two steep slopes with 70/1000 and III. Test Runs
60/1000 gradients respectively.

1000 m radius vertical curves are incorporated to A. General of lest runs
smoothe the gradient change points.

Fig.4 shows a guideway structure for standard portion. The purpose of the test runs is to collect the demonstra-
tion data which verify HSST-100 system is complete forEach rail has an inversed U-shape cross section and is cov-

ered with aluminum reaction plate on its upper surface, the practical use. More than 100 items of test runs in
Rails are bolted onto PC girders with H-shaped steel cross various range have been conducted in these two years.
arms in 1.20 m pitches. Major test items are:

Various combinations have been constructed to test the a. Characteristics of Vehicle, Guideway, Electrical

characteristics in the cost, maintenability, etc. Power, Signal systems for levitation/guidance
They are Rail installations onto :

b. Measurement to establish the design load conditions

- PC girder with Steel Cross arms (Basic) on guideway

- PC girder with PC Cross arms c. Safety and Capability for operations in case ofsystemfailure, rescue of failed vehicle, etc.

- PC girder with Steel Bracket (not Cross arm) d. Levitation characteristics and Ride quality to estab-
lish guideway precision tolerances (test for bad con-

- PC/Steel girder directly (without Cross ditions)
arm/Bracket)

e. Measurement of Ride quality, Noise, Vibration on

One track switch is installed on the test line, and it is ground, Mag field leakage, Electric field intensity
3-segmented level turn type. Major switch structure con-
sists of one Main moving beam, two Dependent beams, f. Measurement of Power consumption, Parts' wear,
Beam locking mechanisms and Transition rails. Maintenability, etc.

Dependent beams are linked to the main beam in series, g. Endurance and Reliability of Vehicle system and
and ali beanas are driven electrical (AC) motor through Switch for long period/repeated operations
link mechanism. Beam locking mechanism is to lock the
moving rails in each switched position. Transition rails h. Operations in adverse weather conditions (wind,
are provided to make rail cnnecting angles smoother. One snowfall)
switch operation from one position to another can be done

within 15 seconds. B. Schedule of Test Runs

Test runs began with preliminary test includilig unit car
3} Electric power supply facility: A substation located test and speed-up test, then the phmned items were tested

along the test line supplies 1500 V DC to the trolley rails, with both empty and fully loaded vehicles. Abnormal
and it is equipped with a power absorber unit which dis- and bad conditions' tests and the long period run tests
poses energy regenerated by LIM brake, followed to check the system performance in safety, en-

Trolley rails are Aluminum-Stainless Steel combined vironmental aspect, reliability, maintenability, economy
rigid type with side contact surface, and two rails are etc including emergency cases. Fig.5 shows the test run
installed on both sides of girder respectively, schedule.
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Prior to vehicle test run, the function of power collector of fluctuations at forward and aft of module) are pro-
unit was tested at a speed over 100 kph with a rotating portional to square root of speed. At 100 kph, RMS of

disc test machine, fluctuation is 0.8 mm, and a peak value is 3 mm or ap-
In speed up test, speed was increased, step by step, proximately 4 times of RMS.

,lp to 100 kph while confirming the safety and basic per- Fig.7 shows magnet power consumption that is calcu-
formance, and correcting discrepancy as necessary. After lated from magnet resistance and measured magnet cur-
completion of speed up test in early O'.tober '91, to lessen rents.
yawing motions of vehicle, an oil damper was installed At 100 kph run, it is 0.88 kW/each tonne of train weight
near the coupler portion between ears. Then, more than that is 1.3 times of power at zero speed.
100 items advised by the committee were started to test.

From March '92, tests of guideway, mainly for the on- B. Signal (function and noise characteristics}
ground (not elevated) experimental girders, including 100
m radius curve and a track switch, were conducted with Fig.8 shows the signal system of the test line. It consists
both normal (levitated) and nonlevitated runs (sliding of Normal Brake Pattern (similar to ATC indication)in-

dicated to the train corresponding to the absolute train
with skids), position, and Automatic Train Protection (ATP) system

Last test items with fully loaded train from August by equipment provided along the track.
1992 to September, were passing through the guideway Reliable and fail-safe speed detection for Overrun Pro-
in abnormal conditions such as displaced rail connection tection is made by counting pulses on twisted loops of
(with wide gaps in vertical/lateral) etc to obtain the data
necessary to confirm the guideway precision tolerance (re- pattern belt (signal cable).

quirement). 7) Normal Brake Pattern function test: It was verified
The long period run tests through the days from morn- that Brake Apply/Release a, ,'.ions were taken in 1.4" (de-ing to night for Endurance and Reliability, were started in

October '92, and will be completed in June '93, targetting sign : 1.6") of response delays in both signal and actuation
20,000 km of train run distance (grand total 32,000 km). systems when the overspeed occurred.

The track switch was successfully completed 50,000
8) ATP Emergency Brake function test: lt was also vet-

times' continuous operation tests, and the test is planned ified to function in 1.3" (design : 1.6").
to last up to end of March '93 (estimated 80,000 times). With both Normal and Emergency brake functions,

Minist_y of Transport of Japan (I_,IOT) has formed a Overrun Protection was ve,ified as satisfactory.special team to establish the standards for Maglev tran-
sit including HSST system, and Traffic Safety/Nuisanse
Research Institute of MOT has conducted 7 times ofeval- 9) Noise characteristics test: Pattern belt (signal ca-

ble on the girders) a_xd antennas of signal system may in-uation test/measurements on HSST-100 since September
'91. evitably pick up noises emitted by the potential onboard

noise source equipment (levitation coil, LIM, power col-
lector, electric cable, etc.), however, the measurement ver-

IV. Results of Tests (part) ified that the effects by equipment noises are within the
acceptable range, for example, noise level in Train Detec-

A. Vehicle (Levitation/Guidance} tion system is below -60 dBv, or with 13 dB of reserved
margin for the mi fimum required level.

5) Levit¢_tion gap and Guidance gap: At 100 kph run

with lull loaded weight, a levitation gap fluctuation was C. lnfrastr tcture and Guideway
normally +2 mm, and 5:3 mm of peak values observed on
passing through the rail connecting point with maximum Measurements were made mainly to establish the design
tolerable rail displacement intentionally set. So they are load coditions and to check details ofstructure. Measured

well within 5:6 mm of mechanical moving range and there items were displacements, stresses (strains), acce!- ation,
is no possibility of contact with rails during runs. etc of rails and sturctures for both dynamic (vehicle test

Maximum lateral oscillation observed was 12 mm of a run) and static (temperature effect) conditions on nine
full amplitude (6 mm per side) and it is within lateral (9) girders, four (4) piers and a track switch.
movable range (15 mm, contact with guidance skid).

10) Temperature e1_ect: Temperature of rail surface
was highly corelated with the ambient temperature, as

6) Levitation characteristics for running speed: Fig.6
shows levitation gap fluctuations for various speeds (coast shown Fig.9 and below:

operation) with full loaded weight. RMS values (average RailTemp.(°C) = AmbientTemp.(°C)x2.644 - 43.80

3 18



During daytime, the temperature on sunny side rail sur- of PC girder of test line, and also shows Impact load fac-
face is hotter than on shaded side by 2 - 3 *C, and almost tots used for HSST test line design and for the design
none of temperature difference at night, standard of other transit systems.

Five (5) mm of the daily vertical displacement at mid As shown, HSST's Impact load factors observed in test
point of 20 m span PC girder was observed (without are much less than the standards of other transit systems.
train load, convex in daytime/36.3 °Cmax, and concave at

night/25.1 *Cmin, due to difference of heat propagation V. Maturity of HSST-100
for rail/PC girder).

The evaluation committee has evaluated test results, item

11) Dynamic load test: As typical sample of tests to by item, and almost ali items have been marked as "A"
establish the load condition for structural design, Impact on A, B, C, D, E Scale. So far, none of serious technical
load factor is shown here. problems have been left, and HSST-100 is evaluated to

In contrary to the wheeled systems, HSST is supported be acceptable for the practical use.
by levitation magnets with distributed load along almost
full train length. VI. Future Plan

Train impact load (vertical) is defined as the product
of Train load (max weight) and Impact load factor,/. The long period test run for endurance will be completed

by the end of June 1993, and it is planned attain approx-
i = (d - s)/s imately 35,000 km of total run distance.

while, Further system improvement may be made according

d" stress%r displacement by dynamic load to experiences obtained during test runs, especially for
better maintenability.

s • stress or displacement by static load January 1993, HSST Development Corporation was

Fig.ll shows Impact load factor, i, calculated with the founded by Japan Airlines, Nagoya Railroad, etc for the
equation above and the measured stress and displacement stronger formation to expedite the development for sooner

practical use.

Nagoya Railroad

Tokoname Line

f I HSST Guideway
N

/ substation / Nagoya,ailroad
u# I _ Chikko (Port) Line

_°'°°''-.° °°..

Port Sta

Platform ,; Curve R-'IOOm (328ft) "'"c
Oi,e stTI!/I k

ii/q.i_Jk "\ P L A N
IV
V, \ TestCenterOffice ....

i / _ OuidewayLength: i_uum(4920ft)
Vehicle llangar

to PROF I LE
downtown
Nagoya

S_itchin_ & BranchLine

6 _ Slope 7 _ Slope I

Fig.l Plan and profile of test lln_

4 19



aoII_II_,0II_,oII,, .... •

I
. ._=

4L' --F _-_ J........I !-;.... '- :;ll' :_.,:11 [,. Jl ---'i_] !:F

_ 6_ 2_oo-_lsoo _,_ _2a_ _ _a_ .

Mcl

Flg.2 HSST-100 vehicle used for test

Tab.l Specification of Test systems

Items specification

VEHICLE

Dimensions 8.5m(L)/car, 2.6m(W), 3.3m(H) Thrust Rod

(per two cars) Maximum 30,000 kg

Capacity 44 (24 seats) per car (nominal) , Landing S .

" " o T" :_o.........67 (24 seats) (peak load) . , j
Passenger Door one bl-parting slide door Accelar

per each side of car __i_._ll
Modules six (or 3 palr_) per car

in 2.5m pitch
Levltalon & by attraction forces, of

Levltat. Height 8mm (magnetic gap) _ _ ) C .......

Power received 1500 V DC (by power collectors) _ _J _ J
Propulsion six Linear Induction blotorslcar , \ _ _ ? I

Aux.Brake powersystemunit one DC-DC Converter per train _I0 Levitation Magnets

Regular LIM(RegenerativelReverse phase)
and Hydraulic brake (LIM-Hydro Fig.8 Module structure

combined L Load compensated)
Emergency Hydraullc brake

Air condition Cooler/Heater
Couplers Ends: none

Between: Rod type coupler
Train control ATP(Auto. Train Protection) Pattern Belt

Train operation Manual (with Auto. function) (Signal Cable) lqoo(mm) Reaction Plate

•_^__._o_ ,o: _ l /
Maximomspeed_1okph ___ _ _\AcceleratiOnDeceleratiOnRegular(max) 4.54"Skm/h/sec(maximum)km/h/sec / _ I c :O S[_ :_I"

Emergency 5.3 km/h/sec _|_|| _ ' ation/Guldance" _ ! ', _ RallGUIDEWAY

Testline length 1530 m in total _'--'-_ _ / [- " "_k

Girder structur Single Beam PC or Steel
Rall gauge 1.70 m (between tall centers)
Mln curve radii

(horizontal) I00 m (main line). 25 m (branch)

(vertical) I000 m _ i Trolley Rall

blax Cant angle 8 degrees
blax Gradient 7 %

Switch a-segment, horizontal turn type

SIGNAL SYST_! _ _ _ PC Girder

Train control ATP (Automatic Train Protection)
Switch control Relay Interlocking
Train Overrun

Protection limited by phased speed ceiling Flg.4 Cross sectlon of gu_deway (standard)ELECTRIC POWER

Trolley lines AL/SUS Combined rigid rails (2)
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Abstract - The _'RANSRAPID is a new high-speed extensive development programme for tracked high-speed

Iransport system using levitation technology for speeds up to mmspon systems. The electromagnetic, electrodynamic and
500 km/h. lt is supported and tracked by electromagnets. A permanent-magnetic levitation methods as well as air-
synchronised linear motor provides the levitated propulsion, cushion technology were researched for their suitability in

In 1970, the development of a high speed magnetic the use of high-speed trains. In 1977, after numerous
train was begun in Germany. After more than 20 years of investigations of the system and component testing, the
development, and after extensive investigations of the electromagnetic levitation method using synchronised linear
system, the TRANSRAPID was granted readiness for motors was selected as the definite development line. Two
application by Deutsche Bundesbalm, at the end of 1991. years later, the TRANSRAPID 5 - an experimental

The first operational route in Germany was selected demonstration train in electromagnetic levitation technology
after an extensive selection process from five different - transported over 40,000 visitors at the International
routes in the new German states and three mutes between Transport Exhibition in Hamburg over a 1 km long stretch

Bonn and Berlin. The investigations showed the of track. Furthermore, the construction of the large scale
economically most Im3mising results for the Berlin - TRANSRAPID test facility was started, in the same year, in
Hamburg link which connects the two largest German cities, the Emsland ((TVE).
thereby permitting the close interconnection of these two
industrial centers, lt was therefore incorporated in the
German transportation plan. An decision about the financing 1.2 Testing on the TRANSRAPID Test Facility in the
concept is expected in 1993. After completion of the Emsland (TVE)
planning phase, the construction of the operational route can
begin in early 1996. This was the world's first MAGI.EV test facility

which enabled the full-scale testing of ali principal
components and of the complete system at high speeds and

1. STATE OF DEVELOPMENT continuous operation. Main TVE components are the
guideway, a high-speed straight section with guidewayloops
on both ends, with an ovemU length of 31 km and with three

1.1 Overview of the First Years of Development switches; 2 vehicles, the TRANSRAPID 06 and 07, with a

capacity of approximately 200 passengers each; the test
The origins of electromagnetic levitation center, power supply and the operations control system (fig.

technology date back to the 1930's with Hermann Kemper, - I and 2). The construction of the facility was begun in 1979
a German inventor and engineer - who was already by an industrial consortium and started operations in 1984.
researching the possibilities of using electro-magnetic One year later it was taken over by the Versuchs- und
levitation technology for high-speed transport. The first Planungsgesellschaft fOr Magnetbahnsysteme (MVP), a
form of electronic gap control to maintain electromagnets in company founded by the Deutsche Bundesbahn, Lufthansa
a condition of levitation is accredited to him. and IABG with the aim of testing the TRANSRAPID from

At the beginning of the 1970's, the German an opemtor'spointofview.
Ministry for Research and Technology launched an
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This was initiated by the German Ministry for
Research and Technology together with the Ministry of

_ Transport and specifically designed to furnish proof of an
...._.... adequate state of development. The Central Office of the

Federal German Railway (BZA) was charged with testing
and it presented at the end of 1991 the final report
concluded as follows:

The criteria to be considered for technical

, . readiness for application of the TRANSRAPID High Speed

,. Maglev Train are satisfactorily fulfilled. That means, that

. the prerequisites for implementing the legal
planning procedures are given;

• system risks and safety risks overall and in the
subsystems are not present.

This also applies to technical solutions which have
not yet been demonstrated for individual problems for which

Fig. 1" Test vehicle TRANSRAPID 07 solution approaches exist and are being assessed.
Supplementary information and suggestions are

Testing was not without its technical setbacks, given for the additional development work with regard to
which, however, were almost never attributable to specific application.
components of the magnetic levitation system. The
objectives, however, were attained. Top speed could be
increased from the design value of 400 km/h to 435 km/h.
Extrapolations show that there are no limitations to this
speed and that the system design is sufficient for operation
at 500 km/h. In several endurance test campaigns, a total
mileage of approximately 135,000 km was reached. The
mileage record for a single day was about 2,500 km.

The tests included the qualification of the main
hardware components of a complete new transport system in
a prototype stage. The mechanical and electrical designs had
to be scrutinized. But also software concepts and procedures
which are necessary to operate a tracked high speed
passenger transport system safely and economically have
been included into the testing as far as possible. Special
importance was attached to the gaining of data which are

Fig. 2: TRANSRAPID Test Facility Emsland
relevant for an operator of a revenue system, such as

(TVE), vehicle TRANSRAPID 07
verification of safety, investment costs, maintenance, energy
consumption, aerodynamic behavior, riding comfort and
noise emission.

The overall results were as follows: The principle 2. DEVELOPMENT PROGRAM 1991 to 1995
advantages of the TRANSRAPID could be confirmed to full
extent. Fundamental redesigns have in no case been The BZA expertise hasprovided an exactly defined
necessary. Ali problems arising during the test phase could development state so that development work which has still
be solved satisfactorily. A number of possibilities for further to be performed could be specified. In the negotiation of the
optimization could be brought to light. Continuation of the coalition parties of the German Federal Parliament in
endurance testing is still necessary in order to complete and January 1991, it was basically agreed to carry out the final
to corroboratethe test results, development. As soon as these prerequisites had been

settled, the final program was started, lt will be executed in

1.3Qualification of Readiness for Application the 1991 to 1995 timeframe and consists of the main
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I I

Development Program 1991 to 1995
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iTech,,,Jnogicaloptimazation i i

TVETestoperation , .., . . .. ._.___
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components
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Fig. 3: TRANSRAPID, development program 1991 to 1995, planning and construction of a fu'st application track
in Germany

program parts (fig. 3): underneath on the magnetic armature rails on the track. The
attracting forces lead to a stable levitation condition by

* Final technological optimization with the means of an electronic gap control adjusted to the high
keypoints high speed aerodynamics, utilization of the acceleration and breakingability.
technological progressin electronics, further improvement The function of the linear motor correspondsto a
of the availability and of the data which are relevant for conventional synchronousmachine.For TRANSRAPID, the
environmenud influences; windings are accommodated on the track which, driven from

a stationary substation with variable tension and frequency,
, Endurance testingon the TVE under ali specified generate travelling magnetic fields. The desired propulsion

operating conditions, in order to gain more experience in forces are generated through the interaction with the
operation and maintenance, with the aim to define and electromagnets on the vehicle.
validate the regulations and operation instructions for On-board power is transmitted inductively to the
revenue lines; vehicle via linear generator windings; the power is supplied

and buffered in on-board batteries. The levitation, guidance,

, Employment and testing of optimized components, propulsion and brakes as well as the power transmission to
especially for the vehicle, propulsion and signalling/control the vehicle occur completely contact-free, i.e. without
systemand of auxiliary operationdeviceson the TVE; mechanical contact with the track. This provides some

particularly good features compared to conventional rail
. Basic research and companion studies and systems. The resulting advantages of this design permit

assessments, efficient and ecologically reasonable operation throughout
the whole speed range:

3. TRANSRAPID - Characteristics and
* Low wear and maintenance cost

Application Fields

* Low guideway loads
With electromagnetic levitation methods, the

electromagnets act on both sides of the vehicle, from * Comparatively low emission of noise and vibra-
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tion, particularly in the speed range used for entering urban Germany by 2010 and almost triple the amount of transit
areas passenger traffic

* Comparatively low ener._y consumption because
of low vehicle weight and complete aerodynamic fairing * Within Germany, freight traffic between West and

East will increase more than seven fold, passenger traffic
* Flexible muting parameters almost eight fold

* Minimum interference with the landscape due to * The number of cars will increase to over 45 million
easy adaptation of the route to the topography -at the moment there are more than 36 million cars.

* Economical operation due to short vehicle In order to cope with this traffic volume with
travelling time per cycle regard for the economy and the environment, the extensive

reshaping of public transport is a priority goal alongside the
* High acceleration and deceleration by virtue of intended extension of the road network.

low vehicle mass and high propulsion power in those Therefore the 1992 Transportation Plan sets a new
sections of the track where it is necessary. As a result, a high investment strategy to solve environmental 'and mobility
average speed can be achieved even when there are short problems by combining ali the different transport means into
distances between stops, one coordinated transport system.

In this plan, the TRANSRAPID has to play an
* High payload, nearly constant over the whole important role. It should reduce, for economic and

speed range ecological reasons, undesirable short-range flights and long
distance private vehicle traffic, as well as provide free

* Propulsion and braking systems are independent of capacities in the rail network for freight traffic.
wheather and friction To identify suitable lines for a first TRANSRAPID

application the Federal MinisU_/ of Research and
Short travelling times, high ride quality and high Technology and the Federal Ministry of Transport started

safety combined with competitive fares and an appealing investigations in summer 1991.
image play a vital role in a passenger's choice of a transport
system. As the TRANSRAPID fully meets ali of these 4.2 Selection of Routes
criteria, it can contribute to making public passenger
transport systems more attractive. In the selection process the following aspects had

to be considered:

4. Application of the TRANSRAPID System An established need for transport and a sufficient
traffic volume; preferably no selection of routes that already

4.1 German TransportationPlan yield high gains within the existing railroad network;
preferably selection of routes with only a small effect or

As a result of the German Federal cabinet's decision none at ali on planned conventional rail links, prospects for

on 15rh July 1992, a new Transportation Plan for both East subsequent extension, possibility of realising a
and West Germany with a fixed programme up until 2010 TRANSRAP1D track in successive construction phases;
has been submitted. This first Transportation Infrastructure above ali the TRANSRAPID should upgrade service in areas
Plan for the whole of Germany was consequential to the which so far have been underserviced.
unification of the two parts of Germany and will improve With these criteria in mind the Federal Ministry of
the transport network in the direction East-West within the Transport proposed that the following links be analysed
next twenty years. (fig.4):

The traffic forecasts carried out in the course of the

Transportation Plan show a considerable increase in the Tl:Hannover- Halle- Leipzig
traffic volume in the coming years.

The Federal Ministry of Transport calculated the T2:Hamburg- Berlin

following increases (reference year 1988): T3:Hamburg - Parchim Airport- Berlin

* In total 80% more freight traffic and 30% more
passenger traffic; T4:Berlin - Berlin SOd Airport - Dresden

* Doubling of the transit freight traffic through T$:Stuttgart-Ntlmberg-Dresden
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Fig.4: TRANSRAPID links in investigation with regard to the German traffic infrastructure planning
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Fig.5: Alternative TRANSRAPID mutes Bonn - Berlin. * service planning;

In response to a recommendation by parliamentary
working groups a link between Bonn and Berlin was also * dimensioning of the infrastructure;
selected for detailed investigation (fig.5).

* calculation of investment costs;

4.3 Procedure * calculation of operating costs;

The proposed routes were studied in a step by step
analysis according to the general evaluation procedure * determination of effects on the existing passenger
which has to be performed before infrastructure projects and freight transport network;

can be included into the general traffic infrasmJcture * evaluation of the effect on the whole national
planning:

* environmental impact assessment; such as use of economy;

land, segregation, noise emission * evaluation of effects on the profitability of the
German Rail.

* alignment; with special regard for the environment
as well as the topography and with the aim to attain a The benefit/cost ratio resulting from these

binding with existing infrastructure (rail and roads) evaluations is decisive for the inclusion into the
infrastructure planning.

* forecast of passenger transport volume;
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4.4 Results of two select! Rou_

Assuming a travelling time of 3 hours, a traffic
4.4.1 Hamburg- Berlin volume of about 40 million passengers can be expected

according to estimates with respect to the fh'st version of
The Hamburg - Berlin route is of particular interest the Bonn - Berlin link. Version 3 would offer the shortest

from the transport and economic point of view. First and travelling lime of about 2 hours.
foremost, this intercity line is to link the two biggest The Bonn- Hamburg- Berlin route can, with the
German cities as a kind of metroliner, wansferral of the German parliament to Berlin, prove its

The length of the Hamburg - Berlin link is 287 km; worth.
travelling time is around 55 minutes. At a fixed cycle of
one TRANSRAPID train every 10 minutes, the service 4.5 Time Schedule for the Implementation of
would comprise 95 four-section trains with 332 seats each TRANSRAPID Application Tracks
per day and direction.

The transport volume is estimated at about 15 The Hamburg - Berlin connection was
million passengers and more than 4 billion passenger incorporated in the German Transportation Plan as the first
kilometres per year. The TRANSRAPID takes around half TRANSRAPID application track in Germany. New forms
of these from air and road traffic, thus relieving the of operation are to be studied for the new transport system,
pressure on the environment. The increase in the capacity the TRANSRAPID. The project should, as far as possible,
of freight trains on the existing railway lines was calculated be financed through private means. At present, under the
to be some 430 million ton kilometres. The total investment incorporation of industry and banks, appropriate financial
costs for the infrastructure (guideway, energy supply, concepts are being developed. Following a decision on the
operation and maintenance facilities) amount to 6,700 financing and operator concept, which is still awaited in
million DM, the investment costs for the rolling stock to 1993, the legal planning procedures can be initiated. In this
600 million DM. The total yearly amount of the operating case the construction work may start in 1996. If ali goes
costs was estimaw,d at 190 million DM. With a fare 30% weil, the TRANSRAPID can take up revenue service
higher than the Intercity Railway standard and 15% higher between Hamburg and Berlin around the year 2000.
than the ICE-tariff the yearly revenues amount to A first step is hereby taken towards a promising
approximately 800 million DM. The revenues can be new transport system which helps to avoid traffic
further improved through optimization of the offer. The congestion on the ground as well as in the air, and which
completed overall economic evaluation for the German causes less damage to the environment than other means of
Transportation Plan showed a benefit-cost ratio of 2.8. The transport. In rise future transport plan in Germany and
favourable results led to this route being upheld in the Europe, the present demand forecasts and the
Transportation Plan. comprehensive allocation of external costs of air and road

traffic have to be taken into consideration. In particular, the
4.4.2 Bonn - Berlin political opening in eastern Europe and the expected long-

term industrial development give the TRANSRAPID
Three tracks for this link have been studied: substantial opportunities, since large distance have to be

covered and the infrastructure is still poorly developed.
Bonn - Cologne/Bonn Airport- D0sseldorf Airport

- Essen -Dortmund - Paderborn - Kassel - Leipzig - Berlin
Airport-Ber Centralstation(710km);

Bonn - western Ruhr area - Bremen - Hamburg -
Berlin (750 km);

Bonn- Kassel - Berlin (direct route) (548 km)

2_



Analysis of Prospective Transrapid Applications

Hans Georg Raschbichler
Luitpold Miller

Mantled Wackers
Thyssen Industrie AG Henschel, Anzinger Strasse 11, 8000 M0nchen 80, Federal Republic of Germany

Abstract - The high speedmaglev systemTransrapidwill comple-
mentthe existing transportationnetworks in acost effectiveaad envi- TABLEI
ronmentaUyacceptableway.According toexpert opinion, thebasicde-
velopment is concludedand the readiness for applicationin revenue TechnicalData
service of the Transrapidsystem is achieved.The paper describes the
featuresof the Transrapid technology and its major advantagesin fu-
ture fields of application.The basicdatahave beenverifiedby exten- DesignSpeed 500 km/h
sive testing of the TR07vehicle in long termoperationamountingto
more than 130000 km (80000 miles) atspeedsof upto 436km/h (280 OperatingSpeed 300- 500 km/h
mph)at theTransrapidTestFacility inEmsland.A first analysisof the P_senger Veldde
financialschemeof the mostadvancedGermanTransrapidproject,the EmptyWeight 46,000 kg
linkbetween BerlinandHamburg,showsthehighefficiencyandprof- TotalWeight,allowed 55,000 kg
itabilityof theTransrapidsystem.

CargoVehicle
EmptyWeight 42,000 kg

]. Introduction TotalWeight,allowed 58,500 kg

For more than 15years, Thyssen Henschel has been involved Acceleration

in the development of magnetic levitation technology. Begin- o - 100 km/h 1 300 m 20 s0 - 200knffhl 2,000 m 60 s
ning with the first test vehicles for electromagnetic suspension 0 - 300km/hz 4,9OOm t20 s
(EMS), Thyssen has provided the leadership in consequently o - 400km/h2 9,300 m 165 s

developing and optimizing this completely new transportation AllowedCrossw_
system. Standstill 60 m/s

In December 1991, a working group of experts from the 20okm/h 40 m/s
400 km/h 30 m/s

Deutsche Bundesbahn (German Federal RaiLroad) in coopera-
tion with renowned universities approved the technical readi- 1Commuteroperationmax.acceleration= 1.4m/sz
hess for application of the Transrapid. 2 Long distance operation

That was one ofthe most important prerequisites for the Ger-
man Federal Cabinet to include the magnetic levitation system A. Vehicle
in the new Federal Transportation Master Plan in 1992. The
Cabinet also approved the route Berlin-Hamburg to be the first TransraPid trainsets are composed of up to ten vehicle sec-
application of Transrapid in Germany, but with the condition of tions with each section having a length of 25.5 meters (84.2
private or partially private financing. Three different financing feet). They are designed to transport passengers or superior ex-
models have been developed with the condition of relieving the press goods at speeds of up to 500 km/h (312 mph).
public budget and presented to the Government. Flux-coupled electromagnets arranged in a redundant con-

The current project plan foresees the construction phase be- figuration and controlled in two degrees of freedom are used to
ginning in 1995/96. levitate and guide the vehicle. A safe-life power supply for the

vehicles is provided by linear generators independent of any ex-
II. System Description and Characteristics temal power supply. These generators convert part of the ve-

hicles' kinetic energy into electrical energy. The safe-life be-
The high speed transportation system Transrapid is a track- havior is achieved through sufficiently high redundancy. At low

bound system, capable of revenue operation at speeds of 400 to speeds (less than 80 km/la or 50 mph), the on-board power sup-
500 km/h (250 to 312 mph). The principle of attractive magnetic ply network is buffered by batteries.
forceis used for the suspension and guidance ofthevehicle anda Eddy-current brakes using modular design are provided to
synchronous linear motor provides the propulsion and braking, assure the safe-fife braking function of the vehicle.

An overview of the system characteristics is shown in Table I. Skids are used to support the vehicle onthe guideway at stand-
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still and to stop the vehicle in the event the electromagnetic levi- - Single or double track at-grade guideways for tunnels, cut-
tation system is deactivated, tings, bridges, and areas where this is required for better gen-

The structure and design of the cabin correspond to the latest eral acceptance
technological development and are comparable to modem rail-
way coaches. For guideway switching, bendable switches with maximum

vehicle turnout speeds of 100 km/h (62 mph) and 200 km]h
B. Propulsion System (125 mph) have been developed and tested.

Table II gives an overview of the guideway alignment data
The propulsion system is realized by a synchronous long sta- and parameters which are technically allowed. The land surface

tor linear motor. It consists of stator packs with a three-phase areareflects the foundations required for an elevated or at-grade
winding installed under the guideway (comparable to the stator guideway route. The land required (fight of way) and the exca-
of arotating motor) and electromagnets mounted on the vehicle vations are based on various representative reference align-
(corresponding to the rotor of a rotating motor), ments.

C. Automatic Train Control E. Availability

The communication and control system is fully automated. It High availability of ali subsystems is essential to ensure that
maintains the trainset speed within the operating specifications the Transrapid system maintains a high level of operating per-
(safe speed enforcement) and provides a safe and unobstructed formance in revenue service.
travel path (route integrity). The system relies mainly on micro-
processors which aredesigned and verified with fail-safe, fail- This is achieved through:
active, and fault-tolerant techniques.

- Error-tolerant behavior, i.e. mission accomplishment even in
D. Guideway case of multiple component failures

- On-line diagnostics
Various types ofguideway structures are available forroute - Automatic deactivation of components in case of failure and

planning with regard to cost efficiency and environmental con- on-fine self-diagnosis including reactivation routines
ceres: - Easy handling and maintainability
- Single or double track elevated guideways using steel or pre- - Computer-aided equipment for preventive and corrective

stressed concrete beams mounted on 5 meter (16 feet) high maintenance
piers (normal height) - Insensitivity to environmental influences (outside tempera--

ture, winter conditions, lightning, crosswind, and earth-
quakes)

TABLE II

Development models of computer-aided equipment for pre-
TrackAlignment Data ventive and corrective maintenance have been installed in the

Transrapid Test Facility and undergo continuous testing indaily
Lateral Acceleration _ 1.5 m/s2 operation. The target data for reliability and availability have

been verified during the long term operation at the test facility.Vertical Acceleration _ 0.6 m/a2 < 1.2 m/a2
(crest) (trough) The summary of theoperation performance at the test facility

is given in Table III.
OmnldirectlonaI Jerk _ 1.0 m/a3

Lateral Inclination < 16 o TABLE III

Curvature Radii Operation Performance at the Transrapid "FeatFacility
Minimum 350 m

2(k3 km/h 705 m Speed record 436 km/h
300 km/h i,590 m

400 knVh 2.825 m Total dbtance accumulated over !30,000 km

Foundation Area (Double Track) Longest non-atop distance traveled 1,050 km
Elevated Guideway 1.5 m2/m
At-grade Guideway 11.8 m2/m Maximum dally distance 2.500 km

Total Area (Double Track) Long term test
Normal Case 12.0 m2/m Average thily diatance 1,200 km
Mountainous Region 22.8 m2/m Portion of distance above 350 km/h 42 %
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F. Safety
TABLEIV

The Transrapid high speed transportation system has been EnvironmentalCompatibilityData
subjected to a detailed and comprehensive safety analysis and
evaluation. The methodology and procedures in the safety
assessment retied on developed and verified techniques applied speemc Secondmry Constant Speed Typical Trip

to analyze complex systems such as railways, air transportation Energ_ Commmpflon [watt hourperseatkm]

netwoflr_s,and chemical and power plants. 20okm/h 26 29
On thebasis of quantitative criteria to decide acceptance or re- 25okm/h 31 33

fusal of risk,safety measures have been defined andevaluatedin 300km/h 38 43km/h 58 64
aclosed loop processing of risk assessment and evaluation. The
end of the iterative process results in a final safety specification. Note Emissionx Distance 25 m

A comparison with other transportation systems demon- 200 km/h 79.0 dB (A)250km/h 82.5 dB(A)
strates the high level of safety of the Transrapid.Using the hum- 30okm/h 86.5 dS(A)
ber of fatalities perbilfionpassenger-kilometers asameasure of 400km/h 93.5 dB (A)

safety, the Transrapidsystem is safer than airtravel by a factor of Magne_ F_d 2

20, than conventional railroad by 250, and than road travel by Extreme Low Frequency(ELF)Fields 3

700. PassengerCompartment 10 IJ,T
NeartheGuideway 6.5- 9.5 IJ,T

The highlevel of safetyin the Transrapidsystem can be ex- Passenger Station 2 _T

plained as follows: StaticField4 0- 33.5 _tT
- As a new transportation system, the Transrapid profits from

the experiences with existing systems, by avoiding from the 1Measuredby TOVRheinlandat elevated guideway.At-gradeguidewayreducesthelevelby3-4 dB.
outset known accident risks. 2MeasuredbyElectricResearchandManagement,lhc.

- The technique of magnetic levitatioTa used in the Transrapid Incomparison to:

system does not introduce any new ,risks. It guarantees safe 3Housholdappliances 1,000 I.I,T(ELF)
operation on the basis of the adopted technical and design ' Earth'sgeomagnetic field 50 [LIT(static)
measures.

Specific requirements for application in the U.S. were inves- - to reduce cruising speed when passing noise sensitive areasor
tigated through a U.S.--Gemaan cooperation, carried out by the in tight curves without significant impact on overall travel-

_, Federal Railroad Administration and TOV Rheinland. In this ling times
cooperation, project specific data and U.S. statistics were gath-
ered and used as input for the safety analysis and evaluation, as The enviromnental data and performance characteristics giv-
well as for the definition of specific regulations for Transrapid enin Table IV are derived from the evaluation of measurements
applications in the U.S. of test rides at the Transrapid Test Facility in Emsland and from

data provided by the Versuchs- und Planungsge_sellschaft flir
G. Environmental Compatibility and Performance Magnetbahnsysteme mbH (MVP).

Characteristics The calculation of the vehicle specific data is based on a typi-
cal wainset configuration with eight vehicle sections and 702

Environmental acceptability has become more and more ira- seats. The secondary energy consumption refers to seat and kilo-
portant for the implementation of transportation systems. Align- meter when riding at constant speed and/or to a reference travel
ment parameters for the maglev train Transrapid are extremely cycle, i.e. standstill- acceleration- constant speed - braking -
favorable. Due to the vehicle's ability to climb steep gradients standstill.
and travel tight curves, the guideway can be flexibly adapted to
the landscape and co-located closely with existing roads and H. Economic Efficiency
railroad tracks. Elevated or at-grade, the guideway requires less
ground area t_an other transportation systems. The investment costs correspond to those required for a mod-

Transrapid is matchless in terms of quietness, especially em high speed Wain. The operating costs are significantly lower
within the range of those speeds utilized in densely populated due to _duced expenditure for maintenance and repair.
areas or when approaching stations. The non--contact technical concept and aerodynamic optimi-

zation of the vehicles lead to lower drag coefficients which re-
The high acceleration and deceleration ability permits the sul_ for example in about 30 % lower energy consumption in

system: comparison with modem railroads.
- to serve as a commuter train in lightly populated areas These characteristics enhance the opportun_ for profitable

operation at competitive ticket prices.
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III. The German TransrapidProject between A. Route Alignment and Operation Data
Berlin and Hamburg

I) Route Alignment: The base case for the economic calcula-
As the world's first magnetic levitation train system, the lions is theplanning case,

Transrapidstands application-ready for use. The German gov-
ernment has recognized thatthe magnetic levitation wain Trans- Berlin Westkreuz-Hambmg Hauptbahnhof(Main trainstation).
rapid, due to its innovative technology, can play aneconomical-
ly andenvironmentally sensible role in overcoming theconlinu- The suggested alignment route utilizes land areas in use in the
ously growing traffic volume in western Europe. existing wdfic corridors.To avoid furthercutting up of the land-

After the German reunification, the federal government in- scape, the route will travel along the highway connecting the
vestigated various magnetic levitation train routes in coujunc- two cities, Berlin and Hamburg.
tion with the new federal states. The route Berlin - Hamburg Ongoing deliberations point toward having central and pe-
showed itself to be particularly attractive. It was included in the ripheral stopping points in Berlin and in Hamburg. The estab-
federalcabinet's Federal Transportation Master Plan 1992 with lishment ofanintermediate stopis also plannedin one of the new
the condition that private/partially private financing models be federal states which arepassed through by the route, such as near
investiga[ed for the financing of the route. Schwerin, the state capital of Mecldenburg--Vorpommem.

Sinc_ _en, the corporations Thyssen Industrie AG, Siemens
AG, and Daimler Benz AG/AEG AG in conjunction with the 2) Operation andBaseData: The significant results of theoi>"
Deutsche Bank and the Kreditanstalt fur Wiederaufbau (Credit erational plans have beendetermined for thebase case on the ba-
Institute for Reconstruction), have developed three financing sis of the route specific traffic demand prognoses. These are
model alternatives for the government. Industry serves as the shown in Table V.
general contractor in ali three models andis responsible for ful-
filling the work to schedule and within budget while also guar.. B. Initial Data for the Profitability Calculation
anteeing the fur_ctionality _f the system. This goes far beyond
the historical role of industry in realising public railroad proj- The profitability calculation uses the following project data
ects. The risks though, which result from public approval pro- as a basis:
cesses or acts of God, must be carded by the public authorities.
This also goes for the political risks due to traffic politics, fares Route data:
etc. Berlin Westkreuz - Hamburg Hauptbabnl, of

TABLEV 283 km, 53 minutes trip time

OperationandBaseData Time period under review:

TrafficVolumeI 14.5millionpassengers/year Approval process 1993-1995
Construction 1995 - 2002

TrafficPerformance 4.1 billionpusenger-km/year Conlmissioning 2002

Numberof traintripe Operation 2002- 2042
perdayanddirection 96

Investment cost (Basis 1989): 7.2 billion DM
Tripfrequency 10 minutes

Numberof tralnsets 19 Operation costs: 210 million DM p.a.

Number of vehicle sections Ticket rates (basis 1992): 1st class 0,39 DM/kmpertrainset 4
2nd class 0,26 DM/km

Routelength 283 km

Operational s_'_ed 400 _ C. Financing Models

Triptime 53 minutes Three financing models have been developed:

Operationalperformance 6.6 billionseat--km/year 1. Use reimbursement model

Numberof seatsper tralmet 332 2. Capital market model
3. Structural reform model

Averagetralusetutilization 63 %

Basis:GesellschaftfOrTransport-,Umwelt-,Kommunika-- Using different methods, these models achieve through the fi-
tionsanalyse mbH nancing of the magnetic levitation trainroute Berlin- Hamburg
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the following desired effects: the project through its own equity and outside capital. An indus-
trial consortium would be contracted as general contractor. The

- an expeditious realization of the project project corporation would own the magnetic levitation train
- a shifting of clearly defined risks onto the private economy route and would carry the economic risk. An operator corpora-
- an involvement of the public authorities in the risk while si- tion, such as the Deutsche Bundesbahn (German Federal Rail-

multaneously relieving to a great extent the public budget road) or Lufthansa, would be trusted with operating the route.
The operator will transfer theproceeds fromoperating the route,

1) Use Reimbursement Model: In the use reimbursement minus the costs, to the project corporation. After subtraction of
model, the project will be realised through a private, non-pro fit ali expenses, the remaining flee cash [low is available for divi-
project corporation. This corporation will receive the conces- dend distribution.
sion to build and operate the magnetic levitation ,rain from the
federal states involved, will apply in its own name for the re- The following preconditior_s will be necessary in order to
quired capital from the banks, and will contract an industry con- raise the owned equity on the capital market:
sortium as general contractor for the construction. Immediately
after completion, the construction and the equipment will be - a division of risk between industry and the public authorities
t_nsferred to the public sector. With the startof operation, or at - a convincing concept for operating the route with the possi-
the latest, with the start of the debt service, the complete project bility of a route extension
costs not re_ated to the operation, will be amortized through over - additional incentives for private and institutional investors
time distributed, use reimbursement payments. These use reim-
bursementpayments will bepaid forby the sale oftraveltickets. Such an additional incentive could be achieved through the
These operation and traffic volume independent, use reimburse- earning of astock connected, guaranteed minimum return in the
ment payments will be insured through a utilization contract form of a PUT option. This gives the stockholder the right be-
with the public authorities. Thus the credit risk for the capital tween the startof operation and the distribution of the first divi-
market is given de facto to the public authorities. This type of dend, within aspecifictime-limit, to offerthe stocktothe public
goverranent assurance is normal for privately-financed large authorities. The minimum return can be assessed as less than
projects that have public significance and is already in practice, that offiskless investments (for ex. federal bonds of equal matu-

rity).
The project is divided into three phases: The results of the profitability investigation based on the capi-

tal market model are: The funding necessary in the capital mar-
- preparation phase ket model is less in comparison to the use reimbursement model,
- planning and construction phase because of the availability to the project corporation of non-in-
- operation phase terest-bearing equity for the financing prior to the employment

of outside capital. Dividend payments commence according to
After system acceptance, the operating corporation will begin the plan in the third year of operation and result in comparatively

operationand fare collection. If the operating and use reim- good, rising returns over the time period considered. In addition
bursement costs are not completely covered by the fares, then to tax revenues which are larger than those forescxn in the use
foreseen is that the federal government will guarantee the differ- reimbursement model, the public authorities receive as stock-
ence through a subsidy. The project corporation performs its holder, their portion of the dividends distributed.
debt service through the use reimbursement fees. The capital market model also offers the possibility, to dis-

The profitability analysis yields: the magnetic levitation train tribute the budget load over a longer time period due to the indi-
connection Berlin - Hamburg is self supporting. The fares are vidual participation of various corporate bodies (federal and
sufficient duringthe entire life of the project to cover the operat- state).
ing costs and reimbursement fees. That means that demands on
the public authorities and therefore a strain on thepublic budget 3) Structural Reform Model: This financing model corre-
would not occur. Moreover the tax receipts would constitute a sponds to the future structure of the German railroad, which
considerable sum. The financal resources will be supplied en- foresees a division between the railroad track (guideway) and
tirely through bank credit, the operation. The investments for the guideway (ali in this case

on the government. Thus the size of the investment costs differ-
2) Capital Market Model: As an alternative to the use _i,,_- entiatesthis financing model from the others. The guideway will

bursement model, the capital market model differentiates it,self be created by an organized, legally private guideway corpora-
mainly through the grounding of a stock corporation as prc.ject tion under direct and exclusive government participation.
carrier which wouldbe listedon the exchange. Itwill receive the Through this is assured that the public legal approval process
grant from the federal states for the construction and operation can be accomplished quickly. This corporation leases the guide-
concession. The shareholders of the corporation would be l,ub- way to a likewise organized, legally private operations corpora-
lic stockholders, public authorities, states, etc. and interested in- tion for a use-dependent reimbursement. This reimbursement,
dustrial companies. The project stock corporation will finance which will begin with the commissioning, will correspond to
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the guideway depreciation rate. Interest expenses for the guide- IV. Summary
way corporation which could occur under certain circum-
stances, will not be calculated into the use-dependent mim- The system characteristics and advantages of the magnetic
bursements, levitation train Transrapid are well documented. With itsreadi-

The profit-oriented operations corporation will aquire ali of ness for application and the final development stage currently in
the magnetic levitation tram economic goods, other than the progress, the time has come to integrate the system into the over-
guideway, required for operation andwill operate tbe route inits ali transportation network. As with the innovative technology
own name and expense. It will carry the full economic operating used in the Transrapid, the financing required to achieve the suc-
risk. The operating costs and the funds to service its own equity tess of the project will also break new ground for infrastructure
and the outside capital will be acquired through the operation projects.
proceeds (ticket sales). The operations corporation will finance The models presented here offer financing alternatives which
thereby its allocated investment volume with approximately 20 relieve the public budget in different ways. They differentiate
%owned equity and 80 %outside captial. Other than in the pre- themselves fundamentally from theprevious financing of public
vious models, onlythe profitability of the operations corpora- infrastructureprojects. In ali cases though, the public authorities
tion will be considered in the structural reform model. The oper- must assume definite risks which can not be transferredto the
ations corporation can support itseff using the assumptions for private sector.
the base case. In the case of a stock corporation and with the as- Intended is thestimulation of discussions between the private
sumed development, the stock could be placed into the capital economic sector and thepublic anthorities astohow the magnet-
market. The operations corporation generates taxes forthe pub- ic levitation train connection Berlin - Hamburg is to be fi-
lic authorities at a level well above that for the use reimburse- nanced.
ment model.
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1. DESCRIPTION OF THE FACILITY The test route consists of two loops,
connected by a fairly straight stretch. The

The decision to continue to investi- design speed on the straight is more than
gate only the electromagnetic levitation 400 km/h, for the two loops 280 and 200
system was linked to the decision for a km/h. The guideway is basically elevated,
large-scale test facility for the TRANSRA- but there are sections with a height of 13
PID. m and some ground level guideway. The

longitudinal tilt is up to 3.5%, the maximum
The task of this facility was initially banking angle up to 12 degrees. There are

the qualification of the magnetic levitation three switches as part of the test facility
technology under realistic application with lengths between 67 and 150 meters.
conditions. The Emsland test facility thus The test centre contains a traverser with
created the possibility to travel at high stabling facility in addition to a hall for
speeds and to prove the running qualities maintenance and repair.
uphill and in bends and the feasibility of
switches. Adapted to the financial conditi- The overall length of the guideway is
ons and the factors pertaining to the site, 31.5 km; a complete circuit gives a distan-
the test facility was built as follows, ce of 38.7 km, whereby the straight bet-

ween the two loops is covered twice.
About 10 km of the route is steel guide-

I way, 21.5 km concrete guideway. Thevehicles available are the TRANSRAPID
06 (TR 06) and the TRANSRAPID 07 (TR

,.,,ota. v,,.,-_,4, 07)° The basic test runs in recent years
s,,,,o,_,,,,, were undertaken with the TR 07, the

Concrete Guideway I_ build/n| section
,,,b,ildi,,_,ion newer vehicle. The TR 06 has been used

for tests of individual components (e.g.
s.t_._ tests on the runner surface). The propul-

sion is provided by a substation accom-
Prolotypesteelandconcret_ modated in the test facility. The control

and safety of the test operation is under-
taken from the control centre in the central
test building.

Switch 1

Test (-'entre with A

Stab,ingUnit _ |

Switch 3

___ 2. QUALIFICATION OF THE TRANS-

ConcreteGuideway RAPID SYSTEM
2nd building section R-I000_._ m,Vmix- 200

S,.lC.id_.. As has already been mentioned, the
Z,db,,,ldi.g,_ first important aim of the central test facility

was the qualification of the magnetic levi-

Fig. 1 Test Facility in Emsland tation system. This was undertaken in the
meantime in a convincing manner, even if
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there were problems over a longer period centre operation as a further development
of time with the availability of the guide- of the TR 06 and a second generation of
way. These guideway problems are not command and control technology is
Maglev-specific but concern the currently being integrated and tested. In
conventional part. They can be put down the following is be given a brief overview of
to the disregard of construction and engi- the tests to date back and their results.
neering principles and will be corrected in
accordance with the availability of funds by Guideway
1993.

As has already been mentioned,
The general qualification was the differing guideway constructions have

essential basis for the assessment of ser- been compared at the test centre. This
vice readiness which the Bundesbahn- refers not only to the steel and concrete
zentralamt Menchen (Federal Railway designs but also to the single span and
Central Office in Munich) confirmed as the two span girders. An important but also
independent assessor in 1991. 1.000 km surprising result of the tests at the test
per operating day were covered in an facility in Emsland was the fact that the
intensive operational phase for one month, temperature differences between the
The longest non-stop journey was 1.050 upper and lower booms of the guideway
km. The longest journey in a day was girders were considerably higher than was
2.476 km. About 10% of the journeys were specified in the generally applicable
covered at top speeds over 400 km/h. In construction regulations (e.g. for road
the course of this month, over 23.000 km bridges). These temperature differences
were covered. In ali the total distance lead to guideway deformations, which
covered with the magnetic levitation have considerable effects on the follow-up
system amounts to 135.000 km. lt should behaviour on the support and guidance
be noted that currently the aim is not to systems. As part of the service readiness
achieve as much distance as possible but assessment, in 1990 and 1991, both a
lies in the achievement of selected test steel and concrete two span girder were
journeys for individual measurements, erected and tested positively at the test

centre. In this case the girder deformations
The top speed achieved on the test under temperature and load flows

route to date was 435 km/h. correspond to the specified loads. Actual
' the two span girder is envisaged for an

About 25.000 visitors have travelled application route.
on Maglev as part of the qualification tests.
lt has to be stated here that, due to the The construction form of the single
priority accorded to tests, the n,ns with span girder, reveals unfavourable
visitors have been handled very sparingly, characteristics. Therefore in the last year

started at the test facility a long term test
with special absorption elements at a
single span concrete girder. The previous

3. INDIMIDUALCOMPONENTFUNC results suggested an essential better
TIONS behaviour.

Besides the qualification of the gene- A further result obtained from the

ral functionality of the magnetic levitation test centre oper_ti,')ns led in the new two
technology, the individual subsystems, span girder to a new fixture for the long
vehicle, guideway, propulsion and stator on the guideway girder, which dif-
operational control system were fers from the stator fixtures to date both in

intensively tested at the test centre. The dimensions and by an additional redun-
results from these detailed investigations dant fixture. Already positive load qualifi-
have already led to opt,misations of the cations have been carried out. Solely the
components originally used at the centre, question of resonances has to be consi-
In 1989 the TR 07 was integrated into test dered in great detail in an optimisation .36
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phase. Unfortunately, due to the given support and guidance systems at unusual
installation measures, it was not possible guideway curvature points. Detailed inve-
to incorporate this stator fixture in the stigations into the behaviour of various
other test centre girders, malfunctions were taken into consideration

for the qualification of failure tolerance.
Vehicle These were in particular magnet failures

and board network failures.
As part of the vehicle tests to date,

the speed range up to 435 km/h was The faultless interaction with the
tested. The magnetic support and gui- other subsystems (propulsion, guideway
dance systems were tested positively con- and command and control) was proven in
cerning stability, sequential behaviour and ali essential points in comprehensive
failure tolerance in numerous test runs. series of tests.
Particular attention was paid to
experimental function qualifications of the

_;__ ....... Fig. 2:
Test Center in the Emsland
with the TR 07 in front
of the hall

The interaction between contactless Propulsion
energy transmission and on board energy
supply in the TR 07 could also be positi- The development of the propulsion
vely evaluated experimentally in compre- has advanced since the initial introduction
hensivetestsat the test centre, of the test facility in Emsland. The stagge-

red arrangement of motor windings has
Technical qualification of the braking been realised instead of the leapfrog

concept, in particularwith the eddy current methodfor the relayingof guideway secti-
brake system, which is applied as an ons and the digital propulsion control in-
emergency brake given a propulsion fai- stead of the analog system or, the test
lure, were conducted as were design loads facility as on-going concepts.
for support, guidance and propulsion for-
ces. Ali subsystems of the propulsion run

satisfactorily over the whole speed range.
In particular as part of the intensive The newly installed subsystems digital

long-term test operation, the optimisation propulsion control and staggered arran-
potential of the support magnets was gementof motor windings run without fault
developed, which were implemented with under operating conditions. In connection
the fitting of modified support magnets, with the digital propulsion control, several
The fitting of new magnets is planned to vehicle position detection systems were
take place in Summer 1993. tested. The investigations into the rotor 3"/



displacement angle start support and slip Sound Measurements
suspension detection could be concluded
positively. Currently work is being carried The acceptance of modern
out on an improvement in the braking highspeed trains is highly dependent on
precision. In the course of the investigati- low noise emission. To achieve a quiet
ons and development it has proved advan- vehicle the knowledge of the dominant
tageous to set up simulation models for noise sources and their mechanism is
the propulsion system. For this purpose, necessary. Furthermore their position and
experimental protective elements for the strength have to be known to perform
data to be collected in the simulation are reliable calculations of the estimated noise
implemented, immision for the area along a highspeed

track.

In contrast to conventional rail/wheel

Operational Control System systems there exists no primary
knowledge of noise sources for the maglev

An adaptation to the state-of-the-art train TRANSRAPID. Especially the
has been undertaken in operations control, strength of localized turbulence noise -"
This new operational control system and their position - with respect to the
corresponds to electronic controlling unit areal boundary layer noise is unknown.
technology for wheel-on-rail systems. The Therfore an experimental setup has been
data transmission is undertaken with 40 developed and installed at the
GHz radio. As operations control has to TRANSRAPID test facility for the
accept the full safety responsibility for the investigationof these questions.
test operations, not only the technical
functions have to be proven in this On the basis of these
instance but also the overall certification measurements, the inclusion of the
procedures for safety technology be magnetically levitated system in Acoustics
completed. The technical functions have 03 - a public and legally recognised
reached a satisfactory status after evaluation of acoustic radiation of rail
comprehensive tests. The certification systems- is still being worked on.
process will take until the end of 1993.

Fig. 4 shows a typical measurement
Magnetic Field Strength of the noise source distribution for a

velocity of 400 km/h in the frequency
.......T range 250-3150 Hz. Dominant noise
:I emission occurs only at the lower part of
"_t the vehicle where the flaps are located
,=!

!'=_ ___-___ j which cover the propulsion and guiding

_i magnets. They consist of segments with a
'=t basic length of 3 m which can move

........ ,.=, independently from each other to provide
- an optimum guide along the track, lt is

supposed that the edges of the flaps
Fig. 3: Magnetic Field Strength cause local aerodynamic turbulences

leading to noise emission (a significant
The results of the measurements of contribution of the propulsion system itself

the magnetic field strength are shown in can be excluded for the high velocity
Fig. 3. The magnetic field of Transrapid range). The dominant peak o,,':curs in the
lies near that of the natural earth magnetic very front of the vehicle and is caused by a
field. So the influence is so slight that any turbulence at the nose of the vehicle. The

negative effect even on passengers with upper part of the vehicle (passenger
heart pacemakers is completely ruled out. cabin) which has a smooth surface without

edges shows a much lower noise
emission. 3_
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Fig. 4: =_-
-2,-

Noise emission of _. ,: _ 8 ,o
the maglev train TRANSRAPID
during passby with 400 km/h. •
(running direction right to left) =_ _ ....._ ,_olse level / [

So one result of the noise system was similarly comprehensively
measurement is that aerodynamic investigated and corresponding modifica-
boundary layer noise is not the dominant tions were undertaken.
noise source.

Operational Observations
Aerodynamics

Parallel to the individual investiga-

With the help of a measurement tions and functional qualifications, the
panel erected for this purpose parallel to behaviourof the individualcomponentsis
the guidewayon the test facility,the expe- supervisedand documented underopera-
rimentalpre-requisitesfor the assessment ting conditionsin order to be able to use
of two-way behaviour of two Maglev the experienceobtainedon the test facility
vehicles at high speed in accordance with for the operationof a test route.
recognisedprocedures.

The aim of the observationson the
The nose and tail of the TR 07 were test facility is to investigate procedures

investigatedfor this. As part of the aero- and actionsfor operationsin terms of their
dynamic measurements, the nose design rationalsequence and handling. Included
of this vehicle was optimised. Experimen- here are the maintenance of the system
tally secured statements for the pressure and the individual measures and the
loads of the windowsat high speeds also procedures concerned. There is consi-
exist, derable experience where this point is

concerned. This has been implementedas
The most important topic for high realistic measures and procedures (e.g.

speed vehicles of the positioning of inlet maintenance vehicles for the guideway).
and odtlet openings for the air conditioning

Fig. 5:
Maintenance vehicles '"_ ;:
at the test facility



Intensive observations of the long-
term behaviour and reliability of the indivi-
dual components will only be possible
when the test facility guideway is again
fully available.

Overall it has to be stated that the
experience and results of the test opera-
tion at the test centre have confirmed the
course taken.

4. FUTURE PERSPECTIVE

The practicable applications and the
tests conducted at the test centre in
conjunction with the positive confirmation
of service readiness show that ali the basic
factors for a decision for the use of the
high-speed magnetic train in Germany
have been created.

lt is obvious that the Maglev
developments will be carried on, in the
course of which precise analyses of the
transport market will be made, detailed
operational concepts drawn up and
optimisation of the system engineering will
be undertaken.
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Abstract - Korean Ministry of Science and alleviate traffic congestions in large cities. The
Technology initiated a small R&D project in 1989 to prime candidate for the maglev application is
assess the possibility of developing a magnetically connecting downtown Seoul and New International
levitated train systerrL This government project is Airport under construction. The target date for the
closed to the end of its 1st phase in which the new airport transit operation is year 2001.

possibility was shown and a good progress was
made toward the next phase. The project office is
preparing for the 2nd phase which is more I. Introduction
commercialization oriented.

Much of the previous interest in magnetically
The government project not only proved the levitated train has centered on high speed systems
possibility but also triggered the interest of Korean but advantages of low friction and noise, and high

industry giants such as Hyundai and Daewoo, and reliablity showed promise for low speed applications
they are now actively pursuing programs of their such as urban transits also. The successful service
own. As a result, Hyundai is building a 40 person of Birmingham People Mover (BPM) at Birmingham

vehicle to exhibit during the Daejon Expo'93 and airport proved this possibility and recent development
Daewoo is testing a similar size vehicle at the of HSST program to low speed applications provides

moment. The main focus of these prograzns is low a renewed hope for the future of the low speed
to mid speed maglev technologies based on maglev.
Electro-Magnetic Suspension (EMS) and Linear
Induction Motor (LI]VI) drive. These maglev teams The government program started without clear

are in the process of forming a consortium to target for application nor clear picture of system
accelerate the delvelopment and commercialization choice. During its 1st year (1989-1990), the program
efforts, office compared various maglev systems and

assessed them in terms of technical difficulties and

The Korean maglev program when successful will available resources, and application. High Speed
find its prime applications as urban guided transit. Systems of MLU (Japan) and TRANSRAPID
Korean government is conducting feasibility studies (Germany), and mid to low speed systems of HSST,
for a number of urban gtfided transit routes to BPM and M-Bahn were looked into. From
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application side, possibility of Seoul-Pusan Corridor II. System Choice
(high speed) and urban transits for Seoul suburb
(low speed) were assessed. It became in_nediately From the early stage of the project it was decided
clear. The technology requirements for the high that Electromagnetic Suspension and LI]VI drive

speed systems were to high and there were to many would be only possible choice of the system. Two
problems to slove for the time and resources test proven systems of HSST and BPM were used
available to this prograrrL Furthermore, government as models in the designs of levitation/propulsion

(Ministry of Transportation) was pursuing modules.
construction of high speed train system
(wheel-on-raft) with foreign technology and thus did During the 1st year, two small scale (--1/2 scale)
not want any form of distraction. The only available modules were built, one after HSST and the other

choice for the government maglev team was after BPM. The 1st one used staggered magnets
low-to-mid speed system for urban transit with transverse magnetic flux paths and 2nd one
application, used longitudinal flux paths.

The large cities of Korea are experiencing aweful Some of the important features of the modules are;
traffic and pollution problems due mainly to the rapid
increase of automobiles during last decade and

government is seriously considering various guided 1st 2hd
transit systems as a solution. This situation also

No. of Magnet 8 4
played a role in the choice of system and application.
Another factor contributed to this system choice. At No. of LIM 2 1

the time of program formulation, Korean government Weight 1.0 ton 2 ton
was applying to hold an international exposition in

1993. A group of maglev people, which later formed Length 1.2 m 2.3 m

the government maglev team, suggested maglev Gap 6 mm 8 mm
exhibition in the Exposition and this idea was
adopted. Both Hyundai and Daewoo showed interest Guideway 15 m 15 m

in the exhibition but the task was awarded to Levitation Control Analog Analog
Hyundai while the government team was selected to
supervise and coordinate the task in behalf of the Power Collection AC 220 V DC 600 V
Expo organizing committee. Daewoo continued their

maglev program and developed a 40 person vehicle. The modules executed the basic functions of
levitation and propulsions successfully. The

The program started with little maglev experience objective of these modules were to evaluate the

in the team. The team is composed of people from design concepts and technical problems associated
three government supported labs , Korea Inst. of with them. These modules revealed many technical

Machinery and Metals(KIMM), Korea Electro- problems which we did not fully aware of. After

technology Research Inst.(K.ERI) and Korea Research the test of these modules, magnet arrangement with
Inst. of Ships and Ocean Engineering(I,LRISO) with transverse flux paths is selected mainly from the
the project office installed in I,_MM. The project guidance consideration.
office took responsibility of the system engineering
and integration, and vehicle dynamics. Levitation Eventhough EMS/LIM drive was chosen early in

and propulsion tasks were given to KERI. Guide the stage, we didn't have a good picture of full
way designs and construction was assigned to vehicle or components. Table 1 shows some of the
I,:RISO which had years of experiences with large ideas we had at the time of system choice. The

precision meter works, arrow sign show the directions of progress.
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Table 1 System Ideas 2nd Module

Levitaiton Control : Analog--*Digital Weight : 2.5 tons
Propulsion Control: Constant Slip-,Speed pattern Length : 2.5 m
Power Conversion : Power TR-*IGBT-K3TO Gap : 9 mm
Track : Single Beam Design Speed : 50 lma/hr

Steel _ Concrete Levitation Control : Digital
Inverter : speed pattern control IGBT (10 KHz)
Chopper : IGBT (10 KHz)

m. Research and Development so far Power Collection : DC 600V

The scale model tests provided some real insight
into the maglev and the direction of future work.
The tests with scale models couldn't provide much

of the quantitative informations and problems
associated with speed. The needs of full scale test
was strongly raised.

The project office decided to construct full scale "_
test bed. The full scale test bed was designed with

the following concept. "_['_l.',

1. Include as may test features as possible _,' i
2. Test track simulation to commercial one and

room for extensions Fig. 1 Shows the Track and a Module

3. Room for upgrade
There was 9 months time separation between the

The test bed includes : two modules. Several changes were made in the
2nd module reflecting the progresses. Along with

1. 2 different size test modules change of module length, new methods in levitation
2. 100 m track with curved guideway and propulsion controls were introduced and high
3. DC power supply facility frequency power conversion eqmpments were

employed. Change of module leng_ were made to
The two modules were orginally designed with the investigate the curve negotiating characteristics of
following specifications, the modules. Digital levitation control made the

management of control parameters during tests much
_ls_t__Module easier. Various mode controls such as active

guidance control, pitching control in addition to
Weight : 4 tons levitation were possible. High frequency power
Length : 3.7 m conversion equipments were introduced mainly to
Gap : 11 mm reduce the noise generated from to low frequency
Design Speed : 40 l'an/hr switching but new transistors allowed compact
Levitation Control : Analog equipment design also.
Inverter : PowerTR (1 KHz)

Chopper : Power TR (2 _) Due to the length of the track, the maximum
Power Cellection : DC 600V speed possible is only 10 km/br, however, a smooth

ride was noted for each of the modules. A 36
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channel data acquisition system is being uesd to Daewoo's Maglev vehicle : Daewoo's maglev
store ali the test data. For the two-module tests, program is reported separately in this conference(PS

the 1st module will be upgrade with control and 1-2). A short remark may be made here. Starting

power equilm_nts similar to those of the 2nd _e. from scratch, Daewoo developed a full size vehicle in
shortest time(-2 Year) and demonstrated

Hyundai's Expo'93 Exhibition Program : Hyundai is successfully on 100m track, This vehicle is shown

the first to start maglev oriented research in Korea, in Figure 3.
1985. This program was carried by small team of 3
-4 people until 1990. After small scale proof-of- _ ,;
principle test for levitation and LIM propulsion, they
built 2 ton vehicle with 3 modules and demonstrated

to public in January, 1991. This team was expanded
to take up the development tasks of Expo maglev

exhibition vehicle. This program is in its final stage
with vehicle test coming up in April. Figure 2

shows the Expo track (520 m) with pyramid shaped
Maglev paviUion behind and Table 1 shows

specification of the vehicle. The exhibition will last

3 month (August 6 - November 10) and is expected

to carry 1/4 million people.

,1 Fig. 3 Daewoo's Full size Vehicle

"_ IV. Future Research and Development

Eventhough Korean maglev teams made
remarkable progress in short time, major portion of

the work remains for the future. The problem
areas and future tasks are :

.._,-T ..... _.L--"'-7._,. Power Conversion Equipments " "['he EMS/LIM
;c.......... , ........ v. ....... ._ driven maglev employs choppers and inverters to

Fig. 2 Hyundai's Expo Track power magnets and LIM, respectively. Reliability of

these equipments became major source of trouble
Table 2. Expo Vehicle Specification during the tests. These equipments were not

designed for vehicle mount and frequent failures of
Vehicle L 17.6 m x W 3.0 m x H 3.8 m elements occured. These failures are caused due to

Weight 28 tons the lack of protection circuits and exessive vibration

No. of Seats 40 during the tests. Our team of power electronics is

Max. Speed 50 km/ttr worldng with selected equipment manufactures to
Levitation Attractive Magnets improve the reliability.
Propulsion Single-sided MMs

Air Gap 12 mm Test Track : A vehicle can not be completed without
Track 520 m proving its performance at the speed and track

Levitation conditions similar to the commercial one. The test
Control Analog track we have is grossly inadequate for the ldnd of
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tests required for the commercialization. The project Magnetically Levitated Train for Seoul-New
office applied for the special funding for the International Airport Transit" is being prepared by
construction of 1 km test track in I992 and it was the consortium organizers.

approved. The Nan calls for completion of track in
3 years starting from 1993. Some of the important
features of the track includes : VI. Conclusion

-Total length I km A development task of maglev scale can not be

- 400 m straight section successful without clear picture of application and
- Smallest radius of 60 m support from the user. Korean maglev program is

-Two switchings not an exception. The users (government) want
- Slopes between 3 % and 6 % make sure the system is in applicable form before
- Vertical curvatures of 1 km maldng any application decision but the system can

not become fully applicable until the application

This track, when completed will allow to test the picture is provide by the user. The fl_ture of Korean
vehicle up to a speed of 70 lun/ha and various curve maglev program depends on how soon the government

negotiating characteristic. The straight section of fully commits to the maglev application.
this track may be extented for higher speed later.

Test Vehicle : Two test vehicle are being designed
and will be tested on the new test track from later

part of 1995. These vehicles are going to be
manufactured by Daewoo and Hyundai and tested as
a train. These vehicles will reflect all the research

and upgrade work done up to the end of 1994.

Non-Contacting speed detection : To operate
maglev vehicle with given speed pattern, accurate
speed detection through now-contacting method is
required. Various tehnologies are under evaluation
and a small scale test will be conducted later part of
1993.

V. Consortium

The remaining work for the Korean maglev teams
to reach the commercialization level is too much for

any one team to carry. It is thus a consortium is
being formed to share the burden in a way the

strength of each team can be best utilized. The
basic research and, test and evaluation will be

responsibility of the government team and vehicle
design and manufacuring will be carried by the
industrial teams. The first action of the

consortium will be proposal writing to the
government A proposal "Application of
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A General Survey of Chinese Maglev Train

J.S. Lian, J.W.Zhou, K.L. Zhang, and H. Jiang

Department of Electrical Engineering, Southwest Jiaotong University
Chengdu, Sichuan, China, 610031

Abstract - China's present transportation 1975. However, the number of vehicles is only 4.84 times
status is briefly introduced in the paper first, that of 1975. The conventional city traffic causes
which shows the heavy traffic in large cities environmental pollutions. For instance, in the city proper
and their suburbs and in some railway districts, of Shanghai, the traffic noise accounts for 35% of the total
Then, the necessity of developing a maglev environmental noise. In the busy section of Shanghai, the
train in China is proposed in detail. The traffic noise level can reach 85db.
scheme and status of research and development The traffic character of large cities in China is the large
of the maglev system in Caina are described, number of bicycles. The number of bicycles in the whole

country is nearly 400 millions and the number is
I. INTRODUCTION increasing annually. Large numbers of bicycles result in a

lot of problems. The ratio of the road area occupied by the
China's economy has developed rapidly with the reform bicycles to that occupied by the passenger bus is 12. The

and opening in the last ten years. The gross national city roads are congested with bicycles which lead to traffic
product increased by 12% in 1992, and the per capita jams and increasing accidents. For example, the bus
income increased by 10%. Prediction shows that the running speed in Chinese cities has dropped from 20 km/h
increase irl 19_,3 will be even higher than that of 1992. in 1960's to 10 km/h at present. People take a long travel
But the communications and transportation have not caught time to go to work and back home. This is not only waste
up with the rapidly developing situations. Hence, the of time, but also of vigor, and leads to low work
Chinese government gives the first priority to efficiency. The large number of bicycles causes a marked
communication and transportation systems in its seven increase of traffic accidents. Statistics show that the
emphasized investment fields in 1993. It is well known mortality rate is 4-6 people per thousand bicycles per year
that China's transportation system depends mainly on the in Beijing, Shanghai, and Tianjing.
railway which makes up about 60-70% of the total
transport capacity and this situation can not be changed II NECESSITY OF DEVELOPING MAGLEV TRAIN
thoroughly within a relatively long period. Mo,". of this IN CHINA.
60-70% of the total freight volume is concentrated in the
coastal area of east China, where heavy traffic results from The unreasonable structure of the transportation system in
the rapidly developing economy. Therefore, it is an China is the main cause of crowded traffic and the difficulty
important task to solve the problem of heavy cargo to take trains or buses, whether looking at the traffic state
passenger traffic in this area. in some railway district on the trunk lines or in the large

Table 1 lists the railway districts that have a relatively _.ities. Passenger and freight transport should be separated,
higher density of passenger-cargo traffic on the basis of and special high-speed passenger transport railways should
prediction for the year of 2000. The predicted carrying be constructed. The number of bicycle should be reduced in
capacity required in these districts are shown in Table II. large cities, lt is not realistic to drive a private car to go to
One can see from these Tables that the districts have a large work because of the large population, lt is also difficult to
and stable passenger flow. In order to meet the transport increase the number of buses because the the roads have
quotas in 2000, the carrying capacity must be enhanced, already been saturated with vehicles. There are subways,
However, the conventional high-speed railway can not light-rail vehicles and maglev trains that can be chosen as
satisfy such a requirement because it occupies a lot of land solutions. The maglev train has some special advantages
which is not available in those areas, over other two means, such as large volume of traffic,

The annual railway passenger traffic of Caina is about a reduced pollution, high speed, safety and comfort,
billion person-trips at present, lt is predicte :1that by the beautification of cities, and relatively low costs. Subway,
end of this century, the annual passenger traffic will reach buses on surface, and elevated maglev railway together
1.6 billion person-trip. In fact, passenger trains are often form a three-dimensional transport network which can
overloaded by 50-70% on the heavy trunk lines. One can relieve the traffic tension in large cities.
hardly find a piace to stand in the passenger train during the China is now a developing country, its economy and
traditional Chinese Spring Festival technology are still weak. However, the problem of

Metropolises ali over the world are suffering from communications and transportation is extremely serious.
crowded traffic at present. There are 31 cities in China The Chinese government makes every effort to find a
with a population of more than 1 million. The urban solution that tallies with the actual situation. From the
population increases very quickly along with the longer viewpoint, it is rather favorable to consider the
construction of satellite towns. Taking Beijing for maglev train as a solution whether inside large cities or
example, the passenger traffic is now 6.86 times that of inter-cities. We chose the suburb of Beijing (Bei.iJn_-
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Changping) to do the feasibility study in order to develop as shown in Fig. 1. Based on the preliminary regularity of
maglcv train in China. Fig. 1, a quadratic polynomial model is adopted to do the

Beijing is the political, economic, cultural and prediction and analysis with the aid of a computer.
translx_rt center of China. lt covers an area of 16800 square The prediction on the basis of the mathematical model
kilometers, in which the city proper covers 68 km 2. lt h"s shows that the passenger traffic will reach forty six million
a population of more than ten million, about six million in Beijing-Changping district in the year 2000.
live in the city proper. The four center districts of the city The passenger turnover volume is the product of
have a population of 2.4 million, and the population passenger traffic and the average mileage of passengers
density is nearly thirty thousand people per square completed in a certain time. lt includcs the factor of
kilometers. Beijing served as the capital of past successive mileage and can reflect the passenger traffic weil. lt is one
dynasties in Chinese history, which left many historical of the main quotas on the passenger transport operation,
sites and scenic views. Every year many domestic and and also the main basis of calculating and analyzing the
foreign visitors come to the city. So the floating cost and income of passenger transport, and the labor
population is fairly considerable (about several hundred productivity. Passeager's average mileage can be obtained
thousand each day), and in recent years, the satellite towns from the ratio between the total turnover volume and the
have flourished, ali of which increase the load of total passenger traffic of each year. In the Beijing-
transportation. Because of the shortage of land and other Changping district, the passenger's average mileage is 30
limited conditions in Beijing, the problem cannot be solved km.
well if the traditional transport system is employed. But it To predict the turnover volume of the maglev train in
is fairly suitable to adopt the maglev train, the future, it is assumed that the absorb coefficient of the

According to the imagination of overall city plan, the maglev train is 60%. Table IV shows the annual turnovcr
total railway length of the Beijing-Changping district is volume of the district in the next ten years.
about 40 km. There are many world famous scenes and There are a number of maglev routes that can be
four satellite towns along the railway line. These towns chosen for the Beijing-Changping district. Two routes
are the center of light and textile industry, the center of have been carefully compared. One is from Xizhimen to
heavy industry, the center of higher education and research, the north of Changping through the Summer Palace,
and the center of tourism, respectively. Each town has having a total length of 42.1 km. The second is from
about a half million people. On account of traffic, it is not Deshengmen to Changping, the total length being 38 km.
convenient to travel from satellite towns to the city proper Both routes can cooperate with the Beijing subway and
because the travel time is too long. Many people try very other public traffic systems very weil, making the traffic
hard to move back to the city proper again although convenient for the residents, and ensuring enough passenger
measures have been adopted to encourage people to live in traffic. The railway is easy to built because of the smooth
the satellite town. Clearly, people would enjoy living in t,'rrain along the railway line and a small amount of house
the satellite towns if the travel time could be controlled movement. The first route begins at Xizhimen and goes
within a half-hour. Therefore, it is necessary to build a through the city proper, but it is curvilinea! and needs
maglev railway to disperse the population in the city considerable investment. The second route begins at
proper and promote prosperity in the satellite towns. Deshengmen and goes a very short distance through the

city proper. This line, being mostly straight, requires a
III. APPROACH TO BEIJING-CHANGPING MAGLEV smaller investment and should bc adopted.

RAILWAY After the maglev route is determined, the organization
of the uain operation should be planned, the carrying

"Foplan a maglev railway with busy passenger traffic, capacity and other relative quotas should be checked or
the first thing to do is to analyze the passenger volume calculated in detail.
between the start and the end of the line. The next is to When planning the organization of the maglcv train
choose a suitable mathematic model to predict the traffic in operation, the annual passenger traffic sh_wn in Table IV
future years. These are the primary conditions to decide the should be considered first. The second to t_c considered is
alignment of the line, station scale, number of cars in the unbalanced c_xzfl'icicntof the whole day I_l.s_;cngcrtraffic
trains, operation management, and required numbers of to that of peak hours. According to the _,lati.stics of
facilities. These are also the important bases for the further Beijing traffic, the peak hour accounts for i 2¢_. of the
appraisal of investment business income, business costs whole day passenger traffic in Beijing, i.c the unbalanced
and the financial and economic analysis of the project, coefficient is 1.2. The operating hours of each day and the

There are highways and railways between Beijing and minimum interval time of trains should bc decided on this
Changping. The transportation mainly relies on the basis. The organization of operati_lg plan t', :_,_f¢_llov,'ing:
highway which accounts for 95% of the total traffic, lt
takes about two hours to go from Beijing to Changping - operating 18 hours everyday (5 am to 11 pm):
and ,,'ice versa. I_ _he maglev train is adopted, the round- - Minimum interval Ume of trainx: 3 minute',;
trip travel time will only be about a half-hour. Requirement of traffic:

Table Iii shows the passcnger traffic in Beijing_ • :_ingledirectional carrying capacit,, in rc,Jr
Changping district from 1978 to 1987. According to it the 2000:27.5 million passenger,,
graph of passenger traffic on time sequence can bc acquired, • single directional taro'ing cap,_cJt.vI_,'r
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day: 76.7 thousand passengers holding 46 passenger, with a 500-meter long track, and
• carrying capacity in each peak hour: running at a speed of 50 km/h. The maglev vehicle will be

11.5 thousand passengers, tested in 1995 at the loop--track experiment base of
- Parameters of the maglev train: Railway Science and Technology Institute (RSTI) in

• running speed (km/h) 200 Beijing. The RSTI will be in charge of the project.
• acceleration (m/s 2) 1 Changchun Passenger Coaches Manufacture Plant will
• acceleration in starting (m/s 2) 0.7 make the train. Southwest Jiaotong University is
• deceleration in braking (m/s 2) 0.8 responsible for the basic research work.
• starting time (s) 79.4
• distance of starting (m) 2205 V. CONCLUSION
• braking time (s) 69.5
• distance of braking(m) 1929 As a result of the reform and opening, the Chinese

economy has developed quickly in the last 14 years. The

There will be two stations between Beijing and passenger and freight traffic have increased year by year.
Changping: the Qinghe station and the Shahe station. The The intense state of communication and transportation is
running time from the Deshengmen station to the Qinghe quite out standing, lt needs to find a new transport means
station is 4.48 minutes, and 5.1 minutes from Qinghe to to relax the heavy traffic loads in large cities or between
Shahe or from Shahe to Changping. The detention time in large cities and their satellite towns, lt is an effective
each station is one minute. We have compared the single measure to adopt the overhead maglev train, whk.h can
line with the double line. The results are listed in table V. satisfy the passenger traffic demands of China after 2000

The construction of the Beijing-Changping maglev year. According to the present economic and technological
railway will remedy the crowded surface traffic greatly, status of China, this paper presents the idea of giving first
decrease pollution, improve the environment, reduce traffic priority to developing the Beijing-Changping maglev
accidents, and more importantly save travel time. If the per railway.
capita income of Beijing residents is 1.2 yuan per person-
hour, each person saves 1.5 hour travel time every day, and REFERENCES
the daily average passenger traffic is 76.7 thousand
passenger-time in 2000, then the value of the time saved is [1] H. Jiang and J. S. Lian, "The Development and
50 million yuan/each year. On the contrary, if the same Prospect of Maglev Train in the World", Journal of
passenger traffic is completed by buses, and if it is assumed The China Railway Society, Vol. 13, No. 2, 1991.
that the average running _peed is 30 km/h, then 60 buses [2] H. Jiang and J. S. Lien , "On the Control Principles
need to be added every day even if each bus can hold 150 for the Attraction Magnetic Suspension Vehicles",
persons. If we consider the cost of buying buses and Journal of The China Railway Y_,ociety.(Special Issue
auxiliary facilities, widening the roads and so on, the on Electrification and Automation of Railway
investment will not be less than that of the maglev Traction), 1991.
railway. Therefore, from the point of social and economic [3] B.V. Jayawant, Electromagnetic Levitation and
benefits, it is favorable to build a maglev railway between Suspension Techniques," Edward Arnold Ltd, 1981.
Beijing and Changping. Of course, the economy and
technology of China are still fairly weak, and the study of
the maglev train is just in the beginning, lt seems
necessary to imoort the foreign investment and technology ,_ 1t5
to build the maglev railway. ._

6 14
IV RESEARCH STATUS OF CHINESE MAGLEV

TRAIN.

China began to study maglev trains in the early _.

1980's. Southwest Jiaotong University is a key _ 10
comprehensive University which has a history of 97 years,
and has brought up a large number of railway technical
personnel, lt began to study maglev trains in 1987, and _ 8
has already successfully conducted experiments on maglev

model. Then, in 1990 it began to develop a maglev train _ 6 --_ + ,
weighting one ton and holding 2-4 passengers on a 42 _ 78 80 82 8'4 86 88
meter-long track. The assembly work is expected to be
finished this year. Time(year)

In 1991, the Chinese Science and Technology
Committee made the maglev train a key item of China's Fig. 1. Passenger traffic on time sequence
8th Five-Year Plan and appointed the Railway Ministry to
organize and develop a maglev train weighting 14 ton,
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TABLE [

Higher density railway districts in China in 2000.

Passenger traffic density, up Freight taffic density, up
Mileage

District (km) going (million person)/down going (million ton)/down
going (million person) going (million ton)

Beijing-Tianjing 137 26.48/28.47 40.66/61.00

Nanjing-Changzhou 144 28.00/27.63 21.30/51.00

Chanzhou-Shanghai 167 29.42/29.26 21. 10/47. O0

Shanghai-Hangzhou 189 24.62/24.64 23.95/27.00
....

TABLE I

Required carrying capacity in some districts

Required number Required capacity in the simultaneous
of pairs of trains operation diagram

District Train Passenger Freight TotalPassenger Freight mccession

train" train" (minute) train train capacity

10 130 90 220
Beijing-Tianjing 65 73

8 163 95 258

10 128 75 203
Nanjing-Changzhou 64 6 !

8 160 80 240
....

10 134 69 2o3
Changzhou-Shanghai 67 56

8 168 74 242

10 112 51 163
Shanghai-Hangzhou 56 41

8 140' 54 194

a. The passenger train is calculated in 1200 person/each tx:ain.
The freight train is calculated in 5000 ton/each train.

TABLE II

The passenger traffic in Beijing-Changping district from 1978"--1987

Passenger traffic Passenge traffic
Year Year

(thousand person-time) (thousand l_rson-time)

1978 6358.6 1983 10634.0

1979 7648.2 1984 12291. 1

1980 7862.7 1985 13695.5

1981 8501.8 1986 13499.9

1982 9706.6 1987 36737.9
........
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TABLE N
Turnover volume in the future

Average Bi-directionalTotal passenger Absorb

Year traffic of single direction coefficiant mileage turnover volume
(thousand person-time) (km) (million person kilometer)

2000 46634.0 60_ 30 1678. 8240

2002 53045.7 60_ 30 1909. 6452

2004 59918.4 60_ 30 2157. 0624

2006 67234.6 60_ 30 2420. 4456

2008 75026.2 60_ 30 2706. 9432

2010 83278.6 60_ 30 2998. 0296 _

TABLE V

Comparison of single and double lines

Operating quotaes Operating quotaesof single line. of double line ......
Quota _._.. In the year of 2000

- Whole day _¢_¢_nger traffic (thousand people) 76.7 76.7.....

-- P_c-_enger traffic 11.5 11.5

Overload rate 65_ 6 5'_
Peak hour

(morning Ntashalling number and 14 pairs, 10 cars 58 pairs, 4 cars

or dusk) opera:ing pairs of trains, in each train in each train

Average interval 17 (minute) 4 (minute)

Operating pairs of trains of whole day 64 192,,

Normal hour Average interval of whole day 17 (minute) 7 (minute)

Nece_ca___rynumber of cars 40 30 , , .

- Neces-__rynumber of staffs 200 330 _

-- Apprise.d investment (billion y-uan)' 1.5 22

- Recover')" time of investment (years) 10 14

a. One yuan equals about _ dollar
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Present Status of Research for Maglev in Italy

G.Martinelli and A.Morini
Department of Electrical Engineering - University of Padova

Via Gradenigo 6/a - 35131 PADOVA (Italy)

Abstract . In Italy the researches in the field of magnetic Italy, as components of a balanced and integrated transport
levitation transport systems are late as regards other system, has beenacknowledged. It followsthatintheframe
industrialized countries: at present there is no MAGLEV of the PFT2 a research on the high-speed MAGLEV
practical realization. In the frame of the Progetto Finalizzato systems driven by Iong-stator linear synchronous motors has
Trgsporti 2, promoted by the National Research Council and at been funded.
present operating, a research project has been financed to

, study MAGLEV systems driven by iong-stator linear
synchronous motors. The three-year research, begun in the
second half of 1992, involves the Universities of Padova, II. STUDY OF"HIGH.SPEEDMAGLEVSYSTEMSINTIlE
Bologna, Palermo and the Polytechnic of Milan. FRAMEOFTHEPR(X3ETTOFINALIZZATOTRASPORTI2

The Progetto Finalizzato Trasporti 2 is a five-year
I. INTRODUCTION project: it began in tile second half of 1992 and has been

initially funded by the CNR with about 290 thousand
The Italian transportation system presents to-day million lire. The nmin targets of the Progetto are:

heavy drawbacks, owing mainly to the following reasons:

• to increase the efficiency of the transport system with
• extreme concentration of goods traffic in the roads with regard to the technical and economic aspect, as well as

consequent congestion of the main routes because of the to the fulfilment of the demand of transportation;
low competitiveness of the rail transport and the • to increase the harmonization between the territorial

increasing demand in transportation; and transport policies in order to rationalize the
• deficiencies in the services of both the railroad and the movement of population;

harbors, due also to bureaucratic procedures not • to protecttheenvironment;
compatible with an operative management; • to increase the safety and reliability and to reduce the

• high traffic congestion of the main airports, nearly vulnerability of the transport system;
saturated; • to improve the competitiveness of the transport

• high congestion of the great urban areas, because of the industries;
inadequate quality of the public utilities and of the • to contribute the creation of technical abilities in the
absence of integration between individual and public field.
transportations.

For the attainment of such purposes the strategy
lt is therefore plain that the social and economic adopted by the PTF2 consists in the following points:

growth of the country demands a more efficient transport

system, both for passengers and goods, as well as a re- • development of system innovations;
examination of the transport policy in order to find more • developmenl of component innovations:
satisfactoD,.'solutions. • transfer of advanced technologies to the field of

transportation;
The importance and urgency of the problem were • incentive to the basic research and to the creation of

acknowledged by the National Research Council (CNR), specialized abilities;
which promoted and financed the Progetto Finalizzato • advice and support to the economic planning;
7"ra,_porti2 (PFT2), following and completing the Progetto • methodological support to the planning, management
Finalizzato Trasporti. The main aim of the project is to seek and control of the transportation system.
for the most appropriate means of increasing the efficiency

of the Italian transport system and of suitably responding to Such strategy is followed by means of six sub-
the rising demand in transportation. The attainment of such projects:
a target needs also the development of new technical

solutions and from this point of view the chance of 1. Management of mobility and Tools for planning
investigating the prospects of MAGLEV applications in 2. Vehicles

3. Support technological systems and Substructures
4. Urban transportation

Manuscripl received March 15, 1993. This work was suplxwted by the 5. Goods transportation 51
Progetto l:maliz:_.atoCNR Trasportt 2. 6. International progralns



In the frame of the sub-project "Vehicles" the II1. PRESFNT STATUS ()F THE RESEARCI!

research topic "Guideway vehicles with non conventional
sustentation and/or propulsion" is included; one of the The technical and econonlic analysis oil the
research projects of this topic is entitled "Study or prospects of application of the high-speed MAGLEV
innovatory transportation systems with Iong-stator linear systems in Italy is still under preparation. The first results
synchronous motors and nmgnetic levitation obtained by seem to point out that such systems could be utilized for
means of superconducting and/or conventional coils", intercity travels, as an alternative to high-speed on-rail

trains and to short-haul flights; they could also be utilized
The aims of this three-year research project are: for shorter distances, to realize speedy connections between

airports and downtown or between neighbouring towns.
• to study the high-speed MAGLEV systems with Iong-

stator linear synchronous motors (LSM); In comparison with on-rail high-speed trains,
• to investigate on their possible applications in Italy; MAGLEV systems offer the advantage of reduced travel
• bearing in mind the results of the international time; such advantage is maintained in Italy also versus

researches on high-speed MAGLEV systems, to medium-haul aircraft flights (400+800 km), bearing in
coagulate the Italian experiences and resources in the mind the check-in and check-out operations, the airport
field in order to make actual proposals for such systems congestions and the transferring times between airport and
also in Italy. downtown.

Although detailed indications on the cost-competitivity of
The research is divided into the following points: MAGLEV will be available only after the operation of the

first commercial lines, nevertheless the preliminary analyses
• technical and economic analysis of the MAGLEV show that, in comparison with high-speed railways,

systems, both electromagnetic (EMS-MAGLEV) and MAGLEV systems should have lower operating costs and
eicctrodynamic (EDS-MAGLEV); comparable capital costs 11,21.

• prospects of their application in Italy; In comparison with air transportation, the advantage of
• design criteria of the levitation magnets as well as of MAGLEV is given by lower specific energy consumptions

the LSM v,'indings, both in the case of superconducting and by the reduction in sky and airport congestion; due to
field coils and in the case of conventional coils and iron the financing costs to construct a MAGLEV system, the cost
core; comparison between MAGLEV and air flights must be done

• design criteria of the supply and control system of the on the basis of the trip length and number of
vchicle: passe nge rs/day.

• preliminary design of a prototype and of the related For short distances, the advantage of MAGLEV versus
supply and control systems; motor cars is given by lower specific consumptions, by the

• construction of a LSM model, reduction in road traffic (very congested in Italy) and by
reduced travel times.

The final target is therefore the acquisition of
specific abilities on the design criteria of high-speed As regards a strictly technical point of view, the
MAGLEV systems and of their components (in particular activities of the operating groups have been initially directed
the LSM) and the availability to transfer such criteria to towards the comparative analysis of the functional and
national users for possible applications, structural characteristics of the proposed high-speed

MAGLEV systems (EMS and EDS systems) 13,41.
Four operating groups take part in the research An integrated and coordinated set of calculation codes has

program: also been defined and implemented; the codes are of
different kind and characteristics (analylical and numerical

• Department of Electrical Engineering of the University methods, two- and three-dimensional methods, PC and
of Padova; workstation codes) and are to be utilized in the comparative

• Institute of Electrotcchnics of the University of analysis and calculation ofthe magnetic field and forces.
Bologna: In particular, an analytical three-dimensional method has

• Department of Electrical Engineering of the University been proposed to calculate the magnetic field and the
of Palermo; levitation, drag and propulsion forces acting in EDS-

. Department of Electrotechnics of the Polytechnic of MAGLEV systems with superconducting coils for both
Milan. levitation and LSM field: the method takes into account the

most general coil arrangemeot 15,61.
The activities of the research groups are closely coii,t,_icd

and coordinated. At present the activity mainly concerns the
definition of the design criteria and the optimization of the
performance of the invener-LSM drive, as weil z;s the sludy
of the dynamic slability of the system.
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IV. CONCLUSIONS innovative systems may be taken into accoum. In particular,
the MAGLEV systems may be proposed as components of a

For the time being there is no practical realization balanced and integrated transport system, with the object of
of MAGLEV systems in Italy. rationalizing the movement of population and increasing

the high-technology know-how of the nat!onal transport
A three-year research program on high-speed industry.

MAGLEV systems is under development, funded by the
National Research Council in the frame of the Progetto
Finalizzato Trasporti 2. REFERENCES

The scientific activity of the first months of the 11] L.R.Jolmson, D.M.Rote, J.R.HulI, H.T.Coffey, J.G.Daley and
research mainly concerns the implementation of a set of R.F.Giese, "MAGLEV Vehicles mad Superconductor:
calculation programs which will be utilized in the definition Integration of High-Speed Ground Trmlsportation into the

Air Travel System", Argomae National Laboratory.
of the design criteria of the system and of its components. ANL/CNSV-67, April 1989.

The first results of the technical and economic 12] G,Martineili _md A.Morini, "Potential Markets madEconomic Considerations for High-Speed MAGLEV
analysis show that MAGLEV systems could be utilized in Tra,_sportation", ETTIAS 1st School otaEuropean Training
Italy for intercity travels, as an alternative to high-speed on- on Technologies attd Industrial Applications of
rail trains and to short-haul flights; they could also be Superconductivity, World Scientific Publishing Co,
utilized for shorter distances, to realize speedy connections Singapore 1992, pp. 489-503.
between airports and downtown or between neighbouring [31 G.Martinelli midA.Morini, "High Speed Trmasportationmad
towns. Superconducting Teclmology", ETTIAS isr School on

European Training on Technologies and Industrial
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new technologies. Nevertheless, the delayed starting of the on Electrical Machines and Power Electronics, Kusadasi
reorganization of the Italian transport system as well as the (Turkey), May 27-29, 1992.
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DaeWoo Heavy Industries LTD., Seoul., Korea
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Hanyang University, Seoul. Korea
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Abstract History of research and development

Thispaperdescribesthe developmentand technicaL Item Period Remarks
derailsof OaeWooMagl.evSystem(DMV..[_laeWooMagneti-
caLlyLevitated_¥.ehicte).Someexperimentalresultsare 1)DesignTeam Sept.1989
alsoshown, formationand ro

clarasurvey Sept.1990

Introduction 2) Basicdesignwith Oct.1990 HanYangUniv.
industry/university to (Prof.

OaeWooHeavyIndustriescommenceda researchand cooperation Nov.1990 gr. Oal-Holm)
developmentprogramin 1989 with the objectiveof

31Deraildesign Dec.1990providinga newmasstransportationsystembymeansof
magnelicaLtylevitatedvehicles, to

In October1992 threefutt sizemagtevvehicleswere May1991
successfullyproducedwhich passedall performance 6) Developmentof Apr.1991 KIMM
criteriameasuredonthe test trackin theDaeWooplant, levitationcontroller to 16eneraLManager.

ReliabiLitytrials are continuingto obtainlife clara and withinstitutionaL JuLy1991 Char-ltPark)
developridequality, partner

InitiaLtrials were carriedout on a one-third scale
prototypemodeL. 5) ManufactureJuLy1991

Prototype to

1st Au_1991 13seatcapacity
phase61Prototype Sept.1991 vehicte

tests& trial, to
running Nov.1991

71Detaildesign Dec.1991
to
Apr.

2nd 81Manufacture May1992 60 seat
phase fuLLsize tO capacity

,_._.... vehicle Sept.1992 veldcte

Fig.1. Firstunitrunningtest 91Tests& trial Oct.1992
runrmg
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Brief Specification of DaeWoo Haglev 3000
I_ __1

Lengthx Wklthx Height15mx )an x 3m I

Typicat Weight(Gross) 18 Ion
VehicLe ,,

Hun_r of sears kO o

'lOOm,
Length srraighr-sk_Le

mode
r

Track Width 2_t m

Height 14 m I
I

Designedmax.speed 110Km/h [

Speed Operationspeedon 15 Km/h
IOOHrest track Fi_ 3. SectionalV'_w of the System

ELe(rPo-Plagne_
System Suspension

Levitation Ai' gap 11nun

Powerconversion Chopper
method & ControLLer Cmide Way

SingLesidedLinear Theheight'of the couLmnis 1.4mandthe distanceber-
System InductionMotor weencolumnsis 1.2m. Two kindsof guideraiLare used.

PropuLsion one4.8mLongandthe other 2._ Long. Theseare
Powerconversion VariableVoLtage arrangedin zig-zagfwmarion.
method VariabLeFrequency The mass producedmefhod would probably entail.

an extrusion,a welded structure was used for the
PowerSuppLy DC 600 V developmenttrack.

,, ,, ,,
Fig.2. DaeWooPlagtevvehk:te
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Car bod,v and Trim is supportedby sixmoduleseachof which is equipped
_rh fourmagnets,a Unearinductionmotor,four h)d'auLic

Thestructureof thecar body and endsectionsare Liftingmechanismsandemergencyskids.
main[yweldeda[uminiuma[loycoveredwithFRP. Anti-roLlbars Link pairsof modulesto controlride

ThreeLargeboxesunderthe cabincontaintheelEtrka[ qual.ity
equipmentsIconverter.invertersandchoppers),h)drau_ Secondarysuspensionis providedby fourpneumatic
_t andemergencyback-upbattery, dampersmountedon eachmodule.

interior trim is FRP-pl.atedand there are two In emergencysituations,roLLersare hydrauLka[ty
slidingdoorsoneachside. _:ruatedto engagethe rail.andmakethe vehid.esafe.

I"la_ e v Module

ModuLesare al._ alloy fabrications.The car body

S_ing EquaLizer Linear/Bearing /

SL,deTabte ThrustRod LinearBear,ng ,i_| u L SLideTabLe

lilir__ .... I
......I._-......

• --_ T "--_ '_ _ '- ""'"_ ,' ,, i

Fio.S.I'kxlu[ekssembt.y F_.7. SecondarySuspemm
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Secondary Suspension [ oc_v
!

FourpneUl_fic_s per modUteprovidesuF1_t _ oczsov, ' _ [oc_v '

the ventral, d_tk_. BACKUP _ OC/ O( CONVERTER _._ BACKUP I

Lateralmovementof the car bodyis aLLowedfor bythe BATTERYI I I _INTTERYI

the slide,abt.eand Unearbearingro whichthe dan_s _'m--_ v I Iare corglected. Ioc_v
Lateralmovementof the moduleendof the damperis I

PestrJctedbya springequatizer. ______-_
Thedide table is comecredto the moduleframe by LEVITATIONI FLEVII"J NI -

of a thrust rod so enablingthe transferof the " UNITCONTROLLER_ 4= I _jp_TTR*Tme_lls

- m, _R

..d

Levitation System IThe Levitationsystemcomprisessix modules.To control

arrm e,fourgapsensors,fouraccelerometers,twomagnetdriversandtwo anaLogtypeLevitationcontroLLers
are used.

A magnet driver controls two magnetseach of [ I_-SENSOes 1---- ----I 4"SE'SmSI
WhiChis LateraLLyoffset from the center Line of I ,OOULE_ _ J
the Linearinductionmotorby6 mm.

EachLevitationcontrollerunit usesfour sensorsignal

inputsandprovidestwo outputs. Fi_ 9. LevitationSystem
Usingfour gapsensorsper module, rbe vehiclecan

dide smoothlyover the rat. evenat the jointof two
consecutiverails providingthere is nodifferencein height.

A ProgrammabLeLogicControLLer(RC) actuates the

Levitationsequencein intervalsof onesecondto reduce
powerconsumption.

GAP 1

_ 2-NO0_ TO Propulsion System
I

Two VVVFinverters usingtransistormodulesas power
switchingdevicesare usedto regulatesix Linearinductionv=c motors. EachinvertercontrolsthreeLinearinduction
motorswhichare connectedin series.

The Linearinductionmotor is designedfor a maximum

/ ,... '.--'I_1TO_ speedrangeof 110Km/h. Doeto the Limitof track

I_INV_EITLacc_[FILTER -_ teng_ the actualoperatingspeedis 15Km/h on the
-' C_OPPER']2-NOo_] _ expemenraltrack.

The propulsionpower of the Linearinductionmotoris
2KN/LiPL Thenominalairgapbetweenthe primaryand
secondarysideof the Linearinductionmotoris 13 mm.

F_ 8. LevitationControlLerBLockDiagram
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Driving sequenceof DaeWootVagtev System
3¢_6600V

TheDMVcanbedriveninautomaticor manualmodes. I
Exceptfor LevitationandLaming,whichhaveto be 1

operatedmarw_ty, all. ol_er ,_=ql_=_es ale _;W,e to be F_ VACUUHCIRCUITBREAKER

carriedoutin earhermode. _ 7ZKV/&00A....__

Manual.operationisas foU.ows: Onactuatingthe tevi- | (") OVERCURRENTRELAY
talionswitch,thePI.C. sends"ready"signalsto Y

andreceives"readycompletion"in return; if no
respem_signal,is receiveda wam_ _naL is actuated.
Onreceiptof the"readycomplmion"sig_s, rriggemg
comma_arepassedro the LevitationcontroLLerwtt:h TRANSFORI"ER

3¢,7SOKVA
allowsthec_ to driverbeLevitationsequence. (,.6KV/U,OV

On completionof Levitation.rhetevitafiortcontreIter
_nals rhePI.E.whKh_arrs theinverre_ Thed_ver
can then move rbe vehicle by regutaling the tinear irw:kx:- ]
tionmotors. AiRCIRCUITB_AKERI RE,OTECONTROLFROM

1200A I TESTTRACK
J

RECTIFIER

600KVA/DC6OOV
Speed Dlsptayer

Current Meter

\ /
Frequencyl'lerer / I BRAKING

/'_ / H)n::lrau[,c DEVICE
Ind_ca er

(_ [_ CONTROl.BOX

@ ..L _1_

t......j
F[_ [_ Fig.lt PowerSystem_hemali(

1 ""
Ii

Test results of magnet forces

t D,recr,onSelect,on Themagnetof theDMVsystemhastwo wkKfw_whk:hSw_rch Controt
/ ' Sw,lches are cormecredin paeat.lel.Serial corlnocrionwas tried bur

H_raubc Brake Speed par'iiU.L=(.COIWleCliOI1 gloved tO pfovJ_ better' COIllr'ol.

Conrrotier Controller The Ufting and _ forcesof themagnetwere sWim-

tared with a computerprogram, and after manuf_ctur_
a samptemagnet,the forceswere measuredusinga test
bed.

SixLoadcd.ts- four for Uft_g force,twofor guiding
Fig.10. TheArrangementof Oasrtoa'd force- wereusedto measuretheforcesof themagnet.
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Fig.12. Overviewof the DaeWooHagtevVehicLe

Fig.1:3.denotes the simulated and the measured Future Plans
Liftingforcesof a magnetin several air gap conditions,

The measuredforce of the magnetis about80% of The DaeWooHagLevsystem(DHV-'92}is designedfor
an intercitycommuterservice, suchas betweensuburbs

the simulatedforce, andcity centersor betweenoutlyingairports andcities.
ReLiabiLitytrials are underway andstudiesare being

carriedout on increasedssat capacityto be providedby
muLti-unitsand/ or Li0htweightvehicles.

/ Commencingin 1995a 150seat capacityvehiclewiLLbe

ma_ei_r"rl

1500 -- " ........... _ _ a_l_ to a commercialoperation.

atc@ iIed ?a_r gal :grom /

air gap: )mm /
cal!:ulat_d .._z

,/_ am gap=13mm.__ ,.c 13U,c

air _gap:1mm

0 ___ tabulate,
o _o _ 55

CURRENTlA)

Fig.13. HagnetLiftingForce
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New Structure Electro-magnetic Guideway for Maglev

Shunsuke Fujiwara, Kazuo Sawada
Railway Technical Research Institute
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Japan Railway Construction Public Corporation

Nobuhito Uchiyama
Central Japan Railway Company

Yukio Saitou
Hitachi Ltd.

Yoshitaka Kobayashi
Toshiba Corp.

Shigeya Ooharna
Mitsubishi Electric Corp.

1. IN THEBEGINNING 2. INVERTED T TYPE GUIDEWAY

Superconductive Maglev aims to be a super speed Superconductive Maglev's test run started at 1977 on

transportation system, that speed conventional rail Miyazaki test track. At that time, guideway structure
system can never attain. One of the reason of supercon- was inverted T type. Propulsion coils were installed on

ductive Maglev's super speed ability is the large clear- the both side walls of the center beam, and repulsive
ance between vehicle and the guideway, which is about levitation coils were laid on track.

100 mm. The peculiar point of this structure is the combined

So, it is very important for superconductive Maglev propulsion and guidance system which is attained by
to select the magnetic propulsion, levitation and guid- connecting the corresponding propulsion coils of both

ance system, sides of center beam using "null flux cable." If vehicle

In the process of superconductive Maglev develop- shifts from the center line of the guideway, interlink

ment, We have changed the structure of guideway from fluxes of both side coils become different. So, currents

inverted T type to U type. And in the U shaped guide- are induced between the two coils, and which generates
way, we changed repulsive levitation to null-flux levi- the guidance force.

tation. As for F;c, pulsion, we are now examining new To get a sufficient guidance force, the difference of

structure. Recent tests in Miyazaki test track are direc- interlink fluxes of both side coils must be enough large
tory related to the design of Yamanashi test line. for the vehicle's displacement from the center of

This paper describes the changes of electro-magnetic guideway. However in inverted T system, not only the
guideway in Miyazaki test track, the characteristics of distance between the coils of both sides but that be-

the new structure which is now under examination and tween the superconducting magnets of both sides are

the prospect of the future includiag Yamanashi test also small. So inevitably the difference of interlink

'.ine. fluxes are few for certain displacement of the vehicle, if

6O W_



the superconducting magnets of both sides are excited propulsion and guidance coil

in the same polarity. Therefore both side magnets must

be excited in opposite polarity. (Fig. 1)
As both side coils were fed from one feeder, and the

corresponding SCM's polarities are opposite, two coils

of both side must have opposite winding to generate Ll_c°nd "uc__

the propulsion force of the same direction. That is

"open" type and "cross" type.

3. U SHAPEDGUIDEWAY ZJ nullfluxcable
levitationcoil

We adopted the inverted T type structure in order to

minimize the air drag force, and to act the propulsion Fig. 2. U type guideway

or guidance force near the center of gravity of the vehi-

cle. This allowed high acceleration-deceleration or high With opposite polarity excitation, the magnetic flux

speed run, so test vehicle recorded 517 km/h in spite of is vertical on the center of floor, so the flux density of

short test track length of 7 km. However, we had con- the cabin is rather large up to 200 gauss in Miyazaki

ceived that inverted T type to be inferior to U type for test vehicle.

practical use. Because, the cross section area of com-

mercial vehicle in inv,_rted T type is larger than that in 4. NULL FLUXLEVITATIONSYSTEM

U type. As there will be many and long tunnel sections

in Japanese revenue service line, it is very important for Null flux levitation and guidance system was in-
the cross section area of vehicle to be small to reduce vented by RTR] in 1988. In this system, "8" figured coils

the construction cost. are installed on the side wall, and corresponding coils

So we decided to change the guideway to U shape af- of both side walls are connected by null flux cable to

ter completing the inverted T type examination. We generate a guidance force.

used the existing propulsion and levitation coils again Compared with repulsive levitation, the characteris-

for U type guideway's ground coils to save the conver- tics are as follows,
sion cost.

In U type, the distance between coils of both side are 1) Lower magnetic drag force: lt is almost zero during

large, so the polarity of SCM doesn't have large effect the wheel running, on the contrary, there is a drag peak

upon the guidance characteristics. But as the propul- at low speed range in repulsive levitation system.

sion coils of both side walls were different i.e. "open

type" and "cross type", SCMs of both side had to have 2) Larger levitation force.

opposite polarity. (Fig. 2)
3) Harder magnetic suspension: lt means the vehicle is

less sensitive to load weight, and means that more
propulsionandguidancecoil

regularity of the guideway is required to gain the same

ride quality.
superconductingmagnet

4) Easier installation: All of the ground coils are in-

stalled on the side walls, so it is easier to get the guide-

_.......O way regularity than repulsive system.

nullfluxcable levitationcoil 5) Lower voltage guidance system: Levitation coil can

Fig. 1. Inverted T type guideway funcV_on as guidance one. So the voltage of guidance
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system is lower than that of combined propulsion and

guidance system. 5. DOUBLELAYEREDPROPULSIONCOIL

6) As for levitation coils and installation equipment, At Miyazaki test track, propulsion coils are single

it is important to examine the strength, because the di- layered and are installed every 120" electrical angle on

rection of the levitation force is different from the re- the both side walls. This type is simple, but it became

pulsive system, and the difference is estimated to be evident that the large harmonic magnetic field pro-

harder for them. duced by single layered propulsion coils induces con-

siderable temperature rise inside the superconducting

After comparing above-mentioned merits and de- magnets.

merits, we have decided to choose the null flux levita- It is no matter for short run time operation like

tion system. We have appreciated especially the follow- Miyazaki test vehicle, but as for long revenue service

ing two points, lower magnetic drag forces and larger line, the operation will be difficult if the heat generated

levitation force, inside the superconducting magnet is larger than the

Since 1989, we have remodeled Miyazaki test track capacity of on-board refrigerators.

into null-flux levitation successively. Recently, 1.5 km So, we have tried to improve the magnetic fields

length track have completed and null-flux levitation produced by propulsion coils, by using bigger coils and

section is now about 2.0 km. double layered installation. One coil covers 180" electric

So far there haven't been observed large difference angle, and coils are installed every 120" pitch along the

between null-flux levitation and repulsive levitation as side wall. The composite magnetic field produced by

for ride quality. On the contrary, we can observe the those double layered coils is as Fig. 4. The harmful

clear difference of drag force between the two systems, change of magnetic field is reduced remarkably. As the

(Fig. 3) We will check the drag force characteristics of distance from the superconducting magnet is different

null-flux levitation system at high speed range by new between the front propulsion coil and the back one, it is

test vehicle MLU002N. necessary to adjust the windings of coils between them.

30 U V W

_" harmfulchange
_- . //9 Jof magneticfield

Wheel running _
.c-d 20

E

Levitated running

° w
c

• 10 -

= <_ V+W
I--

U W
0 I I I, I ..! l,.',v,v,.',',',',',,.','-'_',.',_ __-......... _. -_:._.-.:::.._;]

0 50 100 150 200 250 300 I,,:,;,:_-,,,t:":,:,,:,;i
I | I I V I IVelocity (km/h) , , , , , ,
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Fig. 3.The difference of magnetic drag W + U U + V V + W

Fig.4Doublelayered installation
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So far propulsion coils at Miyazaki test track have the more simplified propulsion coil system partly.

been made of SMC molding, double layered propulsion Considering the magnetic field in the cabin, the po-

coils are made of epoxy resin molding, which is appli- larity of superconducting magnet of both side is

cable to future system's high voltage coils, changed to same. Therefore propulsion coils of both
About 1 km section has been remodeled to double side walls are also same.

layered propulsion coils at Miyazaki test track, and we As the pole pitch changes from Miyazaki system, ba-

are now examining the characteristics of it using sic dimension of coil changes correspondingly.

MLU002N. According to the power up of LSM system, the voltage

level of propulsion coil increases to 22 kV or 11 kV.
6. BEAM OR PANEL SYSTEM

8. CONCLUSIONS

In the new structure of guideway, triple layered coils

are installed along the both side walls, that are null-flux We have showed the recent development of electro-

levitation coil and double layered propulsion coils. It is magnetic guideway in Miyazaki test track. These are ali

fairly difficult to install the coils exactly in tunnel or on adopted in Yamanashi test line. This structure is consid-

bridge. So we are examining another way, that is to ered to be suitable for rather large capacity LSM sys-

make concrete beam or panel with high precision and tem, in which long trains will be operated frequently.

install coils to them successively in a plant, then bring Besides this, RTRI is developing various type electro-

them to the point they should be installed. We have in- magnetic guideways. As it is estimated that electro-

stalled 6 beams and 2 panels on trial at Miyazaki test magnetic guideway cost will occupy the large propor-

track, and had good result, tion of Maglev system construction cost, to choose the

most suitable guideway structure considering the char-

7. ELECTRO-MAGNETIC GUIDEWAY OF YAMANASHI TEST acteristics of proper revenue service system is very im-

LINE portant.

The electro-magnetic guideway of Yamanashi test REFERENCES

line is constructed based on the recent development in

Miyazaki test track. That are double layered propulsion [1] J. R. Powell and G. R. Danby.: "Magnetically Suspended Trains:

coils and null-flux combined levitation and guidance The applications of Superconductor to High Speed Transport."

coil, and beam or panel system. But according to the re- Cryoge.dcs and Industrial Gases, 1669,p. 19

cent advance on superconducting magnet, we will try [2] S. Fujiwara.: "Characteristics of EDS Magnetic Levitation Having
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\ ,_" null fluxcable

levitationand guidancecoil

Fig 5. Null-flux levitation + double layered propulsion system
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Electrodynamic Forces of the Cross-Connected Figure-Eight

Null-Flux Coil Suspension System
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9700 S. Cass Ave., Argonne, IL 60439, U.S.A.

Abstract - This paper analyzes the cross-connected L represents a single loop of the null-flux coil. The coupling
figure-eight null-flux coil suspension system for between the upper and lower loops is described by the mutual
maglev vehicles on the basis of dynamic circuit inductance Ml2, and the couplings between the moving SCM
theory. The equivalent circuits and general and the upper and lower loops of the null-flux coil are

magnetic force expressions for the system are modeled by two time- and space-dependent voltage sources e ldeveloped. Simple analytical formulas for the
magnetic force partitions on the basis of ande 2, respectively. In Fig. 1, Il and 12stand for the currents
harmonic approximation are presented, and flowing in the upper and lower loops, and i (=It=-12) is the
numerical results are also included, current circulating in the null-fluxcoil.

I. INTRODUCTION z Ilt, -The cross-connected null-flux coil suspension system has _ 1 L
been under development in Japan for several years [1-3]. The _ - x R _system consists of two arrays of figure-eight-shaped null-flux r--- ..._ R£coils mounted on the side walls of the guideway, each coil on _.j__ v
the left side wall being cross-connected with another one on e2
the right side wall to form a combined levitation and guidance 2 v
system. Both the null-flux levitation and the null-flux

guidance forces are generated from the interaction between two Fig. 1 EquivalentCircuitof a Single SCM Interacting
rOWSof superconducting coils, or superconducting magnets witha Null-FluxCoil
(SCMs)0 aboard the vehicle and two rows of null-flux coils on
the guideway. The concept has become very popular in both Letting Is and v be the current and speed of the SCM, and
Japan and the United States because of its several unique Msl and M,_2 be the mutual inductances between the SCM
features, including high lift-to-drag and guidance-to-drag and the upper and lower loops of the null-flux coil,
ratios, high suspension stiffness, and very low magnetic drag respectively, one can express e I and e2 as:
at low speed.

This paper discusses the electrodynamic performance of l,v0Msl(x,y,z)the cross-connected null-flux coil suspension system on the e_= ....
basis of the dynamic circuit model. The equivalent circuits of Ox (1)
the system are presented, and the general expressions for the
determination of magnetic forces acting on the SCMs and the
current induced in the null-flux coils are derived. Closed-form e2 = -Isv0Ms2(x'y'z)
formulas for the magnetic forces are derived using a harmonic _x (2)
approximation. These formulas are valuable for the design of

maglev systems and for vehicle dynamic studies. The paper is The voltage equation for the system is:
organized into several sections: (1) introduction, (2) the

equivalent circuit model, (3) harmonic circuit model, (4) 2Ri + 20-.-M12)di= el-e2
numerical example and discussion, and (5) conclusion, dt (3)

II. THE EQUIVALENT CIRCUIT MODEL The three components of time-dependent magnetic forces fx,

A. The Equivalent Circuit for a SCM Interacting with a fy, fz existing between the moving SCM and the null-flux
Null.Fh_ Coil coil are

The simplest model for a figure-eight null-flux coil f_=Isll 0M'1 + lsI_ Ms2 = ld (0Msl _M_2}interacting with a SCM can be described by an equivalent Ox Ox _ _x Ox , (4)
circuit containing one mesh with two branches, as shc_wn in
Fig. 1. Each branch having a resistance R and an inductance
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_ 101Vhl 0M,z / across the guideway, and it contributes to the null-fluxfr = I,I, + hl oy = I,i _y _yy "l (5) guidance. In Fig. 3, the resistance and inductance of the
cross-connected cables are neglected. Similar to (1) and (2),

_L .I3M,2 IteMs, n3M,2) the voltages induced in the loops 3 and 4 can be expressed infz= Icl, + t_ _ = Isi _ 3z 0z (6) terms of the mutual inductances Ms3 and Ms4 between the
SCM and loops 3 and 4, respectively:

(1) to (6) can only be solved step by step numerically because
Msi (i= 1,2) is time- and space-dependent. The electrodynamic es = -I_v0Mss (7)
performance of the system is then predicted on the basis of the 3x

system solution, lt is seen from (3) to (6) that the three 0Ms4
components of magnetic force are proportional to the product e4= -Isv _ (8)
of the circulating current i, SCM current Is, and the difference 3x
of the mutual inductance derivatives between the SCM and

upper and lower loops. Clearly, they vanish as the SCM Figure 3 can be simplified by eliminating the mutual
moves to the equilibrium position (z=0). inductance.s, MIz, between the upper and lower loops. Using

Kirchhoff's voltage law, one can write voltage equations in
B. The Equivalent Circuit Model for the Cross-Connected terms of mesh currents for Fig. 3:

Null-Flux Coil Suspension

A pair of SCMs aboard the vehicle interacting with figure- 2Rit + 2(-L-Mza) di--!L-Riz- (L-MIz) ._z = el - ez
eight null-flux coils that are cross-connected and mounted on dt dt (9)
the two sides of the guideway shown in Fig. 2 can be modeled
by the equivalent circuit shown in Fig. 3. Similarly, each -Rii - (L-M12) di' + 2Ri2 + 2Ld--jz-- Ris - (L-Mlz) -_-2= ez- e3
branch having a resistance R, an inductance L, and a voltage dt (:lt dt
source e represents a single loop of the null-flux coil. The (10)
mutual inductance MI2 between loops 1 and 2 equals the -Riz - CL-Miz) di2 + 2Ris + 2(L-Mtz) -_- = es- e4
mutual inductance M34 between loops 3 and 4. Ii 0=1,4) and (:lt dt (11)

z After solving mesh currents from (9) to (11), one can
determine the three components of magnetic forces acting on

x the moving SCM:

f,_='_ldJ-_x _l, il -j.,t Ox

t__X 2 OM_3 I _Ms3 0Ms4//+i " _xx i + i['_xx _x // (12)
Fig. 2 Cross-ConnectedFigure-EightNull-FluxCoils for Maglev

Levitationand Guidance

Iii. 7 M,_.L"_ 12' i:_,._-M,.-_.t ,4 fY=Z I"I¢'_Y''j=1 OY' Oy,
L _ L .._._ _ L +i_OMsz OM,sl+iJOMs3 OMs,)}l

el e2 (') e'3 e4 fz _ Is
_ _-, 0z / _ 3z

e i 0=1,4) are the currents flowing in the loop, and the
voltages induced in the loop, respectively. The mesh currents where the relations between the mesh and branch currents,

flowing in the circuit are i 1, i2, and i3. In particular, i2 I1=il, I2=i3-il, I3=i3-i2, and 14=-i3, were used. Two different
represents the current flowing in the cross-connecting cable
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lateral coordinates needed for the two lateral air gaps are
specified by Yl and Y2 in (13). Comparing (12) to (14) with fy= i21_'3M_l 3M 3]1. c3yl " _yS2J (17)
(4) to (6), one notes that the three components of magnetic

force in the cross-connected null-flux coil suspension system lt should be noted that (16) and (17) represent only the
depend upon the current i2 flowing between the two figure- guidance force resulting from the current flowing in the cross-
eight null-flux coils. At the lateral equilibrium position, no connecting cable (i2), while (13) gives a total guidance force.
current flows between the two figure-eight null-flux coils. In Equations (9) to (15) can be numerically solved to obtain
this case, the cross-connected null-flux coil suspension the transient currents induced in the null-flux coils and the
system becomes two independent conventional null-flux coil time-dependent magnetic forces acting on the SCMs using an
suspension systems. The guidance force of the cross- approach similar to that discussed previously [4-51.
connected null-flux coil suspension system consists of two
parts: one due to cross-connection, which follows the null- III. HARMONIC APPROXIMATION
flux suspension principle, and the other due to the individual

null-flux coils and the air gap difference. The latter can be Exact solutions of (9) to (14) require a numerical approach
determined from (4) to (6). To obtain the guidance force because of the time- and space-dependence of the mutual
resulting from the cross-connection, one can first simplify inductances between the moving SCMs and the null-flux
Fig. 3 by eliminating the mutual inductances between the coils, lt is difficult to gain physical insight and to conduct
upper and lower loops, and then find a Thevenin equivalent vehicle dynamic stability studies with numerical solutions.
circuit by eliminating meshes 1 and 3, as shown in Fig. 4. Thus, (9) to (14) are further developed on the basis of a

I1+ 12 2M12 13+I 4 harmonic approximation to obtain simplified analytical
ll.._ ('v'Y_ --,, expressions that are very useful for preliminary system

t_(L _ _Lt design. Because a maglev vehicle usually consists of several

0. -MI2) 0.5 -Ml2) groups of SCMs, each of which has several SCMs arranged in
one row with alternating polarities, the flux linkage through

+_ 0.5R 0.5R_ the null-flux coils varies its direction as the SCM row movesforward, lt is a good approximation to express the mutual

_" inductance between a group of SCMs and a null-flux coil by a) 0.5(el+e 2) 0.5(e 3+e& harmonic function whose fundamental wave is:

M,j = Mpj(y,z) cos/t.x = Mpj(y,z) cos ¢..0t j= 1,4 (18)
Fig. 4 Simplified Equivalent Circuit for Determining Null-Flux 17

Guidance Force

where Mpi is the peak value of the mutual inductance between
Figure 4 shows that the voltage eI has the same polarity as one SCM and the jth loop of the null-flux coil. lt depends

ez, and e3 has the same polarity as e4. The null-flux guidance upon only displacements in the vertical (z-axis) and lateral (y-
force will be generated when the condition el+e2 _ e3+e4, or axis) directions. 't is the pole pitch of the SCMs, and c0=nv/_
11+I2 _ I3+I4, is true. The current flowing in the cross- is the radian frequency, lt should be noted that (18) is only an
connecting cable between the two null-flux coils can be approximation, and high-order harmonics may be added to (18)
determined from Fig. 4 in terms of the voltage equation: for a higher accuracy.

Substituting (1), (2), (7), (8), and (18) into (9) to (1 1), one

Ri2 + (L-M) d-!.z = 2-LI(el+ e2)- (e3 + e4)] can solve for the sinusoidal current i2 flowing in the cross-ck (15) connecting cable:

The cross-connection part of the null-flux guidance force is: i2 = (El + E2)- (E3 +E4) sin ((m - 02)
2_R 2 + t02(L + M12)2 (19)

i_'[(:3Msl + 3Ms2 ). IOMs3 o_M,4 I]
f_

,: 13ayt _t 1_ + _lJ (16) where

Because the null-flux suspension system usually operates near _ = tanl 0)t(L+Ml2) (20)
vertical equilibrium, it is a good approximation to assume R

and
that the derivatives of the mutual inductance Msl with respect

to Yl is equal to that of Ms2 with respect to Yl" Similarly, Ej = _Isl_,tpj (21)
one may assume that the derivatives of mutual inductances

lt is seen from (19) that i2 depends only upon the lateralMs3 and Ms4 with respect to 2,'2are also equal. Thus, (16) is
simplifiext: displacement. The current will flow through the cross-

connecting cable as long as (El+E2) is not equal to (E3+E4),
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or there exists a lateral displacement. Mesh currents i I and i2
are found to be where Fzl I arid Fz22 are the null-flux levitation forces from

the interaction between the SCMs and the left- and right-hand

ii = E l -E? sin(rot-(l)l)+ Li2 side null-flux coils, respectively, when two coils are not
2_/R2;. o.)2(L.MI2)2 2 (22) cross-connected. They are given by:

and Fzlt=.l_ - V2 Mpt-MpaI(gMpt .n_Mp2)
i3 = E3- F._ sin(rot- _t) + 1i2 4 v2 + v?l L-MI2 _ Oz Oz (26)

2_ R2+ ro2(L-Ml2)2 2 (23)

where Fz22 Is2 v2 Mp3 - Mp4 it)Mp3 0M# }' '="4 v2+ v2` L-l_'11--2_-_z" Oz (27)

¢1 = ta n'l oi(L-MI2)
R (24)

and Fzl 2 and Fz21 are the additional levitation forces produced

Equations (22) and (23) show that the currents flowing by the left-and right-hand side figure-eight null-flux coils
through the figure-eight null-flux coil 1 and coil 2 consist of resulting from the cross-connection:
two parts: the first part resulting from the vertical

displacement, and the second part due to the lateral Fzl2_.I 2 v2 (Mpt + Mr,2)-(Mp3 + Mp4)
displacement. At a vertical equilibrium position (EI=E2 and 8 v2 + v_ L+Mt2

E3=E4), both i t and i2 equal half of i2. In this case, there

still exists a null-flux guidance force as long as i2 exists. [3Mr, t 3Mp2 1
This force does not exist in a conventional side wall null-flux x I + I

Oz Oz / (28)
suspension system, in which ali magnetic force.s vanish at
vertical equilibrium even though there exists a lateral shift,

while in a cross-connected null-flux coil system, magnetic Fal- I2 %,2 (Mp1 + Mp2)-(Mp3 + Mp4)
forces disappear only at both lateral and vertical equilibrium 8 v2 + v_ L+MI2
positions.

_--_z + -'_z / (29)

Fzl=Fzl l+Fzl2 Fz2=Fz22+Fz21 lt should be noted that Fzl 1 and Fz22 are the dominant terms,

_ k and Fz21 and Fzl 2 are very small because the derivatives of the
mutual inductances Msl and Ms2 with respect to vertical

I have different signs, and so do those of Ms3and
displacements

Fyi=Fyll+Fyl2 i Y_ Ms4. The last terms of (28) and (29) are small. Similarly,
-- @ "-

I one can group the magnetic drag:Fyz=Fy22+Fy21
I

Fx = Fxll + F_12+ Fx22+ F_21 (30)
Yt ,q-.- t: ql.__

where Fxl I and Fx22 are the magnetic drag produced by the
Fig 5 Cross-SectionalView of the Side-WallNull-Flux left- and right-hand side figure-eight null-flux coils when they

Suspension System are not cross-connected:

Substituting (19), (22) and (23) into (12) to (14) and taking
the integral with respect to time over a period, one can Fxll I2 vvcl rr/x(Mpl- Mp2)2=- --- (31)
determine the time-average forces in terms of dynamic circuit 4 v2 + v_ L-M_2
parameters. Those forces can be grouped according to

physical insight and the positions on which the forces act, as I_2 VVcl 7t/'_( Mp3 - Mpa)2
shown in Fig. 5. The time-average null-flux levitation force, Fxz2= (32)
Fz, between a pair of SCMs and a pair of cross-connected 4 v2 + v_t L-M_2
figure-eight null-flux coils is:

and Fxl 2 (=Fx2 l) is the additional drag resulting from the
F_ = F_tl + Fzl2 + Fz22+ Fz21 (25) cross-connection:
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I_ wt2 n/l [{Mp, + Mp2)-{Mp3 + M_)] 2

Fx|2 - 16 v2 + v_2 L+MI2 (33) Up to now ali magnetic forces for the cross-connected null-flux suspension system have been derived in terms of the
dynamic circuit parameters on the basis of harmonic

Notice that since F_I2=F_2_,there is no torque in the yaw approximation. Clearly, these relations are straightforward
direction caused by this drag force component. The guidance and easy to use, because they are not a function of time. One
force can also be grouped as: needs only to determine the mutual inductances between one

SCM and one loop of the null-flux coil at a fixed longitudinal
Fy = Fyll + Fyl2 + Fy22+ Fy21 (34) coordinate, or at a plane transverse to the motion, and to

determine the derivatives of the mutual inductance with

where Fy t 1 and Fy22 are the guidance forces produced by the respect to the lateral and vertical displacements.
figure-eight null-flux coils on the left- and right-hand sides,
respectively, when the two coils are not cross-connected: IV. EXAMPLE AND DISCUSSION

/)Mp _ To better understand the performance of the cross-connectedFrll = 12 v2 (Mpl - Mp2) 1 /)Mr'zl figure-eight null-flux coil suspension system, it is necessary
4 v2+ v_t L.-MI2 _ /)y_ _ / (35) to consider a numerical example. Table 1 lists the

dimensions and other parameters used for the example, which

Fy22=- I`2 v2 (Mp3- M_) !/)Mr,3 /)M_. I are similar to those used in paper [3].
4 v2 + vc2t L-Mt2 /)y2 _y2 I (36) Table1 DataUsed for the Example

SuperconductingMagnet

Fyl2 and Fy21 are the guidance forces resulting from the length (ra) 1.7Height (m) 0.5
cross-connection; they are the major guidance forces, Current(kA) 700

depending upon the lateral displacement and following the

principle of nul::flux suspension. Fyl2 and Fy21 are given by Figure-EightNull-FluxCoilL_gth (m) 0.55
Height/Loop(m) 0.31

F),12=- I2 v2 (Mp! + Mp2 - Mp3 - Mpa) Cross-Section/Conductor(cre 2) INumberof Turns 36
8 v2 + v_ L+M12 Vertical Space betweenthe

Two LoopCenters(m) 0.42

× IbMpl +/)Mp2_ t ConductivityofAl (m'l_ "1) 3x107
/)Yl /)yl ] (37) Resistance]LoopR (m_) 20.64Inductance/LoopL (mH) 0,88

MutualInductancebetween

Fy21- I2 v2 (Mpl + Mp2 - Mp3- Mpa) UpperandLowerLoops(ltH) -65.8

8 v2 + v_2 L+M_2 Assuming a pole pitch of 2 m for the SCM and a vehicle
speed of 138 m/s, one obtains Vc1=13.9 m/s and vc2=16.1

x [/)Mr,3+//)Mr>4 }_ m/s. The time constant of the coil is about 42.6 ms. Figure
_T 0yl / (38) 6 shows the dependence of the null-flux lift force components

on the vertical displacement with a lateral shift of -5 cm and
an effective air gap of 20 cre. One can see that the lift forces

In (26) to (38), Vet and vc2are the characteristic speeds, which Fzl I and Fz22 are dominant, and Fzl 2 and Fz2 _, resulting
are defined as the speeds at which the magnetic drags Fxl 1, from the cross-connection, are relatively small, lt should be
Fx22, and Fx12, Fx21 approach their peaks, respectively. Due noted that Fzll is much larger than Fz22 because the lateral
to cross-connection, there exist two major drag forces: one shift makes the air gap on the left-hand side decrease to 15
associated with the vertical displacement and characterized by cm, and that on the right-hand side increase to 25 cm.
Vcl, and another associated with lateral displacement and Clearly, such a large force difference between two null-flux

characterized by vc2. They are coils could lead to a roll motion. The cross-connection
between the two figure-eight coils may reduce such roll

v:l - xR motion because Fzl 2 is negative and Fz21 is positive. The
n(L-M_2) (39) dimensions of the figure-eight null-flux coil and SCM may be

designed to increase Fzi 2 and Fz21 and to improve vehicle
and stability. The lateral shift could be encountered while making

v¢2= _____zR a turn with the center of curvature to the right. The induced
roll is in the correct direction for passenger comfort.

nO-, + M12) (40)
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The guidance force as a function of vertical displacement at acting on a pair of SCMs at a vertical offset of 3 cm is about
a lateral shift of -5 cm is illustrated in Fig. 7, where one can 51 kN. Twelve such SCMs can lift 31 metric tons at a

see that a guidance force of about 5 kN (Fyl2+Fy2l) resulting vertical offset of 3 cm and 21.5 metric tons at a vcrtical offset
from the cross-connection is obtained at zero vertical offset, of 2 cm. The guidance force associated with the twclve-SCM

lt should be noted that the main advantage of the cross- vehicle at a lateral shift of 5 cm is about 13 metric tons for a
connected null-flux coil suspension system over a 3-cre vertical offset and 11 metric tons for a 2-cre vertical
conventional null-flux suspension system is that it provides offset.
null-flux guidance for a large range of vertical displacement,
including the vertical equilibrium position. The guidance V. CONCLUSIONS

forces, Fy t t and Fy22, resulting from the difference of air gap
without cross-connection depend upon the vertical A simple dynamic circuit model for the cross-connected
displacement. They are relatively small at a small vertical figure-eight null-flux coil suspension system has been
displacement and increase rapidly at a large vertical developed. The model can be used for the determination of
displacement. Both guidance forces reach the same value at a both transient and steady-state performance of the cross-
vertical offset of about 5 cm. Because a maglev vehicle connected null-flux coil levitation and guidance system. The
usually operates at a relatively small vertical offset, such as 2 closed-form expressions for the magnetic force components
to 4 cre, one can conclude that the guidance forces resulting are obtained on the basis of a harmonic approximation. These
from the cross-connection are dominant for normal maglev simple relations are useful for vehicle dynamic stability
operations, studies. Numerical results show that a cross-connected null-

Total lift and guidance forces, lift-to-drag ratio, and guidance- flux suspension system has many advantages over the
to-drag ratio as a function of vertical displacement at a lateral conventional null-flux coil levitation system. In particular,
shift of 5 cm are illustrated in Fig. 8, where it is interesting such a system can provide null-flux guidance at any vertical
to note that the lift-to-drag ratio has a maximum value of 140 offset. On the other hand, in contrast to the non-cross-
at about 2 cm, while the maximum value of the guidance-to- connected system, there is only one point where the drag force
drag ratio appears at a zero vertical offset. Figure9 shows the goes to zero; namely, when both the lateral and vertical
dependence of the lift-to-drag ratio on vertical displacement displacements are zero.
with lateral displacement as a parameter, lt is seen from ACKNOWLEDGMENT
Figure 9 that the lift-to-drag ratio decreases monotonically as
the lateral displacement increases, regardless of the vertical
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Self Nuiling Hybrid Maglev Suspension System

Richard Herbermann
Grumman Corp

Bethpage N.Y. 11714

Abstract* - This paper describes a system for using superconducting coil. With the flux confined to the warm
a superconducting coil on an iron core for the iron core ali the lifting forces for the vehicle are reacted in the
levitation of a Maglev vehicle using the core which can be supported by heavy warm structure. With
electromagnetic or attractive suspension system littleor no force on the coil itself it can be supported by light
(EMS). The control system outlined here overcomes cold structure thereby minimizing the heat leak from the cold
the superconducting coil's Inherent Inability to coil to ambient. A second benefit of the low flux at the coil
tolerate rapid changes In current, is a greater stability margin in the superconducting coil.

I.INTRODUCTION Transrapid uses normal copper coils to create the MMF for
This design evolved from the need for a higher their magnets. The problemsofpowerconsumptionandcoil
magnetomotive force (MMF) in an iron cored magnet than heating force them to have a relatively small air gap between
was possible with normal conducting coils. This requirement the core and the iron rail (_ 1 cm). This in turn causes two
was generated by the desire to increase the air gap in an EMS other problems. First the guideway surface smoothness is
Maglev system in order to reduce the tolerance requirements driven by the small gap and second the small gap dictates an
on the guideway. This concept was applied to the Grumman extremely stiff control system to prevent losing control
conceptual design in order to increase the air gap between the authority. The latter condition mandates a secondary
pole face and the iron rail from 1 to 4 cm [1] suspension system which is heavy and costly. Replacing the

copper coils with superconducting coils permits a much
The obvious solution to increasing the MMF driving the core higher MMF and consequently a much larger air gap (= 4
was to use a superconducting coil. However, this was at cm). This larger air gap reduces the requirements on guideway
conflict with the requirement for a 10 Hz bandwidth in order tolerances and allows an adaptive control system which gives
to control the gap width, of the inherently unstable EMS an acceptable ride quality without the need for a secondary
system, and give acceptable ride quality. Superconductors suspension system.
simply do not like high values of di/dt. This design concept
allows the superconducting coil to supply most of the MMF _ MAGNETICCALCULATIONS
and relegates the rapidly changing currents to normal copper
coils. A technique was developed to allow the flux through Let us assume that we have a normal copper coil magnet with
the superconducting coil to change as the current in the the necessary lifting force to support our vehicle at an air gap
normal coils is varied. In addition at a low bandwidth, which of 1 cre. The lifting force as defined in (1) [3] is determined
the superconductors can tolerate, the current in the by B2 assuming A and PO remain constant
superconductors is varied in such a manner as to drive the B2A
current in the normal coils to zero. This minimizes power F = _ (1)
dissipation in the normal coils while retaining the ability to 2l-t0
rapidly vary the flux in the gap. Where B is flux density, A is the total pole face area, I.t0 is

the permeability of air and F is the force generated between
IL BACKGROUND the pole faces. Therefore in order to increase the gap and

maintain the same lifting force ali that is necessary is to keep
The EMS suspension system ford Maglev vehicle has been the flux density in the gap constant. This can be
demonstrated by the German Transrapid system [2]. This accomplished by increasing the MMF supplied by the driving
approach has several advantages over the electrodynamic coil. A First order approximation indicates that ali the MMF
(EDS) or repulsive system. The vehicle is levitated at ali in a magnetic circuit with a large air gap is dropped across
speeds, the magnetic fields in the cabin and external to the the gap. Assuming the reluctance of the gap is linear with
vehicle are extremely low, owing to the fact that almost ali of distance (in fact as the distance gets large, leakage fluxes
the flux is confined to the iron core and as a consequence of makes the reluctance go up even faster) then the MMF will
the flux confinement the mechanical force and flux density at go up directly as the ratio of the air gap increa_. If we were
the coil of the magnet are also very low. The latter fact to increase the Transrapid 1 cm air gap to the desired 4 cm air
makes these magnets extremely well suited for excitation by a gap it would require 4 times the MMF presently used. This

would greatly increase the weight and power consumption of
* Manuscript received March 15, 1993. This work was the lifting magnets. A parametric study was made to evaluate
performed as part of the EMS Maglev System Concept the saving when using a superconducting coil. The weight
Definition study supported by the U.S. Army Corps of summary for the two options is summarized in Table 1.
Engineers under contract DTFR-92-C-000 04
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TABLE I problems the normal coil option will look even less
M_m-P_,_amms attractive.

PARAMETER U NI A L C U S C However, stabilizing an inherendy unstable attractive system
T requires that the current in the coil vary at rates of 10 or

Lift pcr p01e Kg 1,470 1,470 1,470 higher Hz. Rapid current changes at this rate causes heating
SC coil weight Kg 22 in the superconductor which, at best, greatly increases the
Cooling plant weight Kg N/A N/A 20 cooling requirements and which, at worst, quenches the
Normal coil weight Kg 87 190 magnet

Power consumption kW 3.3 3 .35
per pole rv. HYBRIDMAGNETANDCONTROLSYSTFJ_!

Power cond. weight Kg 66 60 10 The hybrid magnet and control system shown in Fig. 1
Total weight Kg 153 250 52 allows the superconducting coil to supply most of the MMF

necessary to levitate the vehicle while allowing the rapid flux
Both aluminum and copper conductors were considered for the variation necessary to stabilize the vehicle. The
normal coils. This study also included the weight of the superconducting coil is mounted on the lower arm of the core
cryogenic system and the weight of the power conditioning and two normal copper coils are mounted on the legs. Two
systems for both the normal and superconducting coils. The power supplies are provided. One is for the copper coils and
power conditioning was based on a weight of 20 Kg/kW. the other is for the superconducting coil. The supply driving
The superconducting coil option (on the basis of overall the superconducting coils is a constant current power supply.
weight is a factor of 3 lighter than a aluminum coil and a This type supply will automatically adjust it's output voltage
factor of 5 lighter than a copper coil. In addition to the to maintain load current constant in the face of large changes
weight increase it would also be necessary to transfer in load impedance. Looking at the supply from the load it
additional power to the vehicle (264 kW for aluminum coils looks like an infinite impedance. The copper coils are driven
and 240 kW for copper coils), lt is difficult to transfer this by a conventional regulated supply whose output current is
amount of power inductively at "alispeeds. The high power set by a gap sensor which drives the gap to the desired
dissipation and confined locations of the normal coils would spacing. There is a current sensor in the leads driving the
require them to be actively cooled. This cooling would copper coils and it's output is fed through a low pass filter to
require additional power consumption and add even more control the set point of the constant current power supply
weight, lt is estimated that in light of the cooling and power driving the superconducting coil.

ironr_

superconducting J

iron coil com

, I

[ no,o Jconstant current power supplypowersupply

Fig 1

ilybridmagnetcontrolsystemallowsthe superconductingcoil to supplymostof theMMF for lifting the vehiclewhileat the sametimepennittingthe
rapidflux changeq requiredto stabilizethe inherentlyunstableEMSsystem
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The operation of the system is as follows. Upon energizing
the system the current set points of both supplies is zero. V. DYNAMICANALYSIS
The gap sensor detects a larger than desired gap and starts The system was modeled using a single degr_ of freedom
current flowing in the normal copper coils. At the same time (DOI) analysis to estimate the effect of a 3 cm (1.2 in) gap
the current sensor in the copper coil leads detects a current step closure on the rail. This type of disturbance is
flow and commands current to flow in the superconducting represented by a ramp input to the servo since each magnet
coil. When sufficient MMF is generated by the copper and module (4 magnets) sees the step accruing consecutively over
superconducting coils lhc vehicle will begin to levitate and time intervals of 0.022 seconds for a vehicle traveling at 134
the gap sensor will begin to indicate correct gap. This will m/s (300 mph).
cause the current in the copper coils to diminish to maintain
the correct distance. At this point the entire MMF will be The results of this run are presented in Fig. 2 which
supplied by the superconducting coil and no current will flow demonstrates that for a ramp input disturbance of 3 cm (1.2
in the copper coils. Should a disturbance such as an in) the gap error does not exceed 2.5 cm (1 inch). At the
additional weight be placed on the vehicle the gap will begin same time the control coil current does not exceed 15 kaT,
to open and the sensor will detect the change. This will cause well within it's allowable short time limit, and the
an immediate increase in the copper coil current maintaining superconducting coil current does not exceed 6 kaT, which is
the required lifting force. At the same time the current sensor approximately 12% variation on the nominal 50 kaT. This is
will detect this current and begin to increase the current in the the result of the 1 Hz band pass filter. The reason that the
superconducting coil. The increased MMF will then begin to currents in the normal control coil and the superconducting
close the gap and the detector will start to lower the current in coil do not have to go higher is because, as the gap closes,
the copper coils until eventual equilibrium restored and no the increase in attractive force approaches a constant value
current is flowing in the copper coils and the current in the equivalent to the saturation level of the iron core. If this
superconducting coils increased, analysis were performed on a 5 DOF nonlinear simulation the

results would be expected to be even less severe because each
nlagnet module sees the disturbance in a consecutive manner
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Fig. 2

Demonstration of effectiveness of control system in stabilizing vehicle in response to a step change in gap without requiring large rapid current
changes in superconducting coil current
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implying that by the time the last magnet has seen the [2] Dr.-Ing. Klaus Heinrich, Dipl.-Ing. Rolf Kretzschmar,
disturbance the first one will already have recovered. From Transrapid MagLev System, Hestra-Vverlag, Darmstadt
this analysis we can conclude that the system is very tolerant
to extreme conditions like a 75% step closure in gap [3] William H. Timbe and Vannevar Bush, Principles of
clearance. Electrical Engineering, Pg. 370, John Wiley & Sons, Inc. ,

New York Chapman & Hall, Limited, Imndon 1951
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Flux Canceling Maglev Suspension

Richard D. Thornton
Department of Electrical Engineering and Computer Science:, MIT, Cambridge, Mass. 02139

Abstract - This paper discusses the fundamental efficiency Eliminating Bg, the suspension loss per unit mass is
limits of EDS maglev and describes a new flux canceling system
that achieves high efficiency for suspension and guidance in ad- Fy _o Ag iv
dition to rapid attenuation of field with distance and low ac -- =
losses in the superconductor, lt has a drag peak that Is relatively Ps 4_zp8 c is (2)
small and occurs at low enough speed that the vehicle can oper-
ate at speeds below 5 mis. The design compromise is evident in (2). The first factor is

a material property that offers very few options; copper has
INTRODUCTION 60% of the resistivity of aluminum, but on a per unit cost ba-

sis it is more expensive, so most EDS designs use aluminum
This paper starts with a discussion of the theoretical issues for the suspension components. The second factor shows the

that determine lift efficiency and a comparison of the effi- desirability of a large area of guideway conductor and close
ciency of existing designs. The theory leads to a new flux spacing between vehicle and guideway. The third factor
canceling EDS system that requires a minimum volume of shows the desirability of a high ratio of vehicle current to
guideway conductors for a given efficiency. Guidance and guideway current. Clearly, the desire for efficiency is in di-
propulsion are also discussed, rect conflict with a desire for light vehicle magnets and low

cost guideways with a wide gap suspension.
EDS DESIGN CONSIDERATIONS

Inductance model

Two dimensionalfield model To complete the analysis we use the inductance model ii-
It is important tG understand the fundamental limitations lustrated in Fig. 2 with the vehicle and guideway conductors

and tradeoffs that are inherent in Electro Di,,,tmic modeled by closed loops carrying currents iv and ig, and with
Suspensions. There are several important limits, and they can inductances used to model the magnetic energy storage. In
be understood from analysis of relatively simple models. Fig. 2 the coils are shown in a vertical plane with the vehicle

Fig. 1 shows a two dimensional model which assumes ali assumed to be in motion in the x direction. The vehicle coil is
vehicle magnets are long and neglects any performance assumed to be a port superconducting coil and the guidew.ay
degradation from coil end turns. The vehicle magnet is rep- coil is assumed to be mounted on the side of the supporting
resented as a pair of superconducting wires carrying current girder. The analysis can be extended to deal with more com-
iv. and interacting with a corresponding pair of guideway plex coils in any other plane,, but the chosen model is a good
conductors carrying current ig. The vertical suspension force representation of our preferred design.
Fy is produced by the z-directed component of the magnetic We want to determine the currents and forces when the ve-
field in the vicinity of the guideway conductors, Bg, interact- hicle is moving at a uniform velocity in the x direction,. Thekey problem is to determine y directed forces produced by in-
ittg with the x directed component of the current in the duced currents in the guideway coil.
guideway conductors, ig. To maximize the field, the best we
can do is space the vehicle conductors far enough apart so .

that the field in the guideway conductors is determined only
by the nea:restvehicle current element.

Conside,ing only the field of the nearest vehicle wire, the z
directed field Bg, the vertical force per unit length Fy, and the
suspension wwer loss per unit length Pg are

4p
B ----t_Oiv, F =2B i , P --_ (1)

z 2fcc Y g g g A

['_IG.2. INDUC'I'ANCE MOI)EL OF |'_DS.

---superconducting_ Later we will consider the effect of the resistivity pg for the
guideway coil, but for now assume the guideway conductorvehicle (.'oils
has no resistance. Then the model includes a vehicle coil self

_B..;_. -. o.. inductance Lv, a guideway coil sell inductance Lg, a mutual
_-41ux iine.'_---- -i B inductance between them Lvg, the vehicle coil current iv. and

[ i_ b.... the guideway coil current ig, and the Ilux linkages 2v and _,g.
guideway conductors with total areaAg The directions of the currents were assigned such that m

I"IG, 1.TWODIMENSIONAl.MODEl.OFEDS. normal operation iv and ig have the same sign. Thus Lvg has
a negative value and is assumed to be a function of y, the
vertical displacement between the two coils. The important
matrix rela'.2oJ_is

MaHtL_¢¢tp| rcn.tired March 15, 1993 'Ibis _,ork was sup_)rted by the MIT
Department of l-lectncal Engineering and Cotnputer Science, and by the US.
Department of "Iransportation via a conuact fr(xn Bechtel Corporati_m.
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[ l,v L_g]I iv] lA.vi (3) The effect of loss= We can compute lift efficiency by modeling guideway loss
Lvg Le is t8 as a perturbation of the inductance model. If we define the
If there is no resistance in either inductor, the flux linkages guideway coil resistance as Rg then

can not change from their initial value. The currents, how-

ever, will change and we can calculate them as functions of Pe = i2Re ' F, =_ L_&( 1 tgL,e1the flux linkages. Knowing the currents, we can calculate the P"e" R8 _,Lte Oy (6)
total stored magnetic energy W, and from that compute the In (6) the negative sign indicates the force is in the direc-vertical suspension force Fy by computing the change in en-
ergy caused by a change in the vertical displacement. tion of decreasing magnitude of Lvg., i.e. a repulsive force.

The first factor on the right is the electrical time constant of

[ir I 1 [ Le -L_e I[A'_ 1 the guideway coil when there is no vehicle present. The= " 2 _Lr s Lr le second factor is the per unit change in mutual inductance with
ie L_Le Lte changes is vertical position between vehicle and guideway.

W = 2(iv/q._+i,/q.e), F, = °3_1 = irie --OL'e (4) bothTheonly way to achieve high efficiency is to make oneOrofthese factors large.
x,.x, const Oy Time constant of guideway coil

The vehicle flux linkage is set when the vehicle magnet is Consider first the problem of designing a guideway coil
"fluxed" (this seems to be a more appropriate term than with a large electrical time constant. Assume that both coils
"charged"!) and if we assume the persistent current does not in Fig. 2 are long in the x direction and neglect the effect of
change, 2 v will never change. The guideway current is totally end turns and model the coils as transmission line as shown
an induced current, so ;rg = 0, and we have the important re- in Fig. 3 The inductance and resistance calculations are given
suit by (7).

= 2 _Lye ,is L_L-g- L_g

; L_e .2 1 tgL_s (5) b
"-Le=---, Fy =-Letg
iv Lg Lye Oy _d

Three important facts are conveyed by (5).
• The ratio of guideway current to vehicle current is the ra-
tio of the mutual inductance between vehicle and guideway FIG. 3. TRANSMISSIONLINEMODELOFGUIDEWAYCOILS.
coils tOthe self inductance of the guideway coil.
• The force is twice the product of the stored energy in the u_( "_

guideway inductance and the per unit dependence of mutual Ls = -_--_,ln d ) 2P s 4,osinductance on position. Storing more energy costs more, el- a +b + 1.5 , Rg =---_-= A"-'_-

ther in terms of using a larger and heavier guideway inductor Le /'t°A* (In d ) (7)Orr.iteCreatingresistance.mOreloss in the real guideway coil which has fi- re = --Rg= -_-_ \ a--_+ 1.5

• Small Lvg is essential for low superconducting magnet To first order the inductance per unit length depends only
power loss due to ac currents. For a given vertical oscillation, on the perimeter of the wire and there is very little difference
due for example to ._uidewa; bumps, the ac current induced whether the cross section is round, square, or rectangular. In a
in the vehicle magnet is proportional to this inductance and ac practical design we would usually make the cross section
loss varies as the square of the induced ac current., rectangular with b somewhat greater than t, m order to mini-

If we could construct a guideway with superconductors, mize the distance from the center of the guideway conductor
then the forces could be computed exactly as described. With to the center of the vehicle conductor. Since the dependencea superconducting guideway we would construct a maglev
system comprising a configuration of coils on both sides of on d is only logarithmic, there is very little possibility to in-crease L. by increasing d. The only way to increase the time
the vehicle and a guideway such that the vector sum 3f ali constant significantly is to reduce the resistance by usi_,,
forces produces stable equilibrium in the y and z directions more conductor.
and neutral equilibrium in the x direction. This is possible be- The conductors can be made with either aluminum or cop
cause the currents can change with relative position of the per. These two materials cost about the same per unit m:,
vehicle on the guideway, so Earnshaw's theorem is not appli- and if the mass or cost is specified aluminum will prodL_,_ca
cable. This type of stable stmerconducting system has been coil with a larger electrical time constant. For the suspension
given the name "Magnetic Potential Weil" or MPW, but system the use ofaluminum will normally lead to lo_cr cost,
clea_ly any EDS system with stable suspension for moving but in cases where there is a limited space for the winding,
vehicles becomes an MPW system if the guideway is con- such as in slots in an iron core machine, copper is better.
structed with superconductors. The principal virtue of the Assuming aluminum conductors:MPW idea is that it can help in the design and analysis of a
practical system.



with a = 0.02 m, b = 0.03 m, d = 0.35 m: low time constant coils ali act to increase both efficiency and
stiffness.

pg = 0.0282 gtohm - m, Rg = 47.0 gtohms / m, (8)

Lg SUSPENSION AND GUIDANCE ALTERNATIVES
Lg = 1.378 lth / m, r s = -- = 29.3 msec. There are three basic choices for guideway conductor con-

Rg figuration:
When end turns are considered, a practical guideway induc- • Continuous sheets;

lance time constant is in the range 15 to 30 msec. ° Discrete coils, both overlapping or non overlapping;

The relation between efficiency and stiffness • Ladders.Ali of these have been described in the technical literature,
We set an objective of realizing at least 1 Newton of lift for and their important attributes are discussed briefly in the fol-

each watt of dissipation. This gives a lift power dissipation of lowing sections.
9.8 kW per tonne of vehicle mass and a lift to drag ratio of
135 for a vehicle velocity of 135 m/s. To achieve this lift ef- Continuous sheet
ficiency, and assuming a guideway time constant of 25 ms, The original and new Magneplane [2], and other proposed
we need designs [3], use aluminum sheets on the guideway to carry

the induced currents that produced the levitation force. The
Fy Lg 1 o_L_8 1; idea, shown in Fig. 5, is to use a relatively thick and wide
Pg R8 L_8 °XY sheet of conductor under the vehicle suspension magnets. The

Lg 1 o3L_g (9) induced guideway current flows primarily under the vehicleif -- = 0.025 sec, = -40 ml. conductors and very near the surface of the conductor.
Rg L_g Oy

There are two generic types of EDS systems, ones that use _
a direct repulsion between opposing coils and ones that use
the "shear" force between two sets of coils, that "slide" in
parallel planes. This is shown by the two plots of Fig. 4.

Fy _ slope = stiffness The low efficiency of a continuous sheet is due to a skin
lg

effect phenomena. The flux density B and current density J
1 both decay exponentially with depth with characteristic

length _. If the resistivity of the conductor is Pg and the fre-
quency of the induced current is f, then

0 y

(a) Repulsive force. (b) Shear force. _ = P/._ 0.0845 (alum., 20°C, fin Hz). (11)FIG. 4. TWO TYPES OF STIFFNESS THAT ARE POSSIBLE. , .. v = "_

For an excitation frequency of 60 Hz the skin depth in alu-Repulsive force designs, such as the original and new
Magneplane and the Japanese MLU series, have a nonlinear minum 9.77 mm (0.38 in).
force vs. displacement curve, as shown in Fig. 4a, and can not The force density is JxB, and both fields attenuate with dis-
produce a negative force. Most shear force designs that are tance at the same rate, so everywhere in the conductor the ra-
under development, such as the Japanese sidewall null flux tio of force to power is the same. A more detailed derivation
design and our flux canceling design, have a nearly linear shows that the maximum possible ratio of suspension force to
force vs. displacement curve, as shown in Fig. 4b, and car:. guideway power dissipation is

produce negative or hold-down forces. Linear shear force de- F, _/.t0 J/.t._._ 1.88signs can be "auch stiffer for a given clearance between vehi- -- < -- = =
cle and guideway, and because of the hold-down force ca- Py 2p y',,w-, -_- (alum., 20°C. fin Hz). (12)

pability are preferable if ali other factors are equal. Equation (12) gives the highest efficiency which is theoret-
For ali EDS systems the force vs. displacement curve can ically possible. When end turns, harmonic currents, guidance

be iinearized and an apparent offset dy defined as shown in requirements, and other non ideal attributes are added the ef-
Fig. 4. If F0 is the equilibrium force, combining (1) and (6) ficlency can be still lower. For example, with a 2 meter long
gives magnet the fundamental frequency of induced current is

33.25 Hz at 135 m/s, so the maximum lift efficiency is 0.324
F¢2 2 1 OL,g Fo
__ _ __BgAg = FoT:g. = _:g N/w _, 30 kW/tonne. In order to achieve this small a loss the
P_ - PR L_g Oy -_ sheet _nust be more than 15 mm thick and in practice the loss

o_Fy= 2 (10) will be ,_0 to 50 kW/tonne.BgAg In summary, an important design olgjective is to maximize

c)y p_rg the lift efficiency Fy/Pg, but the continuous levitation strip
does not allow independent control of B and J and the effi-

High efficiency implies high stiffness. High flux density, ciency depends only on material properties and the frequency
larger guideway conductors, low resistivity conductors, and of the induced current. Stronger vehicle magnets lead to
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greater levitation height or more lift per magnet, and wider Lg 1 o_L_8 1.5 -1
and thicker levitation strips will allow one to come close to for c = 0.14 m, -- = 0.03 sec, - m ;
the theoretical limit, but to exceed it we must create a funda- Rg Lg o3y c

mentally different design. F 9.8 _ 30.5 kW/tonne (14)The efficiency limit can be derived with an inductance --2L=0.321 N/W, orP 8 =_-
model, but this model is confused by the distributed nature of Pg 0.321
the currents. Roughly speaking, there is a high mutual induc-
tance between the vehicle and guideway conductors and a at 135 m/s --=FY 135.0.32! = 43
low self inductance of the guideway, so there is no way to F,
achieve a low ratio of guideway current to vehicle current. The discrete coil approach offers about a factor of two lm-

The reputation of low efficiency for EDS was one of the provement over a sheet guideway and, most important, there
reasons the German Maglev project adopted the EMS ap- is a possibility for further improvement.
proach in 1975, and is our principal reason for rejecting con- Although there are still limits imposed by practically real-
tinuous sheets. We have rejected continuous sheets for the izable values of Lg/Rg, the discrete coil design offers more
following additional reasons: options for increasing lift efficiency than does the continuous
• The low efficiency leads to high drag at low speeds and strip design. There may be some increase in cost with a dis-
can cause overheating of the guideway near stations where crete coil design, but the extent of the cost increase does not
low speed operation is common, appear to be large. Large air core inductors can be manufac-
• The high guideway currents create a strong reaction field tured in an automated factory with labor costs that are small
which, in turn, creates substantial ac losses in the supercon- compared to material cost. The coils do not really have to be
ducting magnets when the vehicle is subjected to high speed wound from wire, they only have to create a structure with
operation over a realistic guideway that is not perfectly constant current density and negligible eddy current loss. For
smooth, example, we can try to emulate the cast aluminum rotor of the
• The high drag at low speeds makes it impossible to design squirrel cage induction motor, albeit with much thinner con-
a practical system without using wheels at speeds below ducting paths. The installation might actually be less expen-
about 30 m/s (67 mph). Wheels create reliability problems sive than for a continuous strip because there would be no
and ali sections of the guideway must be capable of support- need to use welded connections between large aluminum
ing the concentrat_.d load a wheel creates, plates. Another good feature of discrete coils is the fact that
• The continuous sheet poses difficult mounting problems frequency does not play as major a role, so shorter vehicle
because of thermal expansion, and it does not appear to lead cGils could be used and it is easier to use the same vehicle
to lower cost guideways than other designs, magnets for both suspension and propulsion.
• lt is not possible to produce downward directed forces,
and the suspension force is substantially nonlinear. These at- Sidewall Null Flux
tributes create significant stability and ride quality problems. The newest Japanese EDS design uses a horizontal gap and

the magnetic force is a shear force between vertical surfaces
Discrete coils of a null flux system. This is a variation of the original null

The continuous sheet can be replaced by a sequence of dis- flux system proposed by Danby and Powell in 1966 [1]. This
crete coils, each one connected in a closed loop so as to allow design is more efficient, but not !,_-ssexpensive, than the dis-
circulating currents. The effect is similar to the continuous crete coil design. A 2-dimensional model is shown in Fig. 6.
sheet except that the current density in the wire is constant The key idea is to in,..r_ase efficiency by reducing the mu-
and the wire can be located in regions of high field. This type tual inductance between the vehicle coils and the guideway
of guideway fits the inductance mode', very weil. coils. This is done by using a Figure-8 coil, and when the coil

The Japanese MLU guideway used discrete coils and their is symmetrically located with respect to the vehicle coil, there
design is at least as efficient as it would be with sheets except is no flux linking it and no current. There is a very rapid in-
that the mass of conductor is reduced by a substantial factor, crease of mutual inductance with position, a feature required
But they were not able to take full advantage of stronger ve- for high efficiency; see (6).
hiclc magnets because of the relatively high mutual induc-
tance between vehicle magnets and guideway coils. Also, the
discreteness of the coils, as compared to sheets, led to a \
bumpy ride at low speeds° and also to an attendant high
power loss in the cryogenic magnets due to the pulsating
fields.

With reference to (6), the lift efficiency is the product of _. Induced current

sPe_;Sc_ntdc: _:_ --

the guideway time constant and the per unit variation of mu- n _ in guidewaytual inductance with position. For ali practical coil configura-
tions, if the distance between vehicle and guideway coils is c, / conductors
we find

/1 1 ogLe, 2 foregovehiArr°WSnSh°w
< < -- (13)

c L_ c_ c cle

The nz,rrow range indicated by (13) is due to the inverse F varies as 1/r '
polynomial behavior of the mutual inductance with distance. F1G. 6. 2-DMODEl.OFSIDEWALLNULL-FLUXI-DS.
Using typical values

"18



One virtue of the null flux design is that he current in the Most notably there are few disadvantages and improve-
coil can be controlled by design and we can make almost any merits are still being made.
tradeoff we like between various parameters, limited only by
the theoretic'ai limits discussed earlier. However, this effi- Analysis of Flux Canceling Suspension
ciency advanta_e comes at the expense of using more guide- A two dimensional model is shown in Fig. 8.
way conductor m_terial and there are more difficult fabrica-
tion, mounting aat alignment problems. Practical lift power al -iv

loss is in the r_,:t_ge10 to 20 kW/tonne, or less than half the Y i

loss of a simple coil or sheet.
Ladders b Bz(b, c)

Imagine that in the model of Fig. 1 the conductors shown Oi 2iv !
are the rails of a ladder and that there are cross connecting c z
conducting rungs. This is a cross between a coil and a sheet, I
and is somewhat analogous to the rotor of a squirrel cage in- -b _ Bz(-b, c)
duction motor that has been cut and rolled flat. Unfortunately, -rg
unlike the squirrel cage motor, there are high magnetic fields
in the aluminum conductors, so the conductor must be con- -a b.iv
structed in a special way to achieve any advantage over a I:m. 8. 2-DMODELOF[:LUXCANCELINGSUSPENSION.
continuous sheet. The only possible advantage of a solid lad-
der is the reduced aluminum required as compared with a The vehicle coils are modeled by three conductors that are
sheet. However, a laminated ladder can be more efficient than long in the x direction, and with current 2iv in the center
a discrete coil, and can be used with flux canceling suspen- conductor and -iv in the upper and lower conductors. Thesions.

guideway is modeled by two long conductors with current i

in the upper conductor and-ie in the lower conductor. T,h,g
FLUX CANCELING EDS dimensions are given in Fig. 7and application of Maxwell s

Flux Canceling Suspension Equations allows calculation of the z component of B at thelocation y = b and z = c:

Flux Canceling EDS combines many of the best attributes ( 1 (15)
of other systems with fewer disadvantages. In Fig. 7 the up- Bz /_°iv 2b a- b a + b
per and lower rows of magnets on the vehicle create a field = _ b2 + c2 _"(a- b) 2 + c2 - (a + b) 2 + c z

that falls off rapidly with distance, but is still on the order of The design problem is to determine the vehicle current iv
1 Tesla in the vicinity of the guideway conductors. The sus- and the three dimension a, b, and c so as to achieve the high-
pension conductors on the guideway are arranged as a ladder est possible Bz.with the rails providing the vertical lift and the rungs cutting
the flux and producing the induced current. The ladder is The vehicle current is determined by a variety of factors,
laminated in a unique way that eliminates skin effect and for a typical design is 400 kA-turns. This is a compro-mise between desires for a high field at the guideway but lowproblems.

The result is a system that: vehicle magnet weight and low fields in the vehicle.
• Produces high efficiency through rapid rate of change of Assuming the vehicle is displaced vertically from the
mutual inductance, symmetry position, there will be large currents induced in the
• Creates rapid attenuation of fields with distance, guideway conductors by virtue of the motion of the vehicle.

In Fig 8 the induced currents are +i and -ig in the upper and• Makes efficient use of guideway conductors, ' " g
• Is susceptible to a range of design compromises, lower guideway rails. The displacement of the vehicle from
• Reduces ac losses in vehicle magnets because of reduced the symmetry position is so slight that there is no perceptible
guideway currents and mutual inductance, change in B z.
• Permits a large vertical gap between vehicle and guide- We would like to make c as small as possible, but this di-
way, mension is constrained by mechanical clearance, cryogenic
• Allows guidance and propulsion using the same vehicle insulation thickness, and suspension conductor size. The de-
coils, sign problem is to pick a and b so as to maximize Bz for a

specific choice of c. This optimization can be done analyti-

cally leading to b
a = 2b, 9b 4 - lObac 2 - 3c 4 = 0, SO -- = 1.1648

c (16)
B,= 1.2182/'z°t_2fcc

Although there are optimum values of a and b, there is rela-
tively little variation over a wide range of parameters.

Superconducting magnets

lqG. 7. l_t_ CANCELINC;SUSPENSION. The basic vehicle magnet module is the octapole of 4 coils
shown in Fig. 9. Arrays of these modules provide the field for
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a Flux Canceling Suspension. Several modules are placed

end-to-end under nearly the whole length of vehicle so as to 150 -create a distributed load with a large number of magnetic
poles for the LSM.

l A 100

0.3m _ F1

• ift ,kN
0.7 50

0 I i I
2.0 m "- 0 50 100 u,m/s 150

FIG. 9. OCTAPOLE MODULE.

FIG. 12. L/D AND LWr FOR 8-COIL MODULE.

If the only problem were to create a set of magnets with a
specified total energy storage, we would use a small number Table 2. Typical flux canceling design.
of relatively powerful magnets. Unfortunately, this would Vehicle
lead to a concentrated load on the guideway and a more ex- Coils per module 8 4 on each side
pensive linear motor. Our compromise is to make every effort Modules per vehicle 12
to reduce the size and weight of the magnet, and use magnets Horizontal magnetic gap 145 mm
under most of the vehicle length. Horizontal mechanical gap 50 mm

Several octapole modules are physically integrated, end to Vertical offset, high speed 15.7 mm
end, to form a vehicle bogie, and then several bogies are used Coil pitch 1 m
to provide the primary vehicle suspension. In a typical design Coil length 0.79 m
the coils are spaced on 1 meter centers. Then a speed range of Coil width 0.3 m
50 to 150 m/s implies an electrical frequency of induced cur- Guideway ladder
rents of 25 to 75 Hz. From theoretical efficiency calculations Rungs per meter 6
we know we need on the order of 50 cm 2 suspension area, Rail width 30 mm
but for frequencies of 25 to 75 Hz it is difficult to create uni- Rung width 50 mm
form current density over the entire area due to the skin effect Thickness 40 mm
discussed earlier. Thus we resort to either discrete coils con-
structed from many strands of fine wire, or use laminated doubling the guideway aluminum mass or by increasing the

conductors with the flux direction parallel to the laminations, vehicle coil current by ,CTX-.
The most effective use of material is achieved with a ladder The curves in Fig. 12 signify a drag peak at 17 m/s, and at

as shown in Figs. 10. The ladder uses thin aluminum sheets the peak the drag is 20% of the high speed lift. The vehicle is
that are bonded together and slit so as to allow the desired levitated down to 10 m/s by allowing the vehicle to settle up
currents to flow but with_minimum unwanted eddy currents, to 8 centimeters below the zero-force position. With high

-- [ temperature superconductors it will be possible to use super-
I

/ conducting ladders in stations to provide stable levitation at

I _ zero speed. In our system concept design we used air bear-

rails ings for emergency stopping on the guideway, with the intentof providing magnetic suspension down to 0 speed for sched-
uled stops.

I , Although the ladder provides the most efficient use of

I rungs aluminum, it is not necessarily the best approach. We are ex--- ploring discrete coil designs that may be less expensive to
end view side view fabricate and install.

I"IG. 10. SIMPI.IFil!D DIfFAII. OF StJSPI'_NSION LADDER.

FLUX CANCELING GUIDANCE

Typical performance The suspension system provides some guidance, but for the
A system concept design was created using flux canceling design described above the guidance force is only about 10%

suspension and guidance and linear synchronous motor of the suspension force, lt would be possible to design a flux
propulsion. Ali guideway conductors were mounted on the canceling suspension system that produced greater guidance
upper sides of a box beam guideway [4] and the vehicle had a force, but there is a disadvantage of making the guidance
vertical gap of at least 100 mm The basic suspension module force proportional to suspension force. In the interest of in-had the characteristics given in Table 2. creasing eMciency and minimizing interaction between sus-

The design described in Table 2 led to pertormance calcu- pension and guidance we developed a separate guidance sys-
lations shown in Fig. 12. Over the normal operational speed tem.

range the lift loss was less than 10 kW/tonne and the lift to The guidance system is subject to the same laws that gov-
drag ratio was 140 at 120 m/s. This lift loss can be halved by em the suspension system, we used a flux canceling guidance
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system with many of the attributes of the suspension system.
The key is to use cross coupling between coils on opposite Fig. 14. Guidance coil flux pattern.
sides of the guideway so that when the vehicle is centered
there is no force and no power loss. This is reminiscent of the ACKNOWLEDGMENT
guidance system being used in the new Japanese design, ex- I wish to thank the many members of the Bechtel System
cept that the guidance is almost totally decoupled from the Concept Team that contributed to adapting the flux canceling
suspension.

When the vehicle is centered horizontally the voltages in- system to the US 1 design. Particular acknowledgment goes toB. Montgomery, R. Thome and R. Pillsbury of the MIT
duced in the opposite-side coils cancel, so there is no current Plasma Fusion Center; S. Phelan of the MIT Civil
flow and no lateral force. If the vehicle shifts to one sine of Engineering Department; G. McAllister, J_Perkowski, and E.
the guideway then the induced voltages do not cancel are,I the Lemcke of Bechtel; and B. Concannon oi tim _Mtg. i appre-
resulting current produces a push on one side of the vehicle ciate comments from ali of the r,udents who contributed in
and a pull on the other side. Within limits the coils can be de- many ways and from more than a dozen MIT staff and
signed to achieve any desired lateral stiffness, and the stiff- faculty from the Electrical Engineering and Computer
ness is almost independent of vertical position. The cross Science Department and the Laboratory for Electromagnetic
coupling achieves high efficiency because there is only power and Electronic Systems.
flow when a restoring force is needed. This is in contrast to
TR07 which, at high speeds, produces greater power dissipa- REFERENCES
tion in the guidance rails than is used for suspension.

A key feature of the design is the relative independence of [1] Powell, J. R. & Danby, G. T., "High speed transport by
guidance and suspension forces, so that guidance is effective magnetically suspended trains," presented at the ASME Winter
even if the vehicle is in the zero force position on the suspen- Meeting, N.Y., Tech. Rep. 66-WA/RR-5, Nov. 1966.
sion ladder. The operation of the guidance can also be [2] Kolm, H. H., & Thornton, R. D., "The magneplane: guidedelectromagnetic flight," Proceedings of the 1972 Applied
explained in terms of the flux pattern shown in Fig. 13. The Superconductivity Conference, May 1-3, 1972.
flux linking the upper and lower coils adds and produces a [3] Atherton, David L., Ed., Study of Magnetic Levitation and
large voltage when the vehicle is moving. If there is lateral Linear Synchronous Motor Propulsion, Canadian Institute of
offset, so that current flows in the coils, then the current in Guided Ground Transport, Queens University, Kingston,
the middle legs of the coils interacts with the vertical flux Ontario, Annual Report for 1972.
lines to produce a horizontal force. [4] R. S. Phelan, "Reduction of guideway residual vibrationthrough strategic vehicle pad spacing arrangements," These

proceedings, May 19-21, 1993.
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Maglev Transportation with Controlled Permanent Magnets
and Linear Synchronous Motors

H. W eh, A. Steingr6ver, H. Hupe
Institut _r elektrische Maschinen, Antriebe und Bahnen

Technische Universit_it Braunschweig,
Postfach 3329, 3300 Braunschweig, Germany

Abstract - This report describes maglev suspension forces are generated corresponding to the amplitude of
systems in combination with linear drives for maglev the stator current and the load angle. The vehicle speed
transportation of ali speed ranges. The function of corresponds directly to the propagation rate of the
suspension is separated from the function of propulsion, travelling wave. The orientation of the field vector
These special configurations of L,agnets and motors necessary for a field-orientated control of the motor is
minimize the force-interactions between the suspension measured by a position sensor. The reactive power can
and the propulsion system. The controlled permanent be adjusted by the electric or the permanent magnetic
magnet provides inherent stable threes either in the excitation.

support or in the guidance direction. Demonstration The layout of a levitation vehicle is mainly
veh!cles show the application of controlled permanent determined by the characteristics of the active
magnets and digital gap controls. The linear components for suspension and propulsion. An
synchronous motors are directly attached to the improved design of the magnet and the motor according
levitation system and designed either as a short stator or to power demand, magnetic forces, weight and
as a long stator type. A three-dimensional analysis of mechanical construction is the aim of this work.
the magnetic field was carried out to obtain the forces.
Computing models reflecting dynamic and nonlinear II. SEMISTABLE MAGNET CONFIGURATIONS

properties of the magnets and the motors were
dew!:_ped. The dynamic behaviour in various situations The controlled permaneat magnets presented in this
was simulated, paper provide inherent stable forces either in the

support or in the guidance direction. The reluctance
I. INTRODUCTION forces at opposite pole cores in displaced position

provide stable force characteristics. With a steep
The attractive magnetic forces of electromagnetit: characteristic in the stable direction a position control in

suspension systems arise t'rt_mthe Maxwell stress in the this direction is unnecessary and the total amount of
air gap of a soft ir_n ct_re which is split between an control equipments is reduced. The steepness rises with
exciter on the vehicle and a yt_ke on the track. A the flux density in the air gap and with the width of the
sufficient flux. density and hence a resulting force pole cores. A flux density of 1 T and a pole width to
density is generated by a few ampere turns. The air gap ratio of 2 provides sufficient forces for
levitation magnets are excited solely by an electric transportation purposes.
current _r a controlled permanent magnet as described
in [ 1]. Tt_ achieve a stable ievitati_n state the attractive A. Magnet with Stable Support Force
magnetic fi_rces are electronically controlled. The

ct_n!r_)l units necessary ft_r stabilizing the magnets A cross-section of a stable magnet arrangement
consist t_f sensors, c_mtrollers, inverters and power called "magnet with stable support force" is shown in
supplies. Fig. 1 together with its flux plot. The flux excited by

The pr_pulsi_m t'_rces _f linear synchronous the high-energy permanent magnets (NdFeB) closes its
machines arise t'rom the interaction _f a stator current path via the narrow pole edges of the magnets and the
sheet with an exciting field. The driving or braking double C-shaped rail. A vertical displacement of the
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vehicle is levitated by four magnets capable of carrying

'.._. _ _ i.!_: _V_o..-_ 75 kg each.

__ "'_ii:i;: __/ ......i B. MagnetThemagneticWithStablefieldGUidanCeofthe ForCemagnetarrangement:__ shown in Fig. 2 is generated losslessly by the ferrite

( ( ¢1)11111111_)_[[1_ (..l_]!)_[[[_l_![l_][I_) } magnet placed in the centre of the magnet unit I21.The

\ "--"_ _k_!t,_ "1 ,/ flux path runs symmetrically through the soft iron poles

'[ _'_"""_- __i_._ squeezing configuration increases the flux density in the
" _! of the magnet and the L-shaped rails. The flux

[ ii!_i i i ....... i __.y: _ air gap toa value higher than the remanent flux densityof ferrite. The leakage at the flanks of the permanent

Pemmnont magnet _ Control coil magnet is small as a result of the large magnet height
and the outer downwards shifted air-gaps.

Fig, 1. Magnet with stable support force During the process of force dimensioning an
overload factor and a control range allowing
compensation of disturbances were taken into account.

magnet produces restoring reluctance forces which first After optimization of the mechanical dimensions a
rise proportional to the diplacement and then fall liftingtbrce to magnet weight ratio often was achieved.
beyond a maximum point. In the stable range the The design is a compromise between the conflicting
characteristic is analogous to that of a mechanical aims of high forces, small magnet weight, the
spring. The magnet responds immediately to track maximum current density of the control coil and the
disturbances with restoring forces and has a faster magnet's dynamic response.
dynamic response than conventional electromagnets, The attractive forces are controlled by an electric
which react with a significant delay caused by the current supplied to a control coil. The control current
control procedure. Due to the spring characteristic of increases or reduces the permanent magnetic flux as
the support force, the system has to be damped by required. Energy is cor_sumed only to compensate for
damper elements in the vehicle bogie which are track disturbances. At lateral displacements the
neccessary anyway, magnetic forces retract the magnet to the centre

In a vertical displaced position with increased force position. The inherent stable guidance force amounts to
the flux is lower than in the centre position, hence the more than 30% of the lift force.
magnet can be designed for large flux densities at the
operating point. The flux density is only limited by the

saturatiOnmagnetweight°ftheratiosSOftoftenir°narePartS'possible.Supp°rtforce to .:::::i :: :_: : : !_:i::
H_rizontally the system has to be stabilized in the

same way as conventional attractive levitation systems.
An additional excitation with control coils strengthens

or weakens the magnetic field to obtain the desired
stabilizati_n. The control coils of both sides are

connected in series. Only the difference between the
normal forces which compensate each other in the
symmetrical position results in the guidance force. The

magnetic design near the saturation point of iron does _ Gnideway :
not restrict the controlability of the magnets.

A small scale demonstration vehicle built by the ["_Permanent magnet [_Control coil
IEM shows the possibility of a surface mounted track
and the restricted expense of a digital control. The

Fig. 2. Magnet with stable guidance force
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-,_, possible. This degree of freedom is important for the
,_ "edge-control concept."

; Each magnet is stabilized by its own control unit
shown in Fig. 4. The gap between the rail and the

magnet is detected by a sensor which provides an input
signal for the controller. A digital control algorithm
running on a transputer proccesses this gap signal and
delivers a control signal to a four-quadrant chopper.

At the nominal operating point the control current is
negligible and the total power consumption of the
vehicle is mainly determined by the switching losses of

;_'"• " :o_, the choppers.

.... ..,, .... : _,:: The homopolar transverse flux arrangement
produces homogeneous flux densities in the longitudinal

Fig. 3. Demonstration vehicle with four magnets direction. Minimized force-interactions with the

propulsion system allow for combinations with various

The ferrite magnet material has an average types of linear drives to form compact units.
remanent flux density of 0.4 T. During operation the

value of the flux density varies only in the linear range C. Simulation Model and Results'
of the B-H-characteristic of ferrite and demagnetization

cannot occur. The unipolar configuration of the system A simulation model of the magnets and the vehicle
allows an additional magnetization in the assembled was investigated to examine the behaviour of the

state to achieve the maximum remanence of the vehicle at high speeds and to improve the control
material, methods. The magnet model contains the nonlinear

A full-size demonstration vehicle (Fig. 3) was built characteristics of the magnetic forces and of the coil
using "magnets with stable guidance forces." The inductance. The inhomogeneous flux distribution in the
levitation magnet was developed to provide a lifting air-gap was taken into consideration in ali directions.

force of 7.5 kN for a 3 t vehicle with four magnets This includes pitching of the magnets and the
which support the vehicle bogie via springs and unevenness of the rails.

dampers. The two magnets on each side mechanically Ali the most relevant quantities are obtained by a
form a levitation unit. "l_,e vehicle stands on the

levitation units and does not embrace the guideway. A

mechanical bearing with transverse swinging arms ,-, 8060_allows the magnets to move only in the vertical _ 40
direction, although pitching of the levitation units is _ 2o \\
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Fig. 4. Control units of the dem(mstmtitm vehicle Fig. 5. Si,nulation results of a stltrt-Llp procedure
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numerical evaluation of the deriwttives of the magnetic Reaction rail
flux with respect to ali the state variables. The
introduced state variables are the vertical, the lateral
and the rotational pt)sitit)ns t)f the magnet unit, the
corresponding velocities and the control currents. They
appear in the differential equations with inhomogeneous
constants.

The simulation results of a start-up procedure are
shown in Fig. 5. The control currents (Icl, Ic2) and the

air-gaps(zl, z2) of a magnet unit were plotted over the __,,_ I"] Spacertime. The magnet 2 (dashed lines) is started, after

magnet 1 (st)lid lines) reached its nominal gap. At this _ ["] Soft iron pole
time the magnet unit is pitching and magnet 2 is able to
start-up with less current. Only in the start-phase
energy is consumed for a short moment. The
interactions between the magnets by pitching of the unit Fig. 6. Transversefluxshort-st_Ltormotor

are small. A control algorithm with both air-gaps as
input values reduces this influence even more. increase of the thrust is then only possible with an

enlarged layout of the motor.
III. LINEAR MOTOR CONFIGURATIONS A transverse flux arrangement enables small pole

pitches without disadvantages in the design of the

The linear synchronous motors presented in this motor. Fig. 6 shows the double C-shaped stator and the
paper provide propulsion forces with negligible normal passive reaction parts. The reaction parts consist of
Ibrces. The motors were developed considering high small iron packets which are mounted on the rails at

efficiency, low normal forces and force characteristics constant intervalls. The _,tator consists of a stack of
adapted to transportation duties. A short-stator type laminated iron packets and nonmagnetic spacers.
offers advantages for the maglev transportation in the Several stacks are joined together by the stator coil to
medium speed range with its small power. The small form a single-phase l_,,._dule.
machine power can be installed t)n the vehicle and the Tb,: stator current flowing in the longitudinal axis of
drive energy can be transferred via current collectors to the motor generates a magnetic flux in the transverse
the vehicle. A Iong-stator type is favourable for the plane (Fig. 7). The leakage in the window and at the
layout ,,f a vehicle in high speed applications which heading of the coil is small. St) the flux mainly closes
require a higher propulsion power, its path via the reaction parts according to their

h, ngitudinal posizit,n (Fig. 8). A movement of the stator
A. Transverse Flux Short-Stator Motor modulates the flux and hence the forces.

The motive forces arise by reluctance effects at the
The short-stator motor wa:_developed as propulsion

system with a high thrust az_d a h)w weight for the
medium speed range. The main characteristics o! the
motor :vhich are advantageous fi,r this application are
the small pole pitch of about 0.05 m and the transverse
flux arrangement.

In general the thrust of a motor rises with a
decreasing pole pitch, if the mechanical power output

remains constant. The minimum pole pitch of
conventional motc_rs is limited by the leakage and the .
maximum statt_r frequency. An air-gap of 0.01 m as
usual in electr()magnetic levitatit_n systems leads to a [-"q Reaction rail [_ Stator coil
()ptimal pole pitch of about 0.2 m. An additional

Fig. 7. Flux plot of reluct_mce motor in cross-section

85



corrects the phase position in the field weakening range.

i! In this way a rise of the thrust can be achieved without
Stator increasing the inverter power.

The normal threes in the opposite air-gaps
compensate each other in the symmetrical position

which is controlled by the suspension system. The
remaining influences do not disturb the function of
levitation.

Starer B. Permanent Excited Long-Stator Motor

The long-stator concept transfers parts of the on

1"7 Iron pole ["1 Spae_ board equipment for the propulsion system to the track.
Most maglev trains of the high speed ral_ge use an

Fig. 8. Flux plot of reluctance motor in longitudirml-seetion integrated propulsion and support system. In this case
the flux of the exciter serves both generation of support

edges of the marked poles of the stator and the reaction tbrces and excitation of the synchronous motor. The
rails. The maximum value of the propulsion force linkage of these function restricts the latitude of the
depends on the ratio between the pole pitch and the pole component's design.
space. For a given air-gap optimal dimensions were The long-stator motor described in this chapter
found to achieve a minimal weight and a maximal generates forces only in the direction of motion. Fig. 9
thrust. The absolute ratings were then adjusted by the shows the configuration of the motor in cross-section.
pole height and the stator's ampere turns. The different The iron yoke of the stator was cut out to prevent the
planes of the magnetic flux and the electric ampere excitation flux from producing unfavourable normal
turns allowanalmostindependentdesignoftheseparts, forces. The excitation is provided by permanent
The thrust of the motor designed for the demonstration magnets. The flux disperses in longitudinal direction
vehicle (Fig. 3) reaches about 10 percent of the vehicle and passes the three-phase winding of the long-stator.
weight. The motor weight am_unts to 11 percent of the A sufficient flux density is achieved with high-
vehicle's weight, energy permanent magnets (NdFeB) which are mounted

A movement at constant excitation produces an on an iron yoke. Ali components of the magnetic field
approximatly sinusodial time behaviour of the were calculated for consideration of the inhomogeneous
propulsion force. The negative forces can be suppressed three-dimensional flux distribution of the permanent
with the stator current set to zero during these time magnets. An investigation of various magnet forms led
periods. This is achieved by a unipolar rectangular
waveform of the current. The magnitude of an in-phase
controlled stator current determines the mean value of

the driving force. The phase position of the current _ Exciter
determines the direction of the m¢_tive forces.

A smooth time behavi¢_ur of the force can be

obtained by superposing t_f the forces of four modules
which are shifted respectively by a half pole pitch. The Soft iron yoke

stator current of each single-phase module is separately p_
controlled according to the phase position of the
module. Each module is ted by a two-quadrant chopper.

At higher frequencies which are associated with

higher vei_cities the magnitude of the current pulses are Long starer
limited by the stator inductance and a phase lag occurs. Phase 1
In this case the mean value of the driving force is
reduced. A control meth¢_d called "pre-commutation"

Fig. 9. Permanent excited long-stator motor
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to a simple magnet configuration with distances between stabilizing the magnets. Additionally the energy
the permanent magnets, consumption of the levitation system is reduced using

The values of the propulsion forces were obtained controlled permanent magnets.
by an integration of the force density over the whole The presented linear motors allow a mechanical
volume of the stator windings. A unique current density combination with the levitation magnets. The function
in the thick wires was assumed. A thrust of about 9 of levitation is not impaired by the drives and vice

percent of the vehicle weight is achieved with a winding versa. The high efficiency of the synchronous motors
scheme of the stator, which fills the entire space, reduces the thermal stress of the reactive parts.

Due to the large distance between the stator and the The described system components tor maglev
iron yoke of the exciter the attractive threes are small, transportation show the possibility of a simple vehicle
Additional force components arise at the coil headings and track configuration. Both surface mounted tracks
by the leakage flux. The vertical position of the and standing vehicles are advantageous features.
permanent magnetic exciter is controlled by the Therefore the expense for the infrastructure of a traffic
levitation system. A direct mounting of the permanent system using magnetic suspension and linear drives can
magnets beneath the support magnets forms a compact be reduced significantly.
unit.
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Maglev Transit Technology in Russia

Floyd A Wyczalek
FW Lilly Inc., HSST NA Engineering Division,

Bloomfield Hills, MI 48301 USA

Abstract - There are two well known concepts for aid highway rights of way, as part of a national system of
achieving magnetic levitation of vehicles: one is based the US", see National Maglev Initiative (NMI) [43,44].
on electromagnetic attraction (EMA); and the second

method is based on electrodynamic repulsion (EDR). In III. MPW Magnetic Physics Laboratory Experiment
turn, each of these concepts have at least two variations.

This paper presents a third form of magnetic levitation Fig. 1 shows a schematic of the MPW experimental
where the guideway and vehicle coils are superconduc- setup at the Academy of Sciences in Kiev, by Kozoriz [1-
tire (SC). This configuration is known in Russia as the 5]. It consists of two superconductive SC circuits and
Matvnetic Potential Well (MPW). While the practicality their respective cryostats, in a vertical coaxial configura-
of including SC guideway levitation coils, in addition to tion. The coaxial internal cryostat represents the transit
SC vel,icle coils, may be questionable, test data with this vehicle and it was suspended from a load cell (P) by an
configuration is available for evaluation, adjustable cable. The SC coils include "persistent"

thermal switchs to interrupt the SC circuits. The load is
I. Introduction varied by adding mass to the pan suspended from the in-

ternal cryostat which represents the vehicle.
The specific concept currently under investigation in Displacement (X) is measured with reference to the

Russia is a three SC coil concept configured as a sidewall centerlines (cl) of horizontal symmetry of both SC cir-
maglev system: where two coils are stationary to form cuits. Thus, it was possible to obtain magnetic force (P)
the guideway and the third coil is mounted on the vs displacement (X) plots to define the levitation and/or
vehicle. Currently, these three SC coils are sized to repulsion forces under various operating conditions.
levitate about one metric ton in a stationary physics Fig. 2 shows a characteristic levitation and repulsion
!aboratory scale experiment [1-6]1 force (P) and SC circuit displacement (X) obtained with

The scope of this paper is limited to an abbreviated the setup shown in fig. 1. In fig. 2, levitation, positive
explanation of this concept and to illustrating the experi- magnetic attraction force + P is defined and plotted in
mental characteristics of the magnetic levitation force vs the upward direction, and repulsion force -P is defined
displacement relationships, and linear motor application and plotted in the vertical downward direction. Levita-
relationships. This explanation and the accompanying tion gap +X, for a vehicle suspended from a guideway is
illustrations are based on log records and 35mm color defined in a rightward X direction.
photographs made during a July 1991 visit to the mag- CA__E

netic physics laboratory in the city of Kiev, to observe
laboratory demonstrations of the concept. This
laboratory is situated at the Academy of Sciences of the ou,o_wA-_ (/)_ _A_ L
newly independent republic of the Ukraine in Kiev. sc C,RCU,T[X'_

P

H ro tra o1i!ltl jIn the US there is a commitment to the rapid devel-
opment of maglev technology in general [7-41] because
of the newly enacted Intermodal System Transportation
Efficiency Act of 1991 (ISTEA), passed by the 102nd _-

xAE)--4C L./E /

Congress and signed by the president in 1991 [42]. sc c,Rcu,_- _ .×rISTEA section 1036(a) declares that it is the policy of
the US "to establish in the shortest time practical a US LOAD

designed and constructed magnetic levitation trans- Fig. 1 Schematic sketch of MPW magnetic physics
portation technology capable of operation along Federal- laboratory experimental setup at Academy of Sciences of

Ukrainian SSR, Kozoriz [1-5].
1 Numbers in brackets [ } refer to references at end of paper.
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I Hypothetically,at the instantwhen X = 0 the

guideway SC circuitis opened and SC currentflow

.p _c_c_ _cz ceases, it's magnetic field collapses and transfers the
magnetic potential energy to the stationary SC inductive

___ | _ _ energy accumulator. However, in thelaboratory,this
s'r.,,._3LE| _STA__E energytransferissimulatedby energizingthepersistent

._,_TA_:,,_, _._.. z_ thermal switchto open the SC circuit,thisswitchalso

permitstheinitialchargingoftheSC coil;and,manually

_ displacingthe internalcoaxialSC coilwith theloadcell
x _m _ cable at a small velocity V. Fig. 4a shows the character-

_-X_TA_C_C_ .x istic+P vs +X linearmotor curve obtainedwith this

precedingprocedure.Thisconjectureisbased on obser-
vationsduringthe above laboratorydemonstration,but
Kozorizdidnotconfirmthisspeculation.

Conversely,a brakingcharacteristiccurveof -P vs-

_ P ____c_ X beyond the 'cl'mid pointlineofsymmetry oftheap-
preachingvehicleSC coiland stationarySC coil,issimu-

- _ latedby openingthe currentpath ofthe stationarySC

Fig.2 Definitionofpositivedirectionsforforce+P and coilwhen +X _ 0,then,closingthe SC currentpath
displacement+X and MPW characteristiccurveofmag- when thevehicleentersX < 0. ThischaracteristicMPW

neticlevitationand/or repulsionforce -P vs levitation regenerativebrakingcurveisshown infig.4b.

displacementgap -X obtainedwithsetupfig.1.
V. SC MagneticFluxSwitch

The stablelevitationrange of thischaracteristic

levitationresponsecurveisthepositiveslopeportionof In the precedingSC linearmotor and brakingcon-
the +P vs +X plot,where levitationforceincreasesas ceptdescribedby Kozoriz,thermalswitchingistooslow

levitationdisplacementgap increases.Conversely,the tobe practical.However, fasterswitchingratescan be
negativeslopeportionofthe curve beyond the maxi- obtained with the SC inductive switch concept
mum force+P isunstableand net usefulforlevitation,demonstratedby Spyker and others[48].An inductive

sincelevitationforcedecreasesasgap increasesfurther, two axisvectorswitchexhibitssubmillisecondswitchinr_
ratesand may be more practical.

IV. MPW LinearMotor and BrakingConcept

Fig. 3 illustratesthe hypothetical vehicle and

guideway configurationforthe MPW linearmotor and
regenerativebrakingsystemhypothesizedby Kozoriz[1- __o_,_

5].IntheMPW linearmotor concept,thevehicleSC cir- I

cuit is accelerated toward two stationaly SC circuits,
one on each side of the guideway, at instantaneous
velocity(Vr),and propelledby the mutuallyattractive ×
magneticforce+P between the onboardSC and thetwo _ _-×
stationaryguideway SC coils,asdefinedby Kozoriz.

,m,- _C Cb_7,.L._'r ¢_,...JCXEWA? _ C¢:_..--_ _.j::_C:I'T'Y

_ I='_--_,,L.JRE 44:>

x

G,_ :::> -*- X

Fig. 3 Illustrates a hypothetical MPW linear motor and Fig. 4a/4b MPW linear motor + P vs + X characteristic
guideway configuration concept pc;tulated by Kozoriz is shown in fig. 4a, while MPW regenerative braking -
[1-5]. P vs -X is in fig. 4b, Kozoriz [1-5].
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VI. Sidewall Levitation Experiment _ __\\e.. [_:_!,':
Based on the magnetic physics experimental charac-

teristics shown in the preceding paragraphs, Kozoriz [1- __ •

5] proposed the hypothetical configuration shown in fig. *

5 for a maglev vehicle suspended under a guideway in a ........'_['_gravity field. An example of one of many possible solu-

tion sets, the specific design parameters for the stable __ _ ___

equilibrium suspension of a free vehicle defined in fig. 5 _

are shown in Table I. : :_ .......
Fig. 6 shows the MPW experimental setup in a _

sidewall levitation configuration with three larger SC _ _.coils 600mm inside diameter, 100mm in height, and a _

low ratio between coil thickness and their diameters. A Sidewallsccircuit scSidewallcircuitJ:_stainless steel frame supports two SC magnets in a _ _!
sidewall levitation configuration with the vehicle SC Vehicle _!!

SC circuit _ __:magnet levitated between them as shown in fig. 6. The _,_ :
frame also supports a load and displacement measure- _
ment system. The space between the two outer SC mag-
nets was adjustable so the gap between the ends of the
vehicle and sidewall SC magnets could be varied over a
range of 0 to 200mm.

Fig. 7 shows the circular configuration and size of
one of these large SC circuits and cryostat assemblies
[5]. The coil is off center near the bottom of the cryostat
and centered on the off center hole shown in fig. 7, while
the helium and nitrogen reservoirs are near the top. Fig. 6 Configuration of three 600mm OD SC coils in
The SC magnets were precooled to liquid nitrogen sidewall magnetic levitation experiment viewed from top
temperatures and then to liquid hydrogen temperatures of the assembled test setup [5].
in a two step process. Detachable input current termi-
nals permit a maximum DC current of 300A which pro- _ Jl _
duces a maximum vertical magnetic force of 1200kg. :_

I
GUIDEWAY GUIDEWAY _

CUlT

• :,,_..

cl of SC ooil

X,/E: LOC_ L// +X "I_"

J VEH IjL._E_ DISF:_L_C EMEN T
SC C_IRCUIT K .._: ISt:::_L_' c

LOAD

,:
.::_,.'.

Fig. 5 Coordinate system for the case of a free vehicle
with roof mounted rectangular superconducting circuit, _ '
magnetically suspended in a gravity field in the equi-
librium position, below a sidewall guideway consisting of Fig. 7 Side view of typical cryostat encloses one of the
two SC circuits, Kozoriz [1-5]. 600mm OD SC coils for three coil sidewall magnetic

levitation experiments [5].
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VII.MPW Maglev Power and Energy Requirements forthe refrigerationsystemtomaintainSC coilcryostat

equilibriumtemperature,which can be sizedatabout2

Evaluationof a hypotheticalMPW maglev transit kW/W heat leak rate. The RTRI SC system reports

system,based on the mathematical model and transit [22,27]a cryostatheat leakrateof4 Watts/SC circuit,
cyclesdefinedin reference[46],and designparameter and requiresa heatpump ratedat8 kW perSC cryostat.

assumptionsintableIand tableII,producedthe power
requirements,energy consumption, and energy cost TableIII Energy-power-energycostsforhypotheticalMPW

resultssummarized intableIII.Energy and power are maglevtransitsystem,referencedto25mtonsinglevehicle
................................................................................................................

referencedto the maglev vehicle/guideway.Thus the Energy Requirements: a=4 m/s2 E1 r}l" 0.90
energyinputtothe guideway willbe larger,depending Transit Total To_l Total Energy
on a guideway to vehicle percent efficiency assumption. Cycle Aero MagDrag Accel F,nerKy Cost

Type kW-h kW-h kW-h kW-b $/100km

Table ] -MPW parameters for stable equilibrium suspension in Urban 30.6 1.36 36.8 76 55.63

gravity field, vehicle with mean effective mass one mton/m Suburban 1224 13.6 170 1565 136.05Ratios 40 10 5 5 2.5
car iength, one SC coil per meter ...................................................................................................................
.......................................................................................Power Requirements a=4m/s2

Description of Item Parameters Transit Cruise Cruise Cruise Cruise Accel
Cycle Speed Aero MagDrg Total Peak

Mean effective vehicle Mass lx 103kg/m Type Power Power Power Power

Spacing of two-wire dc line 2m km/h kW kW kW kW

Side of square SC circuit 2m Urban 360 1102 49 l 151 11200
SC circuits/meter of car length 1 coil/m Suburban 720 8813 98 8911 28900

Equilibrium levitation gap, static/dynamic 0.hre Ratios 2 8 2 8 2.6

Center of mass vehicle-plane SC circuit 2m

Current I1 in SC circuit 30x10a A Table IV - Energy Recovery with Regenerative Braking
Current 12 in two-wire line 200x10 3 A t/2 - 0.85 overall efficiency of regeneration system

Magnetic linkage _ISC circuit 0.48 Weber Description of Item Suburban Urban
cycle cycle

Table IIsummarizes MPW maglev vehicleparame- EI Energyinputw/oregeneration,kWh 1565 76
tersassumed forthe power and energycostmodels [46]
defined in the following paragraphs: E2 Regenerated energy returned to guideway, kWh 100 27

Percent energy recovered % 6% 36c__

Table II - MPW Maglev Transit Vehicle Design Assumptions
to evaluate system performance based on the mathematical As examples, urban cycle [46] power requirements,
model and transit schedules defined in [46] at cruising speed 360 km/h, 100 ros: cruise power of
........................................................................... 1102 kW to overcome aerodynamic drag, and 49 kW to

Description of ltem Parameters overcome magnetic drag. Thus, the total steady state

Aerodynamic drag coefficient [47,49] C d 0.2,i4 cruise power is 1151 kW, while the peak power needed
Air density, kg/cumeter 1.29 kg/cum to accelerate at 4 m/s z, from standstill to the cruising
Vehicle frontal area A in sqm 7 sqm velocity of 360 km/h, is 11200 kW. For the higher speed
Mean effective vehicle mass, kt/meter 1000 kg/m suburban cycle [46] power requirements at velocity 720
Vehicle overall length, meters 25m km/h, 200 m/s are: total steady state power of 8911 kW,
Magnetic lift/magnetic drag ratio FL/FD 500 and peak acceleration power of 28900 kW.
Electric energy cost, $/kW-h 0.1 S/kWh Table iV compares the energy consumption with and

Efficiency r/1 guideway input to linear motor 0.90 without regeneration [46] and percent energy saved for
Efficiency _72 regenerative braking system 0.85 the transit system, at the assumed 85% regenerative

braking efficiency. As an example, in table IV, energy
saved over the suburban transit schedule is about 6%

As an example, assuming guideway to vehicle ef- with regeneration, and the urban schedule about 36%
ficiency of 90% for a suburban cycle [46] in table III, with regeneration. As expected, regeneration is most ef-
aerodynamic and magdrag energy requirements would fective and essential for a transit schedule with _requent
require a total energy input to the guideway of 1375 stops and short trips.
kWh, to provide the 1238 kWh, aero I224 kWh plus The peak acceleration power of 28900 kW in table III
magdrag 13.6 kWh, for vehicle cruise at 720 km/h, or suggests a constant acceleration level of 4 m/s 2 from 0 to
200 m/s. Also, addiiJonal energy is necessary for mag- 200 m/s may be unreasonable. Since maximum
netic levitation. This consists of a one time initial ener- guideway tractive force is current limited, more practical
gy charge to the SC circuits, plus the continuous power guideway power characteristics are: a constant tractive
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force of 105000 Newtons from 0 to 100 m/s; and a con- traction force vs levitation gap characteristics as a
stant peak power of 14000 kW from 101 to 200 m/s. coaxial configuration. Although, it appears reasonable

Table V shows the acceleration times and accelera- to expect that a configuration similar to the RTRI EDR
tion levels obtainable with these assumptions: As exam- sidewall levitation system repoz_ed by Tanaka [27], can
pies, acceleration level is about 4 m/s 2 from 0 to 100 m/s levitate at zero velocity when the passive sidewall levita-
vehicle speed, and decreases progressively to about 1 tion coils are electrified, instead of relying on elec-
m/s 2 as speed approaches 200 m/s. Furthermore, 0 to tromagnetic induction due to dynamic vehicle motion.
100 m/s acceleration time is still reasonable at 25 sec- 4) Furthermore, the estimate of a low vehicle drag
onds and acceleration to 200 m/s is an acceptable 77 s. characteristic, and resulting high ratios of (magnetic

Gradeability from standstill on a 30% grade, liff)/(aerodynamic drag plus magnetic drag) is based on
30m/100m, capable of accelerating to 100 m/s in 98 s. the assumption that the maglev vehicle consists of a
On a 5% grade, capable of accelerating to 200 m/s in 108 single car, rather than a series of cars linked together;
s. On a 5% grade with 50 m/s headwind, capable of ac- and also the fact that the MPW magnetic lift does not
celerating to 200 m/s in 112 s. On a 8% grade wi_ 50 depend on powered forward vehicle motion. Therefore,

m/s headwind, capable of accelerating to 200 m/s in 181 the SC MPW concept seems to offer promises that need
s. On a 7% grade, accelerates to 200 m/s in 137 s, and on to be demonstrated by additional tests, aimed at reduc-
a 8% grade in 167 s. ing the MPW concept to a more practical form.

5) The future potential of the MPW maglev and LSM
Table V MPW vehicle acceleration performance as a function propulsion concepts will be determined by the success in
of linear traction motor characteristics assumed: transforming this physics laboratory experimental MPW
0 to 100m/s tractive force limit = 105 kN, 120 to 200m/s peak power limi! ,, 14000 kW

0%Grade0%Grade7%Grade apparatus intomore practicalmaglev and LSM con-

Speed Speed Force Power Acc,el Acc¢l Acc_l figurations.Furthermore,itisnecessarytodemonstrate

km/h mis kN kW time s m/s" mis _ the ability to interrupt the high current levels of a SC76 20 105 2100 5 4.2 3.5

216 60 105 6300 15 4.0 3.3 circuit with an inductive magnetic flux switch, or some
360 lt `_ 105 10500 25 3.7 3.1 other unspecified method" and inductively transfer the
501 140 100 14000 37 3.1 2..i magnetic potential energy to the stationary SC LSM cir-576 160 88 14000 -15 2.,1 f.7

760 200 70 1-1000 77 1.0 0.3 cults in practical time intervals.
6) As a caveat, convincing experimental evidence has

not yet been disclosed to warrant a definitive conclusionVIII. Conclusions and Recommendations
that MPW is or is not a candidate as a third maglev con-

1) The MPW maglev concept hypothesized by cept option, at this point in time.
Kozoriz is a speculation based on the magnetic attrac-
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TIIE ORGANIC GUIDEWAY CONCEPT

Timothy M. Barrows

Cambridge, Ma._achusetts 02139

Abstract - A concept is presentedfor a guideway which f
can be built in stages. The first stage, for low _rat'ficdensities, is / \a simple concrete structure which avoids the need for propulsion Rolling
or _a_qpe__..sionconductorson the guideway. The cost of this stage Bq
is about half that of a typical complete maglev guideway. Later
stages add more elements which increase the capacity of the
system. In this way the most expensive parts of the guideway are

notbuiltunlessandmRiitheyareneeded.i.Introduction wiThe organic guideway concept is a system which can start j
out from very modest beginnings and grow by incremental Istages into a full-fledged maglev system. Each incremental
stage increases the capacity. In other words, the system can
be purchased "by the yard", i.e. an incremental amount of
capital can be used to produce an incremental improvement in Fig. 1 Stage One Vehicle Cross-section
transportation service.

There is a slrong emphasis in this concept on integration a,_d whether the traffic is sufficient to justify the investment.
with our existing highway network. The stage 1 concept is The stage three concept, shown in Fig. 4, is used for traffic
shown in Figures 1 and 2. These show a vehicle which uses above 7500 passengers per hour. lt represents the full-fledged
aerodynamic lift at high speeds and ordinary nJbber tires at maglev system. This traffic level is so high that articulated,
low speeds. Propulsion is by gas turbine, which is capable multi-car traJnsets must be used. Aerodynamic lift is ao
of either driving a ducted far_ or driving the wheels through a longer appropriate, for reasons which will be explained
transmission. For high speeds, the vehicle must travel in a below. In order to allow multiple cars in a train, null-flux
guideway. At low speeds, however, it can travel in designated loops a_neadded to the guidewalls and superconducting lift
lanes of a highway. The general idea is to use the highways magnets are added to the vehicles. The central "advantage of
for pickup and distribution of passengers over a wide area, and magnetic lift over aerodynamic lift is that there is no limit to
to use the guideway as a high-speed trunk line. The vehicle the length of the trainset. For flows of up to 15000
amounts to little more than an oversize bus. Therefor, passengers per hour, two-car wainsels would be adequate.
minimal changes are required to a highway lane in order to At an early point of development, a network for this
accommodate such vehicles, lt would not be necessary to organic guideway concept would assume the dendritic
exclude private automobiles from such lanes. The most structure shown in Fig. 5 (a). Each of the lower stages feeds
significant changes would be some widening of on-ramps and traffic into the higher stages, thus developing enough traffic
off-ramps which have small tuna radii, to support the overall investment. Stage two guideways feed

For levels of traffic between about 1000 and 7500 into the stage three central trunkline, just as the stage one
passengers per hour, stage two would be used. This is shown guideways feed the stage two guideways. Existing highways
in Fig. 3. The suspension concept remains unchanged. The feed into the stage one guideway. The crucial advantage of
gas turbine propulsioa system has been replaced with a linear this concept becomes clear when we examine Fig. 5(b),
synchronous motor. There is a superconducting magnet on which shows the same network at a later stage of
the vehicle which serves as the rotor. The guideway winding development. Those parts of the network which have
is located on a central stem in the middle of the channel. This experienced traffic growth would be upgraded to the next
requires a large capital investment, and provides the benefit of higher stage. Thus the network "feels" its way forward,
lower operating cost per vehicle. The decision to make the sending out shoots into the traffic market and increasing the
crossover between stage one and two would be made in much capacity of the branch and trunk lines wherever the necessary
the same way that railroads decide to electrify a given line -- traffic is found. To go from stage one to stage two ii is
it's an economic decision based on the projected pric,; of fuel necessary to add the linear motor windings, substations, and

variable frequency wayside inverters. The basic guideway
Manuscript received March 18, 1993. This work was structure remains unchanged. Stage three requires the further

supported in part by the U.S. Department of Transportation under addition of null-flux loops, plus some modification of the
contract DTFR 53-92-C-00003 switches.
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congestion occurred multi-car trains were used and then the carries 75 passengers. Thus some of the numbers in Table 1
lines were put underground. Indeed, one could say that ali were derived by taking the corresponding number of the
existing transportation modes are organic from the standpoint MITRE vehicle and multiplying them by a reduction factor.
that in their early stages viable systems could be built using This reduction factor was somewhat greater (i.e. less
relatively small amounts of capital, reduction) tlum the ratio of passengers (75/100 = 75 percent)

The organic guideway concept can result in a truly national since some of the vehicle elements do not scale with the
system which serves a large range of traffic densities. The number of passengers.
emphasis is on building the appropriate system for a given

place and time, in such a way that it can evolve as traffic TABLE 1

needs change. Data Summary for the Stage One Concept,
I1. STAGEONEDESCRIPTION Based on the MITRE Tracked Ram Air Cushion Vehicle,

75 Passenger, Huid Propelled Concept

In order to begin with the simplest possible guideway, this
stage uses aerodynamic suspension and propulsion for
operation on the guideway at sufficiently high speeds, and Vehicle:Length 29 m
retractable wheels for low speeds. This eliminates the need Width 3984 mm (between
for some of the most expensive elements: guideway levitation winglet tips)
and propulsion windings, substations, and variable frequency Height 3 m
wayside inverters. The notion of using aerodynamic lift for
suspension of a ground transportation vehicle is fairly well Guideway:
established. In 1974, MITRE Corporation performed a Inside Width 4m
system definition study of the Tracked Ram Air Cushion Height (levitation to surface to 1.5 m
Vehicle (Ref. 9), which is similar to the present stage one top of side wall)

concept. If the flow is confined around the sides of the Weight
vehicle, it is not necessary to have wings in order to have an Net vehicle weight 23,000 kg
efficient lifting system. Thus in Fig. 1 there is a set of Passengers, crew & baggage 8,000
hinged panels, herein called winglets, at the sides of the Fuel 3.000
vehicle whose tips come into close proximity to the Gross vehicle weight 34,000
guidewalls. These panels partially seal off the pressurized air Propulsion Means (Fluid
under the vehicle. Each panel is held in position by a M.gmr,alamlJ;
pressurized air bag, which serves as a secondary suspension, Two Fans: 1.4 m. dia.
in the same way that pressurized air springs are used in most
rail passenger cars. The design of these panels is almost Prime Mover: aircraft-type
identical to that of the French Aerotrain cushions. The major turboprop
difference is that the French design used air compressors to gas turbines, 3000 shp
pressurize both the air bag and the plenum region between the (22.5 MW) each
panel and the guideway, whereas the present design uses the Performance
dynamic pressure associated with the forward speed of the Cruise speed 134 m/s
vehicle, so that no compressors are needed. These Reserve thrust at cruise 5,000 N (1.5% grade)
lightweight panels only add a negligible amount of weight to Maximum static thrust 42,000 N (.135 g's
the vehicle. There is a simi 'lar set of panels under the vehicle Cruise thrust shaft power initial acceleration)
which are used in switches (not shown in Fig. 1). Energy requirement at cruise 3.4 MW

A considerable body of research was conducted at Princeton 2000 Btu/seat mile
on the concept of arJ aerodynamically suspended vehicle
traveling in a channel guideway. A theory was developed to Eg,L_dutiaa
predict the forces and moments about ali three axes, which led Average cushion gap at cruise 38 cm (15 in.)

Average winglet gap at cruise 8 mm (0.3 in.)to a detailed model of the longitudinal (heave and pitch)
dynamics. Three types of experimental tests were conducted Vertical stroke (based onrealistic
to correlate the theory: wind tunnel tests, tests in which a acceleration limits) :t:10 em (4.0 in.)
model was held in a moving carriage, and free-flight tests. • Body :L-4mm (0.17 in)

Fig. 2 shows a side view of the vehicle. There is a pair of • Winglet
ducted fans in the front which are each powered by a gas Noise
turbine. There are also movable control surfaces in the front As shown in Figure 2 with a 106 db(A) at 50 ft., 300
and rear of the vehicle which provide control of pitch, yaw, muffled fan and gas turbine mph
roll, and sway. Table 1 gives a summary of the
characteristics of the vehicle. The MITRE vehicle was With maximum acoustic treat- 95 db(a) at 50 ft., 300
designed for 100 passengers, whereas the present vehicle ment of vehicle and guideway mph
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There is a large ?verage gap between the vehicle and the field which falls off very rapidly with distance so that it is
guideway, which will greatly alleviate problems of snow and easy to shield the passengers from it. This allows the
debris Maintenance veh_les are used to periodically clear the magnets to be exte.nded for almost lhe entire length of the
guideway of objects which are small enough to be thrown by vehicle, resulting hl much greater propulsive efficiency, since
people or blown by th_ wind, The hxge avf:rage gap allows almost ali the guideway windings under the vehicle are
the vehicle to pass over such objects unharmed, lt is assumed actively l_'oducing thrust.
that the majority of guideway will be elevated so that tile
possibility of larger ol_ie.t..ts getting onto the guideway is (2) A flat stator winding is not consistent with the
negligible. For those s_ctions of guideway which are not strategy for dealing with debris and snow described for the
elevatcd, special provisio_rlsmt:st be made to detect or prevent stage one vehicle. With the stem design, there is a large area
such intrusions, at the bottom of the guideway in which debris can sit

Switching and banking of the vehicle in mr'ts on the haxmle.ssly until a maintenance vehicle has a chance to
guideway are done in the sanJe manner as described below for remove it. Snow can accumulate to a depth at which it is
the stage two concept, easily removed. Many practical problems are foreseen with

The question might be raised as _ whether it makes sense the ft,at stator co_ept, esp_ially under icing conditions.
to have people begin their trip at 55 or 60 mph using stag_
one vehicles rather than having them use an ordinary bus and (3) The stem is the only part of the guideway which
change vehicles before getting on the guideway. This experiences high levels of magnetic flux. This allows the use
question can be answered with another question: "how many of reinforcing steel at the outside regions of the floor of the
people ride to the airport in a bus?" The fact is that almost guideway, and only requires the use of non-conducting, non-
every ride to an airport takes piace in a car or taxi. The 75 magnetic reinforcement in the immediate vicinity of the stem.
people who would ride down the highway in a stage one
vehicle represent 75 cars or taxis not causing congestion. (4) The vehicle can bank relative to the guideway while
From a passenger standpoint the stage one concept is vastly maintaining a small magnetic airgap for the propulsion
preferable, for several reasons, lt avoids the delay of system.
transferring vehicles. With a bus, schedule delays or traffic
conditions may mean the intended guideway vehicle is In order to obtain a greater insight into the advantage of the
missed, whereas if a passenger is aboard his stage one vehicle toroidal magnet, the reader is referred to Fig. 6, which shows
at the beginning of the trip this is not a problem. Finally, a magnetic field which is enclosed between two conducting
baggage does not have to be transferred from the bus to the sheets. The current flows into the page for the inner sheet
guideway vehicle, and out of the page for the outer sheet, lt is possible to

There is a problem with any vehicle which carries fuel in arrange the distribution of current so as to prevent any leakage
tunnels. This problem can be circumvented by specifying of flux beyond the outer ellipse, i.e. lm external field. When
that any portion of the system which requires a major tunnel the magnetic field is not completely enclosed but has an
must have magnetic propulsion (i.e. must be either the stage opening at the bottom as in Fig. 3, some flux leaks out.
two or stage three guideway) Since tunnels themselves Fig. 3 shows how the passengers will be shielded from this
represent a major capital expense, which is only justified in flux. There is a high-temperature superconducting shield on
the case of high traffic densities, it is consistent to go to the either side of the toroidal magnet which essentially blocks
more expensive version of the guideway anyway. With most of the flux which would otherwise leak around the
shorter tunnels, it should be possible to use stage one outside of the torus. This has the added benefit of increasing
vehicles. The safety problems are not markedly different from the flux passing through the stator coils, thus increasing the
the situation with vehicular traffic, i.e. certain restrictions and propulsive efficiency.
spocial operating prt:w,.eduresmay be required.

Outer Current
m.rrAczTwoDESCRIZnON Sheet

The stage two vehicle (Fig. 3) has ali the elements of the Inner Current
stage one vehicle except for the gas turbines and the ducted Sheet
fans, which are replaced by a linear synchronous motor. The
vehicle magnets use a toroidal flux path, and there is a
double-sided stator winding on a stem in the middle of the
guideway. Although it is very tempting to avoid the
complication of the guideway stem by having a flat,
horizontal winding on the bottom of the guideway, the stem
offers four major advantages over the flat suitor winding:

Figure 6 Currents can be distributed around a closed path in such
(!) The toroidal magnets have a compact and intense flux a way as to contain lhe flux to the interior region
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Fig. 7 "shows the vehicle at high speed in a banked turn. proximity to the bottom of the guideway. These panels take
The vehicle sits higher in the guideway in these curved over lhc function of sealing off the pressurized air under the
portions so as to maintain at least a six inch clearance at ali vehicle, which is normally done by the hinged panels on the
points where debris might be found on the guideway. In order sides. Thus lift can be maintained without the sidewalls. As
to accommodate this extra height, there are short extensions with the side panels, the bottom panels are held in position
on the guidewalls, and the linear motor stator on the by a pressurized air bag, which serves as a secondary
guideway is higher. The vehicle tilts about a point just suspension, only this time in the vertical direction. The
above the top of the stem so there is no requirement to propulsion stem on the guideway must gradually transition
articulate the toroidal magnets relative to the vehicle, into the flattened shape shown. This shape will have a

When the vehicle is stopped or moving slowly the wheels somewhat reduced magnetic coupling which requires thicker
are deployed. In this situation the floor of the vehicle is suitor conductors in the switches in order to maintain the
parallel to the floor of the guideway, so that the maximum same level of thrust. Fig. 9 shows a view of the switch
unbalanced superelevation is the same as that of the guideway further down the guideway. The right side of the bottom of
(15 degrees), the guideway in Fig. 9 is sloped, so that when the vehicle

Figures 7 illustrates the advantage of having toroidal enters the fight branch of the switch (the curved branch) it
magnets on the vehicle interacting with a stem on the will tilt, thus maintaining passenger comfort in the curve.
guideway: the vehicle can tilt and still maintain good The lift vector is also tilted, thus helping to pull the vehicle
magnetic coupling between the vehicle and the guideway, to the right. Once it has started to the right, the vehicle will
This provides ideal design characteristics. A larger tilt than assume a stable position along the right guidewall as shown
that shown in the figures is quite possible. Other designs in Fig. 9. The overhead covers for the switches are only
involve some disadvantage. A tilting mechanism, as with the necessary in the initial portion of the switch, where the
Swedish X-2000, requires an increase in the frontal area of the average gap is reduced. In these sections, the vehicle may be
vehicle plus a heavy mechanism. These drawbacks can be vulnerable to crosswinds or debris on the guideway (due to the
overcome by having a guideway with a rounded bottom, as reduced average gap). Once the vehicle is clearly on one path
with the Magneplane design, but this means the vehicle or the otter ac over is no longer required.
magnets become decoupled from the guideway stator at large
tilt angles.

coverforswitchentrysections

,Rolling Big

Region

pmnelforswitchsections

Figure 7 Stage two vehicle at 134 m/s Figure 8 -- Entry section of stage two switch concept

Low-speed switching is accomplished in the .same fashion The lateral force necessary to accomplish the actual
as is used by conventional wheeled vehicles negotiating a switching is provided by a pair of deployable speed brakes as
highway off-ramp. The vehicle is simply steered onto the shown in Fig. 10. The angle of these speed brake airfoils can
desired branch of the switch. The high speed switching be controlled in a symmetric mode or an antisymmetric mode.
concept is shown in Fig. 8. The entry portions of the If they are turned antisymmetrically (i.e. both to the fight)
switches are covered to prevent debris and snow accumulation they produce a controllable side force. They are turned
and to provide extra protection against crosswinds. There is a symmetrically to provide aerodynamic braking. The side
set of hinged panels at the bottom of the vehicle (similar to force from these deployable airfoils is used to push the
those at the sides o1"the vehicle) whose tips come into close vehicle onto the exit branch of the switch (the curved branch,
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shown to the right in Fig. 9). lt is only necessary to
produce a large control force at the front of the vehicle. The IV. STAGETHREEDESCRIlrI'ION
vertical flaps at the trailing edge of the vehicle are sufficient
to control the position of the aft end, even without the The stage three concept allows multiple-car trainsets.
presence of sidewalls, lt is not necessary to deploy the Aerodynamic lift is no longer appropriate, since it is not
airfoils if the vehicle is following the straight path. effective when the length to diameter ratio is greater than

There is sufficient average gap between the gnideway stator about 20. The problem with aerodynamic lift is that for
and the superconducting magnet to accommodate mainline practical reasons the design must allow a small amount of air
curvature. For fighter tunas, the guideway stem can be made to leak out between the tips of the winglets and the guideway.
narrower or lower, as shown in Fig. 9. There is enough air entering beneath the front of the train for

a single car, but not multiple cars. Lift for the stage three
vehicle is provided by the addition of levitation coils on the
gnideway stem (Fig. 4). As with the stage two vehicle, there
is a set of toroidal magnets along the centerline of the
vehicle, but in the case of stage three they provide lift in
addition to propulsion. Because of the fact that the lift acts at
the center of the vehicle, it is necessary to add a set of roll
control magnets, which interface with null-flux loops on the
guidewalls. The null-flux loops have a figure eight
configuration, similar to those on the Japanese MLU002
maglev vehicle. There is one pair of roll control magnets at
the front of the vehicle and another pair at the rear. Each pair
is mounted on a bar which is pivoted at the vehicle centerline.
The vehicle can be tilted relative to the bar, thus allowing the
vehicle to bank at high speeds in turns. The bar will
maintain a fixed position relative to the guideway. The roll
control magnets are sufficiently far from the passengers to
avoid exposing them to strong fields.

The requirements for guidance forces for this vehicle are
small relative to other concepts, due to the protection from
crosswinds afforded by the guidewalls. The limited side force
which is required can be st,pplied by a combination of
magnetic force from the lift coils and aerodynamic force.

A switch concept for the stage three vehicle has been
worked out, but space does not permit a complete description
here.

V. SNOWAND ICE REMOVAL

There are drain holes on both sides of the central stem.
These take advantage of the heat available from the
propulsion windings which can be used to melt ice.

Figure 9 Downstream section of the stage two switch concept Snow is removed by a combination of low-speed snow
removal equipment and special scoops on the passenger
vehicles. After the guideway has been idle for some period of
time, such as in the early morning, automated snow removal

U" --' Deployable equipment will clear it for the passage of the first vehicle. As
Speed Brake/Side Force more snow falls, it will accumulate in the bottom of the

\ Airfoils guideway. This does not create any difficulty because of the
\ large average air gap. When there are three or more inches of

accumulation, special scoops on the vehicles are deployed.

These scoops are small enough to avoid causing excessive

f drag. The idea is to have each vehicle remove a small portionof the snow and to keep the accumulation below six inches.
The scoops have a slip heel which rides on the surface of the
snow and thus regulates the depth of snow which is removed.

.......... They create a narrow stream which ksdirected up and over the
t"//////////////'/'#///////f/'/'/////l/////////////////////////////L guidew all.

Figure 10 Deployable speed brakes are used to generate guidance If there is a period of time during which the number of
forces in switches vehicles per hour is too low to do this effectively, then the
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snow removal equipment is again brought in. By limiting C_midewaySing:tare 12M
the requirement for this equinment in this way, there is Command and Control IM
minimal disturbance of the hign-speexl vehicle traffic by the Total Stage One Cost 13M
low speed of the snow removal equipmenL

Guideway Propulsion Elements 4M
Levitation/Guidance Coils 3M

VI. FREIGHTTRANSPORTATION Electrification 5M
Total Maglev Guideway Cost 25M

Ali three stages of the guideway can be used by tractor-
trailer trucks during the hours between midnight and 6 am. VII. CONCLUSIONS
This concept is shown if Fig. 11. A portion of the resulting
savings in delivery cost could be u._xl to help defray the cost The conventional view of maglev vehicles is that they
of the guideway. This assumes there would be no high-speed represent some kind an advanced, high-speed train. The
passenger vehicles on the fine, so the trucks could travel at 60 present concept is quite distinct in that it represents an
mph. By taking advantage of the guideway sidewalls, it evolution of our present highway system. It is the most
becomes possible to have several trailers behind one tractm', intermedal of ali high speed ground transportation concepts.
The traca)r-trailer combinations would have to be modified The organic guideway can be seen as a dedicated highway lane
versions of conventional trucks. The tractors would be larger for high-productivity trucks and buses. The buses achieve
and more powerful. Automatic st,:ering would be used to their high productivity in terms of passengers-miles per hour
keep the trucks in the center of the guideway. The trailers by operating at increased speed. Trucks can achieve higher
would also have provision for automatic steexing, and would driver productivity in terms of ton-miles per hour by
have solid rubber rollers on the sides in case slippery increasing the amount of tonnage, i.e., by operating longer
conditions cause them to slide into the guidewalls. Driver combinations than are possible on a conventional highway.
producuvity could be increased by a large factor with such
long combinations. It is worth noting that the DOT has REFERENCES
invested a c3nsiderable amount of effort developing
autom'_biles which steer themselves automatically by [1]. Aidala, P.V., 'Lateral Stability of a Dynamic Ram Air
following a cable buffed in the roadway. Automatic vehicle Cushion Vehicle', U.S. Dept. of TransportationReport No. FRA-
control is one of the long-range goals of the IVHS program. ORD&D-75-6, PB236516, 1974.
The present concept would be a perfect application of this [2]. Barrows,T.M., 'Fluid,Magnetic, and Mechanical Suspension
technology. Concepts for High Speed Ground Transportation', Technology

Review, Winter 1975.
[4]. Barrows,T.M., and WiP.nall,S.E., "I'heAerodynamicof Ram
Wing Vehicles for Application to High Speed Ground
Transportation',AIAA Paper No. 70-142, Jan. 1970.
[5]. Barrows, T.M., et.al., _l'he Use of Aerodynamic Lift for
Application to High Speed GroundTransportation',PB 197 242,
1970.
[6]. Beccadoro, Y., Wowing Tank Tests on a Ram Wing in a
RectangularGuideway', FRA-RT-73-34, (PB 210 743), 1973.
[7]. Curtiss, H.C., and Putman, W.F., 'Experimental
Investigation of Aerodynamic Characteristics of a Tracked Ram

_ ______L_ Air Cushion Vehicle', U.S. Dep't. of Transl_rtation Report No.

DOT-TSC-OST.78-1, Jan. 1978.
[8]. Curtiss, H.C., ct.al., The Aerodynamics of TrackedRam Air
Cushion Vel-Acles- Effects of Pitch Attitude and Upper Surface
Flow', Princeton Univ. MAE Tech. Rept. 1426, also Dep't. of
TransportationReportDOT-TSC-RSPA-79-17, 1979.

Figure 11 FreightTransportationConcept [9]. Fraize, W.E., and Barrows, T.M., fr'he Tracked Ram Air
Cushion Vehicle TRACV', MITRECorp. ReportMTR-6554, Nov.
1973. Also FRA-ORD&D-74-27

VII. GUIDEWAYCOSTS [[10]. Sweet, L.M., Luhrs, R., and Curtiss, H.C., 'Two.
Dimensional Dynamics of Tracked Ram Air Cushion Vehicles

The following cost summary shows that a stage one with Fixed and VariableWinglets', MAE Dep't., Princeton Univ.,
guideway would cost about half of what a typical maglev 1978-79; and ASME Publication 79-WA/DSC-11.
syste"_ ,ould cost. Costs are SmiUion pcr mile for a double [11]. Widnall, S.E., and Barrows, T.M., 'An Analytical Solution
gui,,_ewayin flat ruralconditions, and do not include sales tax, for Two- and Three- Dimensional Wings in Ground Effect', J. of
project management, contingency allowance, or fee, ali of Fluid Mechanics, vol. 41, p. 769.
which add about 60 percent.
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Magneplane Vehicle Dynamics Simulation
MAGLEV '93, Argonne National Laboratory, May 19-21, 1993.

Presented by William Aitkenhead, Magneplane International

Abstract
The US SCD efforts addressed the limitations stated

The Magneplane maglev configuration relies upon a trough above and have arguably succeeded. However, a clear
shaped guideway supporting avehicle with two saddleshaped dynamics discussion of the various maglev
arrays of levitation and propulsion magnets. The levitation configurations is not evident.
magnetsare tilted 35 deg. with respect to the horizontal plane

providing a center of lift in the vehicle above the center of A scale Magneplane system was tested in the early 70's
mass. demonstrating the critical need for active damping

This paper presents the magnetic and aerodynamic force and control and the requirement to solve the vehicle
moment inputs and disturbance conditions for a 6 degree of dynamics problem in 6 degrees of freedom. For
freedom vehicle dynamic response model. Ride quality example, the testing program showed a critical coupling
results and control actuator response needs are presented, between the roll attitude and the propulsion drive that
The vehicle response to a 2" guideway discontinuity is also was not solved until the invention of the magnetic keel.
calculated. Unfortunately model testing at 1/25th scale does not

allow proper scaling of the forces acting on the vehicle.
INTRODUCTION In fact, the scale model test was equivalent to operating

a full scale vehicle at 1 m/see.

The ongoing discussion of the pros and cons of various
configurations for maglev transportation systems seems lt is the purpose of this paper to describe the modeling
to center around the cost and benefits for the various effort that establishes the 6 dimensional behavior of the

methods. While recognizing the importance of Magneplane maglev vehicle and shows how this
estimating system costs and the system utilization that configuration meets the criteria for safe and comfortable
can pay back capital and operational costs, we believe ride.
that a more fundamental issue needs to be addressed;

that issue being the efficacy of maglev configurations THE MAGNEPLANE CONFIGURATION
for producing a safe, comfortable ride using achievable
construction and assembly methods. The Magneplane maglev configuration relies upon a

trough shaped guideway supporting a vehicle with
To date the only high speed maglev system to saddle shaped arrays of levitation and propulsion
demonstrate a safe and comfortable ride is the German magnets as shown in Fig. 1. The levitation magnets are
Transrapid. However, the Transrapid does not meet tilted 35 degrees with respect to the horizontal plane.
many of the U.S. market imperatives. The capital cost They provide a center of lift in the vehicle above the
is high; the construction tolerances are high; the center of mass so that the suspension is naturally stable.
allowable guideway deflection is low. The U.S. NMI This configuration also couples lateral and vertical
office sponsored 4 System Concept Definition (SCD) motions.
efforts in order to evaluate a number of different

schemes vs. the existing Transrapid. The Magneplane system uses a. 15m (6") levitation gap
lowering the natural frequencies for pitch and heave

Work sponsored by Army COE contract no. DTFR53-92-C-00006.motion tO well less than 2 Hz. This suspension has
Dynamicsmodelingperformedby LincolnLab.Aerodynamics; James very low natural damping and must be damped by
Burnside, Michael Judd, and Charles Haldeman, et al. Magnet analysis by
Mrr Plasma Fusion Ctr., Bruce Montgomery, Richard Thome, Robert active control of the propulsion system and by aero-

Pillsbury, and Richard Hale, ct ai. Linear synchronousmotor force analysis dynamic control surfaces.
by Failure Analysis Assoc., Electrical Div., Don Galler, et al.
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Fig. 1 Vehicle and Guideway Cross Section. Note: typical bogie arrangement.

Because the natural frequencies are low, good damping 2. Because the Magneplane uses sheet aluminum
performance can be demonstrated at control bandwidths conductor to generate lift forces, the induced
that are achievable in these devices. In addition, due to magnetic field generated by the guideway is
the large gap, the Magneplane suspension is extremely uniform as the vehicle travels along a span of
forgiving to large perturbations to the guideway. We guideway. Field variations do occur between
have analyzed guideway gaps of up to 2" showing peak guideway spans but have been found to have
accelerations exerted on the vehicle structure of .25g. minimal impact on lift and drag.
Ali of this is accomplished without a secondary

suspension. The vehicle natural frequencies are: 3. The conductor providing the vehicle support is
integrated into the support stn:cture. There is

TABLE I no requirement for lift coil constructioo,
Vehicle Natural Frequencies and Damping insulation and mounting•

Modg Frequency (Hz,) Damping Factor. MODEL
Heave 1.27 .0077

Pitch 1.46 .025 The dynamic response and ride-quality simulation is
Sway 0.92 .106 based on the six degree of freedom rigid body equations
Yaw 1.06 .034 of motion. The parameters affecting vehicle dynamic
Roll 0.64 •020 response are:

Other important properties of the magneplane 1. Magnetic and aero-dynamic stiffnesses.
configuration include: 2. Aztive control system characteristics.

3. Mass properties.

1. The center of lift is above the center of gravity 4. Magnetic and aero-dynamic passive damping.
and is attitude independent• The Magneplane

vehicle naturallybankstoacoordinatedattitude The magnetic forces acting on the vehicle are

in a curve, characterized by non-linear springs about equilibrium
positions.
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Levitation Magnets Lateral forces on the propulsion magnets are created by
the interaction of the propulsion coils with the LSM and

For the levitation magnets we write for lift: with the edge of the aluminum sheet vs. lateral
deviation from center line. These effects have been

F= = F, [-ho/01o+h)]t'6 calculated and modeled as:
where Fm = magnetic lift,

Fo = reference lift force at height h. Fl(y) = Ay3 + By2 + Cy
and velocity v,_.. where y is the deviation from the center line,

h = deviation from ho. A, B and C are fit to the calculated lateral

Fo changes slowly with velocity and is assumed constant forces.
for small vei ,city changes,

Aerodynamic
The relation for drag is written:

D(h,v) = D, [ho/(h.+h)] 1"6"[v./(v,+v)] 1'2 Other forces acting on the vehicle include aero-dynamic
where D(h,v) = magnetic drag, lift and drag on the vehicle body and aero-control

Do = reference drag at ho and v., surfaces. For the body forces we write:
Vo = reference velocity,
v = deviation from ro. F_,,,(v) = 1/2 p Cd S (Vo+V)2

where p = air density,
A lateral force on the levitation magnets vs. proximity Ca = coef of drag or lift, includes
to the inner edge of the aluminum sheet is calculated induced drag of control
and found to be small with respect to lateral forces surfaces,
acting on the on-board propulsion magnets. The net S = reference area,
lateral force on the levitation magnets due to their roll v. = reference velocity,
attitude with respect to the guideway is calculated and v = velocity deviation.
included in the lateral force state equation.

The components of total Ca are: fore body drag, base
Propulsion Magnets drag, ground interference, and control surface induced

drag.
The forces on the propulsion magnets include thrust, lift
and lateral forces. The thrust is created by the The aero-dynamic control forces are modelled by lift
interaction of the propulsion magnets with the LSM vs. wind speed and control angle for 5 control axes.
windings in the guideway. The magnitude of thrust is We have assumed orthogonal control authority and
a control parameter and varies vs. LSM current and the closed loop controller. Drag forces on control surfaces
phase relationship between the LSM current and the on- are assumed to be constant.
board propulsion coils.

Damping
The LSM current also interacts with the propulsion
magnets to produce lift forces. By operating near 0 Magnetic and aero-dynamic passive damping factors
degree phase angle it is possible to use changes in the have been calculated (See Table 1.) and found to be at
phase angle to control the lift with small changes to the least an order of magnitude too small to contribute to
thrust, adequate vehicle damping.

For both thrust and lift forces a height variation is Mass Properties
calculated as:

F_ = Fo [ho/(ho+h)] The mass properties of the vehicle were established
where F= = magnetic force, using the full layout of the on-board vehicle equipment

Fo = reference force, and passenger load.
ho = reference height,
h = deviation from ho.

103



Equations of State The gust distribution used is based on the Davenport
model:

The forces acting on the vehicle are written: nS(n) = 4 x2 u_/(l +xr) _3
where S(n) = gust velocity spectrum,

Fx = Thrust(vehicle speed, height at each bogie, n = gust frequency,
LSM current and phase angle) - u_ = friction velocity,

Drag_o(vehicle speed, wind gust) - x = 1200 n/Uto,
Drag_+M(vehiclespeed, height at each bogie) Uio = 1 hour average wind speed at

10 m,
F, = Lift_._(vehicle speed x and z comp., wind gust) u' = standard deviation

+ Lift,,**t_ _,,,..(ve,hicle speed,
control surface angle) + = 2.5 ut = U1o/5.7.

Lift_.,,.,,._,,,t0aeightat each bogie) +
Liftp,,_.m_,,_(heightat each bogie, The guideway roughness is treated as filtered white

LSM current and phase angle) noise with the following spectrum:

Fy= Side Forced,ro(vehicleside velocity, wind gust) St_(60) = A u / 602

+ Side Forcec,_t,.ol,u_._(vehicle speed, where S_(co) = guidewaydisturbancespectrum,
control surface angle)+ ca = disturbance angular frequency,

Side Forcel,v.,,_.8(vehicleattitude, A = 6.1 x 10.8 m (welded rail),
height at each bogie) + u = vehicle velocity.

Side Force,,_.ti,: _.j0aeight at each bogie,

lateral displacement) The periodic guideway deflection vs. time is modeled

Similar expressions are written for the moments. The as"

above equations are supplemented by the relations So(t) = .5 ao sin(2 7r u t/l.r,J
between the state variables to the center of gravity where u = vehicle velocity,
location and Euler angles and by the kinematic a_ = dynamic deflection amplitude
relationships between the individual magnetic gaps and of the span,
the vehicle position and attitude relative to the I._ = span .ength.
guideway. The gap relationships include the effect of
guideway misalignments and flexibility. The combined guideway disturbance from the above

conditions is shown in Fig. 2.

Control Model The acceleration demands of following the guideway

The control method employed tbr the analysis of the through various curves and grades have been included
in the modeling of the vehicle behavior.vehicle operation is linear, constant coefficient, full

state feedback control using the linear quadratic

regulator method. The full non-linear force and 0.o_, VerticalGuidewayDisturban_:RoughnessplusDeflection
moment equations are used to calculate the time varying [

behavior of the vehicle. _0.o05

System excitations and forcing inputs are: _o.0o5
1. Wind gusts and turbulence. |
2. Guideway mis-alignments, roughness and

flexibility. °°_o 2o 40 60 8o _oo _zo _4o _o 8o
3. Virtual forces resulting from accelerations ,_l_c__o_gg_,_w,y_m_

caused by grades and curves. Fig. 2 Combined guideway disturbance.
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Z Acoeleratio¢_.SST Zone 1
100

RESULTS
Summaries of the vehicle response to route segments _ 10-! _'__ ISOIhourlimit
with the combined disturbances described above are _ _o_o_sic_,_gi,,_

calculated and displayed by the Peplar Index and the 1/3 i 1o-2, /_____/_ _
octave spectral plots. The Peplar ride quality index is im:shown in Table 2 for various segments of the < to.3

hypothetical route defined for the SCD study and the
required actuator response to achieve the ride quality 1o-,
results. Note that the RMS excursions are well within lo-, 1oo 1o, 1o2

reasonable limits. Fig. 3 displays the ISO results for a YAc_l_on.SSTZo,c 110o

typical segment. __

Finally the vehicle response was modeled for a major _ tl, ___iso_ ho_am_
disruption to the guideway described as a 2" vertical _] ___t
gap in the guideway. The maximum acceleration _ t0.z
observed at the vehicle center is .25 g. Accelerations _

vehicle will be somewhat higher. The _at the ends of the

large levitation gap enables the vehicle to negotiate a t0.3 __. ssr,_ t_mu_auo, 1

significant guideway disruption with minimum hazard J
to the passenger. _°i'_i _oo _o_ to2

X Acceleration, SST Zone t

TABLE 2 too ..... _.

Peplar Ride Quality Index and RMS Actuator Values

Severe Seg. Number 1 2 _ 4 :_ 1o._
g:

Ride Quality Index 1.83 1.84 1.82 1.77 _ l°z I-
F \ ___ ....

LSM Thrust (103 N) 34 37 23 3.3 1°3l _u_a_on
LSM Vert. (103 N) 4.0 4.1 3.6 4.5
Aero Vert. (deg.) 9.4 10.2 6.4 1.3 _0_*lift too 10t 102

Aero Sway (deg.) 5. I 4.9 5.0 2.6 r_eqne,cy_)
Aero Pitch (deg.) 10.8 9.8 7.1 3.2
Aero Yaw (deg.) 5.9 5.7 5.8 1.8
Aero Roll (deg.) 10.2 9.1 6.3 3.9 Fig. 3 ISO acceleration plots for segment of

hypothetical route.
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Technology and Costing Considerations for Full Maglev System Development, As
Derived from Bechtel's System Concept Definition Exercise

J. C. Perkowski

Manager, Advanced Civil Systems, Research and Development, Bechtel Corporation
P.O. Box 193965, San Francisco, California

94119-3965

Abstract consult the summary report of the NMI planned for

The recent NMl-sponsored System Concept Definition issuance to Congress and the public this spring.
exercise provided an opportunity to assess our current
design knowledge base and identify technology uncertainties II. Current Concept Cost Estimate

requiring further research during a prototype development Our overall concept cost estimate is represented in
stage. Also, through the development of a comprehensive summary form by Table I This table includes acost estimate of the Bechtel team baseline concept, we were
able to determine areas of focus for further work to reduce comparison between our baseline concept costs and costs
total systems costs. This presentation will summarize our provided to our team (as well as to the other three System
results in both of thes¢ areas (technology and cost estimation) Concept Definition teams) by the NMI staff, based on the
and provide a conceptual approach for how to guide and document "Maglev Cost Estimation: Capital Cost
manage further research efforts as we move towards full Elements," January 1992 Interim Report, prepared for the
prototype development. It will also examine the Institutional Volpe National Transportation Systems Center. For
implications related to cost effective prototype development, convenience we have labelled thi3 information as the
with suggestioils of alternate approaches to improve chances Government Cost Model, since it was provided as the only
for successful system implementation. Government costing guidelines available during the course

of the SCD study. Footnotes to Tat'.ie l clarify the data and
1. Summary of Bechtel Team Concept point towards areas requiring further costing study as

A team of organizations headed by Bechtel completed maglev concepts continue to evolve.
one of the four maglev System Concept Definition (SCD)
exercises recently sponsored by National Maglev Initiative III. Areas of Major Cost Ur'_ertainties

(NM1). Our team concept can be defined as including the Table II represents our effort at providing a "reduced
following key systems and features: first cost scenario" for those perceived circumstances

where an investor is more interested in minimizing first
• A high efficiency electrodynamic suspension system costs than in any other investment criteria. The single

that minimizes energy use and can suspend the largest line item change is with regards to the guideway
vehicle to very low speeds electrification subsystem. Although there are few

• A box beam guideway that minimized total structural precedents indicating utility interest in assuming the first
system cost and environmental impact while cost burden for ali utility-related components of major
providing a high degree of safety and a long service transportation installations, it is reasonable to assume that
life utilities operating in the service region of a maglev system

might be induced to join the team during early planning
• A linear motor propulsion system that provides high stages and offer a financial arrangement that draws upon

acceleration and b_aking capability and that can also their available capital resources rather than that of the
operate effectively at reduced speeds under various maglev system investor. Additional studies are needed to
possible failure modes quantify what the possible life-cycle cost premiums would

• An automated and fault tolerant control system that be (if any) from the perspective of the system operator
allows highly reliable fail-safe operation with short should this arrangement be made. The inclusion of
headway and high reliability Southern California Edison on the Bechtel team was

extremely helpful in identifying and examining at a
• Low speed stop/start capability without requiring a conceptual level the basis for the proper role of the

wheel assembly on the vehicle electric utility in implementing a large infrastructure

A typical vehicle/guideway cross section (straight system of this sort in the real world.
track segment) is shown as Figure 1. Further technical
details describing our concept have been presented Table 1I also indicates where less large but still
previously, for example at the January 1993 TRB Annual significant improvements might be made in other
meeting. Those interested in more information should components of the total system. For example, the Bechtel

concept assumed the necessity of including fiberglass

93-1161 c 001/WO/RO l
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rebar in certain areas of the guid_way to minimize u Due to the nature of the SCD exercise, it was
magnetic drag penalties and possible rebar degradation apparently not possible to provide uniform unit costing
that could be associated with the magnetic fields w.ijacent data to the SCD teams, and so comparison of SCD
to the edge of the guideway. Further work during future costing data between the four SCD teams is not very
concept development phases will determine whrAher this meaningful. However such unit costing information is
particular cost saving is realistic, essential during the prototype evaluation phase in

order to provide a "level playing field" for evaluation
Note that the application of "indirect" costs of alternate concepts. Common unit costing ranges

(comprised, as indicated in Table I, of various from the simple (provision of common assumptions for
management fees, taxes, and contingencies) as a unit material costs)to the complex (provision of
multiplier to "direct" costs means that every dollar saved piece labor breakdowns for concrete fabrication
in the base case estimate actually saves roughly $1.50 operations or specialty material operations), lt is
from the perspective of the investor. These "indirect" costs preferable for the sponsor of further prototype
have various labels and definitions in the programs to set costing benchmarks in detail and in
design/construction industry and Table I provides one advance, as far as possible, and allow the contractor
particular (bqt not uniformly agreed-upon) means of to make clearly documented exceptions where
disaggregating them. However they are defined, there is no appropriate rather than permitting contractors to
doubt that they are real when financial pro-formas are identify custemized procedures claiming elaborate
prepared to authorize the design and construction of real advantages without clearly established comparison to
systems in the real world. This means that the label of a current industry practice.
"$20 million per mile" system is a misnomer if
clarification is not provided as to whether indirect charges n True costing of a prototype system must include
are included, and could well become a "$30 million per provision for serving an increased passenger capacity
mile" system with the addition of a key footnote, lt also over time, saving first cost investment by not
means that a "$15 million per mile" system could imply a oversizing at the start of operations, provided that
savings of $7.5 million (not $5.0 million) overt a "$20 further capacity demands can be met through modular
million per mile" system, additions to the system. For example, as much as one-third of the initial electrification costs of the Bechtel

IV. Institutional Implications for Prototype team concept could be avoided by designing initially
Development for a 4,000 passenger-per-hour-per direction system as

versus a 12,000 passenger-per-hour-per-direction
The SCD exercise was most useful not only in system. This would be accomplished by downsizing

establishing technical areas of emphasis for prototype inverter output current, increasing inverter zone length
work but also in providing us ali with a sense of value spacing, initially using only a single cable in the DC
engineering required at the top-most systems level prior to distribution system and a single transmission line
eventual maglev prototype development. Recall that the feeder, and reducing the MVA ratings of the
SCD was intended as a concept definition exercise and transformers and rectifiers.
that extensive work is programmed as part of the broad
ISTEA authorization provisions for further concept • lt was beyond the scope of the SCD exercise to
development prior to construction of a prototype line. This develop any more than very generic costing for
distinction of prototype construction versus concept special rocte .segments (bridges et al) that would be a
development versus concept definition is crucial and leads part of any real maglev route (although not
us to suggest the following institutional and administrative necessarily a part of any prototype route). This means
procedures that need to be orchestrated now by ali of the that some emphasis must be applied during the
major players to be involved in further maglev work, in concept development phase to indicating whether any
order to optimize in a timely manner the cost..effective special cost penalties apply to a particular technical
implementation of maglev as a prospective major concept due to its relative inability to adapt to
transportation alternative: specialized route terrain likely to be found in actual

layouts.

• At the most general systems level, a common costing • During the upcoming phase of concept development,
framework with common category labels needs to be contractors should be required to analyze the
established as the mandatory basis for prototype feasibility of implementation of their concepts in the
development cost estimation. The framework context of a fixed schedule for prototype design and
represented by the data in Table 1 is an adequate construction. Technical feasibility requires a
starting point since it dis,aggregates system costs in a comparison of less mature versus more mature
meaningful, pragmatic way allowing rapid comparison technological features. Changes required in codes and
of key subsystem data. standard operating procedures need to be clearly

identified and examined in detail. Unusual system
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aspects such as the extensive software development
required for automated control needs special attention.
All of these matters taken together represent a risk
analysis exercise necessary for full concept
development.

• Since ISTEA currently mandates a competitive r.............. ,_o0................_
environment for concept development in the context .._ _ _

of a down-select process for prototype construction, :-_.i_ ___ I

proprietary information developed during the concept
development phase will have to be effectively
shielded until such time as a prototype construction '
contract is awarded. However, innovations developed
by those teams not selected for final prototype

construction may have considerable value if applied ]i_-ii_-__i"_°--Yt _-_- __

to the prototype selected. Therefore some means must , :_,oo___oobe found to incorporate those innovations with due

compensation to their originators. One suggestion is to '__ ? , ._,-,

mandatea formalreview by thewinning prototype __//_1

builder of ali other proposed concepts under terms [_
guaranteeing confidentiality and due compensation for

techniques and innovations that would add value to - "-----,ooo _ _oo____J
the prototype chosen. _ ::_.... :_:._._c, _e_

In summary, we look forward to examining these and
other related institutional implications for maglev system
costing that will be essential for successful development
of a prototype that in turns leads to full system Fig. I Vehicle/GuidewayCrossSection
implementation.
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Table !

Cost Estimate Summary

Bechtel Team Concept Estimate,

Suramary Estimate (2) Gov't Cost Model, S/Mile (9) S/Mile (5)

• Structure Only (5) 10,541,977 (1) 9,095, 744(5)

• System Guidance Only(l)(5) 2,154,240 (l) 1,100, 000(5)....

m System Propulsion Long Stator Core 2,323,200

& Hangers (l)

and Levitation (1)(5) [15261 I)(3, Long Stator
831,400

Winding and Assembly

115241 Feeder Lines,DG 1,945,000 5,600,000(5)
[1525 ]Motor Switches,DG 960,000

Total 6,059,800
.....

• Guideway Electrification (7)

[15211 Transmission lane Cost

[15231 Power Substation & Switching Station Costs 5,100,000 (7)

• C3 costs/mile, DG [15321 1,400,000 1,100,000

• Vehicles, per unit (6) $5,000,000 to $7,000,000 per unit 4,000,000 per unit

• Stations and Parking (8) Site Specific (8) 960, 000(8)

a Maintenance Facilities (8) N/A (8) 467,200(8) ..........

• Construction Facilities (8) N/A (8) 64,000(8)

• Sales Tax Not given 6% of ali above (direct) costs, except labor

• Construction Mgmt Total Project Management Factor is 25% (4) 4% of [direct costs + sales taxi

• Systems Integration, Total Project Management Factor is 25% (4) 10% of [direct costs + sales tax + construction mgmt
Engineering, and Design costs]
Management

• Procurement and Project Total Project Management Factor is 25% (4) 4% of [direct costs + sales tax + construction mgmt costal
Control

i
Contingency Allowance (9) Recommended Ranges from 15-30% (for items 20% of subtotal of ali above items, except where noted

other than land) (9)(3)

• Fee Not given 2.5% of ali above items (including contingency
allowance)

Footnotes to Table I

(i) From Page 6-42 of the Government Co_t Model, segment 1213RF, "double elevated in rural flat." "lte sum of plates and hangers is taken as the
equivalent of $4,477,440 for the sum of levitation amd guidance and propulsion. The item "long stator iron core and hangers" ($2,323,200) is
segregated as dedicated principally to propulsion and levitation, with the item "factory installed vertical guiding steel plates" of $2,154,240
primarily dedicated to the guidance function.

(2) Total system cost per unit length is the sum of (i) ali capital costs; (ii) pro-rated vehicle, station, and construction/maintenance facility costs;
and (iii) the integrated mutilplier factor for ali taxes, contingencies, fees, and service charges.

(3) Taken from page 8-6 of the Govelnment Cost Model document.

(4) Taken from page 8-4 of the Government Cost Model.

(5) We understand that the Government Cost Model data represents a structure that will accommodate 12° girder flit, z.ero vehicle tilt, and O.15g
longitude acceleration. Our baseline concept accomodates a 15 ° girder tilt, a 15° vehicle tilt, and 0.20g longitude acceleration and therefore

represents a rather conservative comparison (i.e. our numbers are higher than they would have to be for an exact, "apples-to-apples" comparison)
with the Government Cost Model.
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Footnotes to Table ! (Cont'd)

This point applies to the levitation, propulsion, and guidance elements of the baseline concept as well as to the guideway civil structure, since
those elements have had to be defined to accomodate the loads and accelerations of our baseline concept.

(6) See page 6-191, data for category 182 data in the Government Cost Model. Data are rounded.

(7) We have a serious concern regarding comparative costing for Cost Element 1523 of the Government Cost Model, Power Substation and
Switching Station Costs. The assumptions used in the Government Cost Model seem very unreasonable for a high-capacity revenue system. If
them is only one inverter station every 20 miles, then it must be capable of providing peak power for maximum consist or multi-vehicle Ioadings
in both directions. This in turn would imply at least 30 or 40 MW of peak power required per direction, or about 1.5 to 2 MW per mile of dual
guideway. In actual fact the peak power would have to be even higher to allow for reasonable acceleration capability. On the other hand, to
accommodate dispatching of multiple single vehicles each carrying between 100 and 200 passengers, the spacing of the power stations would
have to be more frequent. In either case, the current data in the Govemment Cost Model for this item seem too low by a factor of at least five.
Further, note that if one assumes a multiple-consist dispatching, then the motor winding must be changed to allow for the higher winding
voltages that would be required.

On the basis of the above, we are unable to provide a precise measure of the costs of the "Electrification" line item for the Government Cost
Model and make a true comparison with our baseline concept estimate.

(8) The reader is cautioned in particular regarding the station estimate, which is taken from past experience but was not developed beyond the
concept definition level. Stations are highly site-specific structures and by definition an exercise of this sort does not yield precise data for
estimation. Government Cost Model data cannot be derived sufficiently to yield an accurate comparison.

(9) The Government Cost Model does not include any contingency applied to any individual line items, as orally confirmed by Mr. Todd Greene of
DOT/VNTSC on 4-21-92.

Table Ii

Reduced First Cost Summary

Summary Reduced Ist Cost, S/Mile(1 ) Baseline Concept Estimate, S/Mile(l)Reduced First Cost

• Structure Only 7,700,000(2) 9,100,000

• System Guidance Only 900,000(3) 1,100,000

• System Propulsion 4,500,000 (3) 5,600,000

and Levitation

• Guideway Electrification 0(4) 5,100,000

• C3 costs/mile, DG !,100,000 1,100,000

• Vehicles, per unit $4,000,000 per unit $4,000,000 per unit

(1) These data represent an executive summary level of analysis and are rounded off.

(2) Assumed savings of $1.1 million per mile if fiberglass is s.bown to be unnecessary for guideway reinforcement; another 5 percent savings is
assumed from a continuous structure design and refinements in auton,ated guideway fabrication techniques.

(3) Guidance, propulsion, and levitation elements are shown reduced in cost by 20 percent from the baseline. Based on discussions with various
vendors, lt is our view that it will be possible to use numerically controlled wire winding machines and wet epoxy-coated wire to produce
structurally rigid coils. This production technique can be used to fabricate the guidance coils and will eliminate the need for the fiberg;ass
frames which represent 40 percent of total guidance coil installed costs. Similarly, this production method could possibly be used to fabricate the
levitation ladder. If feasible, the cost of the levitation ladder would in our judgment be significantly reduced. Extensive discussions weft" required
to develop this information with selected vendors on a conceptual basis, ,'ad it will require an allocation of next phase effort to develop thia
alternative furlher.

(4) For this reduced first cost scenario we assume the electric utility incurs the direct capital cost of ali guideway electrification elements, and
passes those costs on to the maglev system owner/operator in terms of changed long-term rate structures. This item is not offered as a life-cycle
cost savings issue, since its life-cycle cost value would depend upon actual utility rate structures to recapture their first cost investment, lt is
offered as a suggested means to reduce first cost exposure only for prospective investors in maglev who are concerned about minimizing first
exposure as an investment criterion.
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System Concept Definition of the Grumman Superconducting
Electromagnetic Suspension (EMS) Maglev Design

M. Proise, L. Deutsch, R. Gran, R. Herbermann, S. Kalsi, P. Shaw
Grumman Corporation, Bethpage, New York

Abstract- Grumman, under contract to the Army Corps I. INTRODUCTION
of Engineers, has completed a System Concept Definition
(SCD) study to design a high-speed 134 m/s (300 m.p.h.) Maglev The Grumman Corporation assembled a team of six
transportation system. The primary development goals were to corporations and one university that were exceptionally

design a Maglev that is safe, reliable, environmentally accept- qualified toperform the identified SCD study. The Grumman
able, and low-cost. The cost Issue was a predominant one, since team members and associated responsibilities were:
previous studies [1] have shown that an economically viable • Grumman Corporation - system analysis and
Maglev system (one that would be attractive to investors for
future modes of passenger and/or freight transportation) re- vehicle design
quires a cost that is about $12._tM/km ($20 Million per mile). • Parsons Brinckerhoff- guideway structure design

The design (Fig. 1) Is based on the electromagnetic • lntermagnetics General Corp. (IGC) - supcrcon-
suspension (EMS) system using superconducting Iron-core ducting magnet design
magnets mounted along both sides of the vehicle. The EMS • PSM Tectmologies - linear synchronous motor
system has several advantages compared to the electrodynamic (LSM) propulsion system design
suspension (EDS) Maglev systems such a% low stray magnetic • Honeywell - communication, command, and
fields in the passenger cabin and the surrounding areas, uni- control (C 3) design
form load distribution along the full length of the vehicle, and • Battelle - safety and environmental impact
small pole pitch for smoother propulsion and ride comfort. It is
also levitated at ali speeds and incorporates a wrap- around analysis
design for safer operation. The Grumman design has ali the • NYSIS - high temperature superconductor (HTSC)
advantages of an EMS system identified above, while eliminat- and magnetic shielding analysis.
ing (or significantly improving) drawbacks associated with
normal magnet powered EMS systems. Improvements include, As a result of the team's efforts, a unique high-speed

larger gap clearance, lighter weight, lower number of control Maglev system concept (Fig. 1), was identified. If imple-
servos, and higher off line switching speeds. The design also mented, this design would meet ali the goals specified in the
incorporates vehicle tilt (+9°) for higher coordinated turn and abstract and would satisfy U.S. transportation needs well into

turn out speed capability, the 21 st century. The design is based on the electromagnetic

Manuscript received Mach 15, 1993. This work was suspension (EMS or Attractive) system concept using su-
performed as part of the Maglev System Concept Def'mition study perconducting (SC) iron core magnets mounted along both
supported by the U. S. Army Corps of Engineers under contrac No. sides of the vehicle.
DTFR53-92-C-O00 04.

Food Preparation Centers (2)

 l:ll:ll:Jl:lbi l:Jl:ll:ll,14.  ttl:ll:i_H
,.. di

// \\
L_a :storageAreas (3)/ Storage Areas (2) vatories (2)

Lavatories (2) Entrance Doors (4)

--- _<' III .......... 5
--'--,.&_ I I I "l i i: i i i!,! l I I I I t I ii __...I

The "Baseline Configuration" is lO0 passengers with 5 across seating.
The seats have a 0.96 meter spacing.

Fig. 1 . Grumman baseline Maglev vehicle configuration
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The Grumrnan team selected an EMS design instead of control are discussed below.

an electrodynamic suspension (EDS or Repulsive) design Two magnets combined as ,shown in Fig. 3 make up
because of the following significant advantages that the EMS what is called a "magnet module." Each magnet in a magnet
offers over the EDS system: module is a "C" shaped, laminated iron core with a SC coil

• Low magnetic fields in the cabin and surrounding wrapped around the center body of the magnet, and two
areas (this eliminates or minimizes the need for copper coutrol coils wrapped around each leg. Vehicle roll
magnetic shielding and non-metallic rebar in control is achieved by offsetting the magnets by 2 cm (0.8 in.)
concrete guideways) in a module to the left and right side of a 20 cm (8 in.) wide

• Uniform load distribution along the full lcalgth of rail. Control is achieved by sensing the vehicle's roll position
vehicle (minimizing guideway loads and vibra- relative to therail and differentially driving theoffset control
tions in the cabin and contribute to the elinination coilstocorrectforrollerrors. The total numberofindependent
of a secondary suspension system) control loops required for a complete 100 passenger vehicle

• Small pole pitch (results in smoother propulsion) control is 26 (1 for each of the 24 modules and 2 for roll
• Magnetically levitated at ali speeds (needs no control).

supplemental wheel support) The iron rail shown in Fig. 3 (b) also is laminated and
• Wrap-around configuration (safer operation), contains slots for the installation of a set of 3-phased alternat-

ing current (ac) Linear Synchronous Mot_" (LSM) propul-
EMS systems exist. However, the German Transrapid sion coils. The coils are powered with a variable-frequency

TR-07 and the Japanese High Speed Surface Transportation variable-amplitude current that is synchronized to the vehicle's
(HSST) systems, which use copper wire iron cored magnets speed. Speed variations are achieved by increasing or de-
instead of SC coils, have a number of basic disadvantages: creasing the frequency of the ac current.

• Small gap clearance (1 cm (0.4 in.)), which Comprehensive two and three dimensional magnetic
results in tighter guideway tolerance requirements analyses [2] have been performed to assure that the magnetic

• Heavier weight with limited or no tilt capability design will simultaneously meet ali levitation, guidance and
to perform coordinated mms and maximize propulsion control requirements identified above, and do it
average route speed

• Limited off-line switch speed capability (56 m/s Tilt Mechanism
maximum)

• Large number of magnets and control servos
( _lOO total).

The Grumman team design has retained ali of the
advantages of an EMS system. At the same time it has
•,uc_ed in eliminating, or significantly improving, every
aspect of the identified EMS disadvantages. A brief descrip-
tion of our b&seline system and how it has accomplished this
goal follows.

II.LEVITATION.GUIDANCE&PROPULSIONSYSTEMDESIGN

Fig. 2 shows a cross section of the vehicle with the iron
core magnets and guideway rail identified in black. The
laminated iron core magnets and iron rail are oriented in an
inverted"V" configuration with the attractive forces between
the magnets and rail acting through the vehicle's center of
gravity (cg). Vertical control forces are generated by sensing
the gap clearance on the left and right side of the vehicle and
adjusting the currents in the control coils to maintain a
relatively large 4 cm (1.6 in.) gap between the iron rail and the

magnet face. Lateral control is achieved by differential k"/ _"_measurements of the gap clearance between the left and right / / [..1
sides of the vehicle magnets. The corresponding magnet Iron Rails with Lift Magnets
control coil currents are differentially driven for lateral Propulsion Wires
gui_dancecontrol. There are 48 magnets, 24 on each side of
a 100 pas_nger vehicle. In this manner control of the vehicle Fig. 2. Cross section of vehicle showing lift
relative to the rail can be achieved in the vertical, lateral, magnets, iron rail, guideway and tilt mechanism.
pitch, and yaw directions. Vehicle speed and roll attitude
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TWOMAGNET I MAGNETIC ]

VEHICLE MODULE,EACH ] FIELD
I MAGNETOFFSET] ANALYSIS

FROMRAILeY ]
2cm (0.8in.) i SUPERCONDUCTING
ASSHOWN i COIL POWER

PICKUP

IRONRAILS
2 cmOFFSET

F1
F2 _ 35°

CONTROL

(a) Forces Applied to the cg by COIL
the Magnets Supply both Lift and
Lateral Control

2cm PROPL
OFFSET COILS

LAMINATED
IRONCORE SUPERCONDUCTING . .

MAGNET IRONRAIL
(b) 2 Magnet Module with Offset that provides (c) Magnetic Field Map with
roll control, and the configuration of the super- Power Pick Up Coils on

conducting and normal control coils Magnet pole face and
Propulsion Coils in Rail

Fig. 3. Configuration of magnets and the control, propulsion and power pick-up coils

without magnetically saturating the iron core. Anexampleof should future studies (now under way) indicate a need for
this analysis is shown in Fig. 3 (c). lower values. Similarly, ac magnetic fields are anticipated to

Power pickup coils are located on each magnet pole be within acceptable levels.
face designed to operate at ali speed, including standing still, Another important aspect of the magnet design is the

using a unique inductive approachde-scribedsengerLOWcompartmentin [3].magneticfieldSandsurroundinginthe pas- __ & _

areas represents an important aspect of 1l _.-- __ . _"""this design. Fig. 4 identifies constant f i i

flux densities in the cabin and station

platform that can be expected for the l ]

baseline design. Flux density levels _ t _ [ __!,.,__]._I_ _above the seat are less than 1 gauss,

which is very close to the earth's 0.5 i [I ,- i_- _-_ .__gauss field level. On the platform, mag-

netic levels, when the vehicle is in the \ i -,-_,' --I-- ----'_"" /_'_"1 Gauss

station, do not exceed 5 gauss, which is _ _2_.___. -- --__ / Z_5?a

considered acceptable in hospitals us- 1 uss
..//

ing magnetic resonant imaging (MRI) ..._7___ __" ,- / 50G_auss
equipment. The data in Fig. 4 is based \ "

on a three-dimensional magnetic analy- Magnetic Fields in Cabin are Less Than 1 Gauss (Twice the Ea rh,
sis program and assumes no shielding. Magnetic Field) and on the Passenger Pla(form are less than 5 Gauss
With a modest amount of shielding,
these levels could be further reduced Fig. 4. Magnetic fields in cabin and surrounding area
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use of SC wire in pk ,. ; of copper coils used in existing EMS <1.0 gauss dc
system s. This allows us to operate with a large 4 cm (1.6 in.) • Low load forces in SC coil- ,, 17.5 kPa
gap clearance without paying the heavy weight penalty • State-of-the-art SC wire- 0.65 mm diameter
required if copper coils were used for the same purpose. • Lower weight than copper coil system -

The use of an iron core with the SC coil provides an ==80%reduction per magnet
added advantage. The magnetic flux is primarily concen- • The potential for near term implementa-
tratedin the ironcore, not the SC coils as is the case of an EDS tion of high temperature SC wire.
system. This reduces the flux density and loads in the SC wire
to very low values (<0.35 Tesla and ,,W.5 kPa, respectively), m. v_-_ct_ DESXON
In addition we have implemen_d a patented constant current
loop controller [4] on the SC coil that diminishes rapid A number of important system trade studies were
currentvariations on the coil, minimizes the potential of SC performed to arrive at the baseline vehicle configuration
coil quenching and allows for the use of state-of-the-art SC shown m Fig. 1. An example given in Fig. 5 which identifies
wire. how the total system cost, which includes the gnideway,

Theuseofiron-coredSCmagnetswiththeitassociated vehicles, levitation, propulsion, and operating cost, is af-
low flux density and load levels previously identified affords fected by the number of passenger seats in thevehicle and the
an additional advantage of our design over an EDS concept, number of passenger_ per hour utilizing the system. Note
High temperamre SC technology has pmgressed to the point that minimum cost results between 50 and 150 seats per
thatthe field levels these magnets rcquire areachievable with vehicle. We have chosen 100 passenger seats per vehicle for
existing High tempexature SC wire. lt is now reasonable to our baseline configuration.
consider the application of this new emerging technology to The 100 passenger baseline systemshown in Fig. 1
this concept. Although we are not baselining the use of high lends itself to other single and multi-vehicle (train) configu-
temperature SC forthis application (except for its use aslead- rations that can be developed based on two basic building
in wire to the low _mperature SC coil), we are pursuing a block modules. The main module consists of a 12.7 m (41.7
one-year development program at this time to manufacture ft) long section, which seats 5.'?passengers with 2 entrance
samplesof high temperatureSCcoilsofsufficient lengthand doors(one on each skle of the vehicle), 2 lavatories(one
with adequate current carrying density to satisfy our require- designed toaccommodatehandicappedpassengers),multiple
ments, overhead and closet storage facilities and a galley area. The

In summary, the use of SC iron-core magnets resulted forward and aft sections of the vehicle utilize the second
in a significant number of advantages for this concept: module, which consists of a 4.9 m (16 ft) long section that is

• Large gap size - 4 cm (1.6 in.) externally identical, but internally different, depending on its
• Low magnetic fields in SC coil - <0.35 T forward or rear location on )he vehicle. We have adopted
• Low magnetic fields in passenger cabin - one-way vehicle operation to minimize the impact of weight

500 I ; ; ; _: : : : !Ii i i ! i : "_ _ i .'- . " .: 1.... .......l ................i.................i....... i.....................
|

I I I ! _ i --492 km (300 mile) Ifip 1 i I
Iii _ _ i .134mps(300mph)speed 1 _ ]460 .............. ¢................. ¢................. t ....... "." " . .... _ ................

[ ii ! ! ! .16hr/dayoperaUon I " !

' | i i i : Cap. Recov. Fac. = 0.103 (6% 15 yrs.) 1 ! [
44o .... i..1. _ ..... _ ................ _................. _....... $.05 per kilo volt ampere power cost 1 ..... .:"................ |

- | ! i i .5seatsacross i i |
i _ |[ ! Passenger ' • 12.7 m longmolule ! " [

:L ...... ___,_our Baseline ._i._.__s!-a--P_-._--ml.-i_ ......... ii.... __

i 4,000 Design _ _ _ [

..................................., ..........................................................ol.
S-EATS/VEH ICLE

Fig. 5. System cost trade study
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for reverse facing seat mechanisms and cost duplicatingali
the electrical controls and displays on both sides of the
vehicle.

We also chose to include business-type aircraft seats 7 %
withanample0.96 m(38 in.) spacing between seats toassure 65 %
a comfortable seating arrangement for ali passengers. Ad- Ancillary Facilities
ditional detailed vehicle characteristicsare given in [5]. 13 % Guideway

Comprehensive two and three-dimensional Navier Vehicles
Stokes computational aerodynamic analyses [6] were also
performedon the baselinedesign toestima',edragand other
disturbancesactingon the vehicle.Vehicle speeds upto 134
m/s(300 m.p.h.)with 22.3 m/s (50 m.p.h.)crosswindswhere
investigated.

IV.GUIDEWAY DESIGN 15 %
Electrical

The guideway is an important aspect of our system Communication
design because it representsthe largest percentageof the total

system cost. Fig. 6 shows how system cost distributes Fig. 6. Distribution of costs across the four major
between the four major components, i.e., guideway (64.4%); components of the Maglev system
electrical and communication (14.8%); vehicles (13.3%);
and the ancillary facilities such as stations, buildings and
vehicle parking (7.46%). Details of our system costing pro- exit for thepassengers, incase of an emergency suchas a fh'e
cedures is given in [7]. or smoke in the cabin. Escape ladders from periodic column

A number of different guideway designs were investi- locations also were identified.
gated. Fourare shown inFig. 7 and are identified in terms of Analysis of the four guideway configurations identi-
increasing cost. fled inFig. 7showed that the "spinegirder" guideway design

In eachcase our design mandated that acenter platform is not only lowest incost, but also is relatively insensitive to
exist along the full length of the guideway to provide a safe span length [8]. This has important implications when the

Fig. 7. Alternate guideway structures considered
115
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guideway nmst be installed in areas such as the U.S. Inter-
state Highway system, which will require wide ranges in
span length depending on local road conditions. _n sum-
mary, based on this and other considerations, the "spline iq

girder" configuration shown in Fig. 8 was chosen as our
baseline for the following reasons:

• Lowest cost dual- guideway ($7.99M/km, for 1 ,,-
spread footing including iron rail cost)

• Smaller footprint _r m,sz,_,t_o:,,o_
• Can be more closely designed to suit span "'_"_"

variations i
I

• Visually less intrusive because of single column "_:
[_rl' OF IDIdI_I_K_NOy

• Creates less shadow _v,___,,_,,o,

• Esthe';"ally pleasant.

Detailed descriptions of the baseline guideway and

associated cost estimates are given in [9] and [8] respec- i
tively. The total system cost, which includes guideway, i
electrical and communication, vehicles, stations buildings I
etc. was estimated at $12.4M/km ($20M/mile) [7]. i

A 5 degree-of-freedom analysis of the interactive
J __.L

effects of the vehicle traveling over a flexible guideway was i i
undertaken [101. Guideway irregularities resulting from
random step changes, camber variations, span misalignment ./'"_.: :: _....'

'.-.'-- ,- ....... i--i ....... :, _.-.
and rail roughness where included in the simulation. Also :' : ! i '. ',
included where linearized versions of the vehicle levitation

and lateral control loops. The results indicated that passen- Fig. 8. Baseline spine girder configuration
get"comfort levels could be maintained without the need for
a secondary suspension system, section of the track laterally 3.61 m (12 ft), we move two

sections laterally 3.0 m (10.0 ft) with one actuator motion.
V. IlK;li SPEEDOFF-LINEswrI'CltlNG The track switching concept is shown in Fig. 9. lt identifies

the two sections of the track that are moved to accomplish this

Anotherimportantaspectofourdesign isthecapability function. The lower figure shows the through traffic condi-
of providing high-speed off-line switching. Unlike the Ger- tion for the track switch. The upper figure identifies how the
man Transrapid, design, which moves one 150 m (492 ft) 60 m long switch, A, is flexed to a curved section, while the

, BENDING I I SWING
!< SECTION _'_I _.. SECTION

• 1171---_ n n A n n hl__...___ J B ,_

M

TURNOUT POSITION _ -""
rh

ACTUATOR

n n rl _ rl

I l _! i

STRAIGHTAWAY POSITION

ACTUATOR
The switching approach selected allows high speed turn out up to 100 rrUs(220 mph)

Fig. 9. Off-line switching concept
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fight hand 60 m long switch, B, is pivoted about the fixed
switch points. This combined motion of the two sections
(120 m total length) provides a turnout speed of 65 m/s Centerof Gravityand ,1
(143 m.p.h.). A 182 m switch length will allow off-line Center of Rotation
switching at 100 m/s (220 m.p.h.). Transrapid turnout is

limited to 56 m/s (123 m.p.h.) with a section length of 150 -
m. 7

VI. VEHICLE CABIN TILT DESIGN Hydraulic I
Drive !

Unlike any of the other existing high-speed Maglev :t9 _-- _L- ""_" _ _-_.J'

d_igns, such as, the Transrapid TR07 or the Japanese _"- i _
MLU003, we are providing the capability of tilting the
vehicle passenger compartment by 5:9 degrees relative to
the guideway. In this manner, the design, as shown in Fig. H,rdraulicActuator
10, will allow for coordinated turns up to 5:24 degrees i

banking (5:15 degrees in the guideway and ix) degrees in Fig. 10. Tilting mechanism and control system
the vehicle). This capability will assure lhat ali coordi-
nated tunas can be performed at the appropriate tilt angle supply fight-of-way at no cost
independent of the R)eed with which the vehicle is traversing • Ridership is based on 260 days/year, 16
the turn, as well as allowing for high-_ off-line switch- hours/day, 60% capacity
ing. • 20% pre-tax operating margin on ticket

pricebased upon 5 year build, 15 years of
VIL ECONOMIC ANALYSIS operation

• Future interest (8%) & inflation rate
An econonfic forecast analysis for a Maglev system (5.4%) following "Data Resources, Inc."

was performed as a function of two tximary cost drivers: total (DRI) forecasts.
cost of the major Maglev elements identified in Fig 6, and the
passengers per hour utilizing the system. The results of this If we assume a 2,000 passenger perhour usage (typical
analysis are presented in Fig. 11 with the assumptions listed of high volume mutes like Boston/New York/Washington
below: DC) with the previously identified $12.4M/km ($20M/mile)

• 493 km (300 mile) corridor for the baseline system cost the ticket price that would have
• Development and demonstration cost of to be levied is $0.23/km ($0.38/mile); this would still provide

the Maglev system is not included a20% profit margin on the ticketcost for the system operator.
• Federal, state and local governments Also shown on the figure is the $0.29/km ($0.47/mile)

IOOOTICKETS/HR_,_,_.

_Loo_T,cK_.R_--___-__

_ BASELINE_ PRESENTSHUTTLEAIRFARE----_}.29/PASSENGER-km....
$12.4M_

so.0_ t I ! t I f t
10 12 14 18 18 20

TOTALCAPITALIZEDCOSTPERKMOF GUIDEWAY(SM)

Fig. 11. Economicanalysis
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present charge for the New Y_k/Washington, DC/Boston Speeds for Electromagnetic Maglev Concept," to be pre-
corridor. The results indicate that a Maglev system of the sented at the Maglev 93 Conference, Argonne National
type being recommended in this paper can pay for itself Laboratory, May 19-21, 1993, Paper No. PS5-12

during its first 15 years of operation. The implication is that [4] R. Herbermann, "SelfNuUing Hybrid Maglev Sus-
after 15 years, when the capital investments have been fully pension System," to be presented at the Maglev 93 Confer-
paid, the proceeds from the high volume traveled routes could ence, Argonne National Laboratory, May 19-21, 1993,Paper
be used to support the building and operation of Maglev No. PS1-7

routes that are located in less densely populated areas. This [5] P. Shaw, "Overview of Maglev Vehicle Structural

means that system route miles can double every fifteen years, Design Philosophy, Material Selection and Manufacturing
implying that by the mid twentieth century there could be Approach," to be presented at the Maglev 93 Conference,
over 4000 miles of maglev lines in the U.S. Argonne National Laboratory, May 19-21, 1993, Paper No.

PS4-9

vm. RECOMMENDA'laONSFORFtJTtJRE [6] R. Ende, M. Siclari, G. Carpenter, "Aerodynamic
STUDY&DEVELOPMENT Analysis of Grumman Maglev Vehicle," to be presented at

the Maglev 93 Conference, Argonne National Laboratory,
May 19-21, 1993, Paper No. PS5-9Based on the work performed during this study, a

number of critical areas have been identified for future [7] L. Deutseh, "M_lev Cost and Performance Param-
evaluation and development: eters," to be presented at the Maglev 93 Conference, Argonne

• Conduct a design, development, mad test National Laboratory, May 19-21, 1993, Paper No. OS5-1
program to demonstrate the performance [8] B. Bohlke, D. Burg, "Parametric Design and Cost
of a full scale SC "C" core shaped Analysis for EMS Maglev Guideway," to be presented at the
magnet module Maglev 93 Conference, Argonne National Laboratory, May

• Perform wind tunnel testing to verify 19-21, 1993, Paper No. PS3-2
aerodynamic analyses [9] J. Allen, M. Ghali, "Innovative Spine Girder

• Perform additional studies to further reduce the GuidewayDesignfm'Supcar.onductingEMSMaglevSystem,,,

vehicle weight and total system cost through: to be presented at the Maglev 93 Conference, Argonne
-Improved magnet design National Laboratory, May 19-21, 1993, Paper No. PS3-1
-Lower cost of guideway and iron rail [10] R. Gran, M. Proise, "Five Degree of Freedom

• Develop and test a guideway integrity Analysis of the Grumman Superconducting Electromagnetic
and hazard detection system. Maglev Vehicle Control/Guideway Interaction," to be pre-

sented at the Maglev 93 Conference, Argonne National
IX.CONCLUSION I.aboratory, May 19-21, 1993, Paper No. PS4-6

lt is our opinion that the Grumman Team supercon-
ducting EMS Maglev concept as described in this paper will
provide an effective low cost U. S. Maglev transportation
system that can meet ali of the goals identified in the abstract

and at the same time minimize _e negative issues previously
discussed. We believe that the Grumman team has performed
sufficient analyses in the areas ofguideway design, levitation,
propulsion and gui 'dance, vehicle structural design, aerody-
namics, controllability, dynamic interaction, environmental,
safety, and reliability to warrant this optimism.
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Maglev Cost and Performance Parametrics

Lowell Deutsch

Gmmman Corp.
Bethpage, NY 11714

Abstract - A key element in the Few researchers doubt that U.S. industry could
ultimate viability of Maglev, or any new successfully build reliable, safe, and effective Maglev
transportation mode, is the capital and systems and transportation companies could operate
operating cost of the system. An estimate of them. The key to Maglev success, rather, lies with thethese cost elements has been made for the
Grumman Maglev design produced for the COStof building and operating the system elements, and
recently completed System Concept Definition the extent to which passengers will use the system.
Studies conducted for the National Maglev This paper will not address the ridership projections,
Initiative. Although this design represents which are the subject of numerous ongoing studies, but
one of several possible system designs, lt is will discuss some of the elements of system cost. In
considered representative of the present state- particular, we wish to investigate the more significant
of-the-art In American Maglev thinking, cost drivers and mechanisms with which they may be

controlled.
A logical Work Breakdown Structure

generated by Parsons Brlnckerhoff and the The cost data presented here is based on the
Voipe National Transportation System Center analysis conducted by Grumman [1] in the recentlyis presented to allow an organized approach to
the capital cost estimating process. This WBS completed System Concept Definition Study (SCD)
is broad enough that lt should be applicable to sponsored by the National Maglev Initiative. Although
any Maglev system. Costs are presented in a there are some differences in cost between the four SCD
parametric fashion wherever possible to permit contractors and between the U.S. studies and Trausrapid,
extrapolation to systems other than the and these differences will be important in the final
G-umman design, sei_:tion of a technology, to a first order the costs are

similar at about $12,400/m ($20 M/mi) of dual
The possible cost savings resulting guideway, exclusiveofland cost.

from certain changes in design and operating

philosophy were also examined, resulting in a II. WORK BREAKDOWN STRUCTURE
projected decrease in system cost from
$12,300/m ($19.8 M/mi) to $10,900/m ($17.5

An excellent Maglev Work Breakdown
M/m i. ) Structure (WBS) was prepared by Parsons Brinckerhoff

I. INTRODUCTION for their Capital Cost study conducted for the Volpe
National Transportation Systems Center [2]. This

The activitiesoftheNational Maglevlnitiative WBS was adopted without modification and is
over the past several years have served to reintroduce illustrated in Fig. 1 along with the cost estimates for
U.S. interests into the international quest for advanced each element which resulted from the Grumman SCD
high speed ground transportation. Four teams of study.
contractors have now completed concept design studies
to determine the extent to which improvements can be lt is intended to examine the cost elements in
made to the ongoing German and Japanese Maglev this WBS in order to gain a feel for the important cost
programs. While it seems clear that recent technology drivers and to investigate possible means to reduce the
advances and incremental improvements in system total system cost. It is not the goal of this paper to
design can provide a worthwhile "leapfrog" of systems recommend specific changes, but to suggest areas
now in development, it is also apparent that the requiring further study with the aim of capital cost
viability of Maglev utilization is not technology reduction. Fig. 2 shows the distribution of capital cost
dependent, between the four major cost elements; the guideway, the

electrical and communication systems, the fixed
facilities, and the vehicles.

As may be noted, 2/3 of the total capital cost
Manuscript received March 15, 1993. The work is involved with the fixed guideway structure. This is

was performed as part of the Maglev System Concept obviously where we should concentrate our cost cutting
Definition study supported by the U.S. Army Corps of efforts.
Engineers under contract DCrFR53-92-C-0(O04
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Fig. 1 Maglev Work Breakdown Structure showing Grumman cost estimates for a typical 1000 km Maglev system. Costs
are presented in $ per meter of dual guideway
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Electrical The electrical system consists of the
8o guideway electrification and the communication and

a,,,_,,,,,,), control systems. The cost estimates for these
8o _ elements are $1596/m and $240/m respectively. The

; distribution of subelement costs in the guideway
electrification is shown in Fig. 3.

4o !

" : Eleetrleal
20 Vehl_el 50

1 2 3 4 Feeder
•- Line

Fig. 2 Maglev capital cost distribution Sob-
station

= t r,..s. I II I s._,oh J

III. COST ELEMENTS E ,0 _ U0 .....

Guideway The guideway cost estimates are based on the I 2 3 4 5
assumption of a dual track, elevated guideway of
reinforced concrete construction. This guideway [3][4] Fig. 3 Distribution of guideway electrification costs
was designed by Parsons Brinckerhoff (PB) for the
Grumman SCD effort. The construction technique is The Transmission line consists of the high
fairly conventional, and not unlike designs presently in voltage lines to interface with the local utility and bring
use for elevated highways and other structures, the power to the power substations distributed along the
Obviously there will be differences in guideway design Maglev guideway. The estimate of $31/m was adopted
required to accommodate other Maglev concepts, from the PB cost study [2]. The substations include the
However, with so much of the system cost involved DC link inverters and transformers required to supply
with the guideway, we must aim towards the most cost the variable voltage, variable frequency power to the
efficient design possible. PB spent considerable effort long stator synchronous motor (LSM) which drives the
on investigating alternate designs, and the selected vehicles. The cost of this equipment is essentially
configuration is probably close to optimum. Another proportional to the power required by the vehicle. The
factor is that conventional steel reinforced concrete actual size of the substations will vary, depending on
construction is possible with the Grumman EMS the local power required. In an area with steep grades or
Maglev system. The advances in the state-of-the-art high acceleration requirements, the substation will be
required to elinlinate the steel, as required by some EDS larger. They will probably be constructed of basic
systems, will not be required, building blocks, say in the 2 Mw range, lt was

estimated that the average power requirements for
The estimated cost for the elevated dual typical routes will be about 8 Mw and this value was

guideway is $7900 per meter. Corresponding costs for used for cost estimating purposes.
single elevated and at-grade dual guideways are $3800
and $4372 per meter respectively. These costs include Because of the requirement to provide
the stee: rail required for the EMS system ($2500/m for independent speed control to each vehicle, there can be
dual track) but exclude the LSM propulsion no morethan one vehicleon any guideway block served
components. The elevated track costs are for a design by a single substation. Vehicles typically travel about
allowing a clearance of 10.7 meters under the lowest 10 km apart, therefore an 8 km substation block was
part of the structure _ a span between support posts of selecte.zl. There must be two inverters at each substation
27 meters on center. Table 1 shows the approximate to serve the dual guideway system. The cost of the dual
percentage increases in cost for other heights and spans. 8 Mw substation was estimated at $2.1 million, or

$263/m for an 8 km spacing. This value may be
Table 1 ratioed up and down in proportion to power level.

Guideway Cost Sensitivity to Height and Span
lt should be noted that three of the four SCD

Span(rn) 27 'K) 50 contractors used some variant of the LSM. One design,25 17% 19% 33%
Height 20 9% 11% 25% however, used a locally commutated synchronous motor

(m) 15 4% 6% 20% (LCLSM). This system uses a large number of solid
10.7 0 2% 16% state switches to control the power to each loop in the

guideway. This concept is currently under study to see
if it can offer any cost or perfo_rnance advantages.
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Grumman vehicle cost estimate is about $8.25 million

The feeder line distributes the variable each, which amounts to $1650 per meter of dual
frequency and voltage power to active guideway blocks guideway.
under the vehicle. Because of the relatively low voltage
required by the LSM, these cables, which run the extent IV. POTENTIAL COST SAVINGS
of the guideway, are quite expensive. For the Grumman
design, six (two tracks ti_nes three phases) 1500 MCM As noted above, with the guideway amounting
aluminum cables were used. The installed cost was to 2/3 of the total capital cost, this is the obvious area
estimated at$461/m, to search for cost savings, lt will be noticed

immediately that the at-grade guideway is only 55% of
The thyristor motor switches switch power the cost of the elevated guideway. There are very valid

from the feeder cables to the required active LSM arguments why a Maglev guideway should be elevated.
blocks. These blocks are estimated to be about 500 m These primarily concern the desire to avoid highway
long. The actual length is the result of an optimization grade crossings, where most railroad accidents occur, and
on switch cost and LSM efficiency, which drops off the need to prevent objects from falling (through
with long active blocks. These switches are estimated vandalism or natural occurrences) from an overpass onto
at $115/m for 500m blocks. This cost will vary the guideway. Furthermore, a tenet of the modem
inversely with the block length. Maglev effort in the U.S. is to use the Federal Interstate

Highway System in a dual-use mode in order to avoid
The [.SM windings represent about 45% of the land acquisition costs, lt has been observed that

guideway electrification cost. The EMS configuration overpasses are encountered on major highways on the
represented by these estimates is quite different from the order of one per mile [5] and it was assumed that with
typical EDS system, and therefore these numbers should the vertical g limits on passengers the length of the
not be used for the latter systems. The Grumman transition to go from at-grade, over the bridge, and back
winding geometry requires 48 m of LSM cable for each to at-grade again would also be on the order of one mile.
meter of dual guideway. Using aluminum conductor
with 3 cm2 cross section and 15 KV insulation, the lt was decided to test this assumption by
estimated cost is $726/m. The actual windings will analyzing a typical highway. Using the SCD specified
vary in accordance with the local power requirements Design Goal comfort requirements of 0.05 g (up) and
but this represents an average number. 0.2 g (down) in the vertical direction, it was calculated

that at a typical average speed of 110 m/sec, the

The communication and control system transition length would be about 1600 m, or one mile.
consists of the automatic train controls (ATC) and Examining the 495 mile main line length of the New
associated data and communication systems required to York State Thruway [6], revealed that there are 362
provide a totally automatic, central control. This overpass bridges, or about one each 1.4 miles, lt would
system was analyzed by Honeywell and, using seem then, that the previous estimates were about right.
comparisons with similar systems, the cost was lt was noticed, though, that the bridges occur in clumps
estimated at $240/m, including a Central Control around more heavily populated areas.
Facility.

The Thruway data was analyzed in more detail
Facilities The term facilities in this accounting refers such that if bridges occurred closer than one mile apart
to those fixed stations, maintenance buildings, and then the guideway could remain elevated, lt was found
parking lots and buildings required for operation of the that under these conditions 50% of the guideway could
system. The cost estimates were adopted from the PB be at-grade. In some instances the guideway was at-
study [2] and apportioned to the length of guideway, lt grade for only a short distance. A further screening of
was assumed that for a typical 1000 km system there the data was done with the assumption that if the
would be one Central Control Facility, two Major City guideway could not be at-grade for at least one mile then
Stations, and five Intermediate Stations with parking it was left elevated. In this case 41% of the guideway
lots. The total fixed facilities cost amounts to $963/m. could be at-grade. One might argue that the passengers

will not like this repeated vertical motion, but the most
Vehicles The number of vehicles required is dependent conservative comfort levels were used in the analysis.
upon the desired passenger capacity. The 4000 lt must be accepted however, that the use of highway
passenger (seat) per hour capacity, as specified for a rights-of-way will impose considerable motion which
baseline in the SCD studies, is about twice the present must be tolerated if we are to use these low cost
plane/train traffic in the Northeast corridor, but less than alignments. At any rate, turns will probably occur
that in some other parts of the world, such as Japan. much more frequently than will bridges. These
With 4000 seats/hr in each direction we will average motions, and the comfort considerations which are
about one vehicle on each 5 km of guideway. The
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implicit are a crucial part of Maglev design and must V. OPERATING COST
be given careful study and testing.

A brief examination of system operating and
If we take the more conservative case of 41% maintenance (O&M) cost was made as a part of the

of the guideway at-grade at $4372/m and 59% elevated Grumman SCD study. To a first order the O&M costs
at $7900/m the average cost will be $6454/m, an 18% consist of personnel, material, and energy expenses.
reduction in guideway cost. This would drop the The projected values of these costs are listed in Table 2,
system cost to $10,856/m ($17.5 million/mile) from and total $269 million per year for a typical 1000 km
the present estimate of $12,302/m ($19.8 system with a peak capacity of 4000 seats per hour.
million/mile).

Table 2

Another area for possible cost savings is in the O&M Cost Summary
sidetracks necessary for offline stations, lt is accepted
that online stations are not consistent with our plans for Itma Annual Cost ($M_
frequent service from relatively low capacity vehicles. Personnel 49
We have generally assumed that we must switch offline Material 48

Energy 172at relatively high speeds (e.g. 100 m/sec). This not
only drives the switch cost up but requires extensive Total 269
lengths of side track for deceleration. Using the Design
Goal longitudinal acceleration and deceleration values of To compare the O&M costs with the annual
0.16 g and switching at 100 m/sec will require a single cost to capitalize the system we may assume a typical
guideway length of 3187 meters (2 miles) to stop and capital recovery factor of 0.103 (6% for 15 years). The

1000 km system at $12.3 million per km would cost
another 3187 meters to accelerate back to line speed. $12.3 billion and the annual cost of capital would beThe switch is estimated to cost $1.7 million and, at
$3800/m for single guideway, the deceleration track will $1267 million. The projected O&M cost is then 18%
cost $12.1 million, seven time the cost of the switch, of the total annual cost.

This also does _ot consider the possible land cost for In examining the factors which determine the
the side tracks. O&M elements, it was found that most of the cost is

Suppose the vehicles could slow to, say 20 proportional to the passenger throughput. This includes
m/sec, prior to switching. The deceleration lane would the personnel, material, and energy costs. To be more
then be reduced to 127 meters in length. This would precise, it was estimated that 6% of the cost is fixed and
save a total of $232/m in system cost or about 1.9%. 94% is proportional to the throughput (seats/hr).
This savings would be increased somewhat with the
redesign of a low speed switch which was notaccounted The energy costs were estimated from a
for in this analysis, simulation of the 800 km Severe Segment Test (SST)

route supplied by the Government for the SCD study.

The question then is can we safely follow this Although it was labeled a Severe Segment Test it
scenario? To carry 4000 seats/hr in a 100 seat vehicle seemed to have alignment profiles similar to what
requires a headway of 90 sec. At 134 m/sec this is a mi_',htbe expected along typical U.S. highway routes.
vehicle separation of 12 km. If the leading vehicle From this analysis it was estimated that 100 passenger
brakes to 20 m/sec at 0.16 g the separation distance will vehicles carrying a peak of 4000 seats per hour in each
close to 7900 m. However at any time the following direction and an average of 2000 seats per hour would

consume 3.08 billion kwh/yr. Using an energy chargevehicle can emergency brake at 0.2 g to a stop in a
distance of 4600 m. This leaves a safety margin of of $0.05/kwh and a demand charge of $7.50/mo per kw,
3300 m or about 25 sec at full speed, lt must be noted the projected annual energy cost is $172 million.
though, that this analysis is invalid for higher
throughput capacities than 4000 seats/hr, lt will also Much confusion exists over the specific energy
be necessary to have a switch operating time of less consumption of Maglev vehicles and other trains. At a
than 25 sec. steady state 300 mph cruise the Grumman 100

passenger vehicle consumes 5.072 Mw at the utility

Although the cost saving predicted for this interface. This translates to a specific energy of 379
change in switch philosophy is not great, Maglev Joules/passenger-meter. If we were to use a train
switches remain a difficult design challenge, especially consist of 10-fifty passenger modules the total
for the wraparound EMS systems, lt may be preferable aerodynamic drag would increase by only 63%. The
to provide the acceleration and deceleration capability to .specific energy would drop to 124 Joules/passenger-
permit a low speed switch to be used. meter because of the five-fold increase in the seating

capacity. This scenario would drop the annual energy
cost to $56 million. However, the train, which now
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weighs five times as much, will require a stronger
elevated guideway and a more powerful electrical syste_l
to achieve the same performance. Our studies show that
the optimum (from a total cost standpoint)
configuration is in the vicinity of 100 passengers.
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ANALYSIS OF MAGLEV CORRIDORS
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Abstract . The most critical question facing the U.S. with Analysis of MAGLEV corridors between ali possible

respect to MAGLEV may not be "how', but rather "why". Unless cities can establish their potential for Relative Value in
some defining picture exists of where MAGLEV lines might Rider-Miles versus Route Miles, in so far as determined

operate, and how MAGLEW services might lnterac:, with existing by the underlying factors of population, personal income,
air and auto transportation, national concurrence is apt to be and distance. While nothing in the analysis establishes
wanting on assuming the costs and uncertainties attending its

absolute level of demand, the interpretation of relative
technical development. The 1990 US Census Bureau data on the

value has integrity for prioritizing potential MAGLEV281 Metropolitan Statistical Areas (populations and personal
incomes) can he combined with US Geological Survey position corridors, and for resolving among varying alternatives for
data (latitudes and longitudes) to enable a Figure of Merit route stops.
assessment of ali plausible MAGLEV trips (40 < miles < 600)
on ali plausible corridors in the United States. Results are The definition of priority for explicit MAGLEV

mildly surprising. Although as expected the Boston-Washington corridors allows logical sequential strategy for plans and

Standalone Corridor is the most valuable, by a factor 3x over the implementation, when and if resolution of issues
nextmost, that nextmost is no_.ttthe Sacramento-San Diego increasingly favors MAGLEV prospects. The role for an

Standalone Corridor (found to he fourth), but two e_ension IS'IEA MAGLEV prototype then is more useful in

corridors continuing beyond Washington to Pittsburgh- clarifying relevant economic, social, and political factors
Cleveland-Detroit in the Midwest, and to Richmond-Norfolk in than in merely demonstrating technology.
the Midsouth. An hierarchical sequence of the LEVEL ! Route
(Boston to/from Washington) through LEVEL IV Routes
(Atlanta to/from East Coast and Midwest; Phoenix-Tucson The U.S. Census Bureau has identified a total of 281
to/from San Diego) is quantitively defined by the TOP 75 CSMA Metropolitan Statistical Areas, Primary Metropolitan
cities along the route (traffic decrease by a factor of two per Statistical Areas, and Consolidated Metropolitan Statistical
LEVEL). Several early contenders for federal sponsorship score Areas. Ali trips may be considered to link Metropolitan
at a low disfavored LEVEL V (Texas, Florida, Las Vegas). The Statistical Area pairs, of which there are N(N-1)/2 or

resulting overall picture of MAGLEV possibilites is thought to 39,340. Thus there is a large but tractable data base for

he quite comprehensive, involving 77.6% of US population, and analysis of MAGLEV prospects.
quite stable, shifting only with the slow rate changes of

demographics. An aggregate 25 of the Lower 48 States have II. POSSIBLE NICHE
population in the Metropolitan Areas which would be served

through LEVEL IV, so substantial definition and justification The Crucial Question is why should the U.S., with

for MAGLEV may appear from this work. already the world best auto/interstate and jet/airport

I. INTRODUCHON transport systems spanning the whole country, expect value
from new transport which is neither as flexible as autos

The national interest in High Speed Rail and Magnetic nor as fast as jets. There are two reasons why such may

Levitation Transportation has been markedly stimulated by be the case.
the December 1991 enactment of the federal Intermodal

Surface Transportation Efficiency Act. A prototype (1) Autos have a two-dimensional capability, linking

MAGLEV system at least 19 miles long may be funded any point in one area to any point in another with
with $750 million. While such demonstration may facility. Jets have only a zero-dimensional capability,

illuminate some technical issues, the larger questions of linking one point to but one other point. A
where MAGLEV corridors should be located, for what MAGLEV line can provide the intervening one-

values-added, will be unresolved by any such single short- dimensional capability, linking points on-line to other

span operation, points on-line with ease.

Manuscript received March 15, 1993. This paper has been issuedwith (2) Subjective judgement is that autos average 55

more detailed tables and maps as Transportation Systems Research mph, with little wasted time. Statistical regression of
Center Report 93-1a (January 1993). airline schedules versus great circle distances shows

125



that jets average520 mph aspoint to point cruise, but The Census pays special attention to the Top 75
with 45 minutes of wasted air and ground delay each Metropolitan Areas of the total 281. This group contains
flight segment. MAGLEV market position could be 60.5% of the total U.S. population, and dominates
proportionally between at 180 mph average speed, potential travel. Initial analysis is therefore concentrated
three times that of cars and one-third that of planes, on Top 75 MSAs, to establish the dominant themes of
with little wasted time delay, plaus_le routes.

III. DATA AND ANALYSIS Specific attention must be paid to the jet and auto
competition. Two cutoff limits are adopted. Subjective

The 1990 Census [1] provides full population and judgement is that trips below 40 RouteMiles should be
personal income data for ali 281 Metropolitan Areas. The given zero as RidershipScoreAB, representing irresistible
US Geological Survey Atlas [2] provides latitude and preference for auto flexibility. More objectively, trips
longitude to 0.1 minute (about 600 feet), from which any beyond 600 RouteMiles have zero as RidershipScoreAB,
of the 39,340 city pair great circle distances are computed representing pre-emption by jet travel. Below this distance
as needed, by spherical trigonometry, MAGLEV can be advantageous.

TrueMiles,4B= 69.09.trccos[sin(tata)sin(LatB)+
cos(LatA)cos(LatB)cos(LongA-LongB)] (1) Specifically, nonstop MAGLEV express time between

two major cities 600 miles apart is 2.0 hours, while
nonstop flight schedule between their airports is 1.9 hours

with arceos expressed in degrees. RidershipScoreAB is (45 minutes + 600/520mph), with airport access time more
taken as proportional to traffic potential for the AB pair: than taking up the difference. The MAGLEV advantage

between secondary cities is equally clear. Such air trips
RidershipScore.AB = P°PA'P°PB'$A'$B'IO-t_ (2) now require hub-and-spoke connection, with two 45

TrueM//esAB minute flight segment overheads added to the hub
connection interval (about another 45 minutes). Thus, the

with 1990 Census values for each Metropolitan Area used all-stops MAGLEV at 180 mph average speed takes 3
for population (PopA) and average personal income ($A). hours 20 minutes to connect two secondary cities 600 miles

apart, while hub-and-spoke air takes 3 hours 24 minutes (3
Once actual RouteAB is chosen, RidershipScoreAB is x 45 minutes + 600/520mph).

lowered by the ratio TrueMilesAB/RouteMilesAB. This

corrected traffic potential times the RouteMilesAB is thus Both autos and jets are more able to follow great circles
proportional to the total potential for passenger miles of than MAGLEV, so schedules for the latter must minimize
the city pair. The ratio (TrueMilesAB/RouteMilesAB) is stops along circuitous routes to compensate. The number
applied as final adjustment, to represent subjectively the of stops affecting the dominant city pair on circuitous
displeasure with circuitous routes. The resulting quantity routes (e.g. - Cleveland to New York via Washington) is

curtailed so that average speed over the True Mileage (not
Rider-MilePotenaalAB = (3) Route Mileage) meets the 180 mph competitive objective.TrueM/V.sAB 2

lCMershi_Sc oreA B .
RouteM_/esAB IV. LEVELS OF PRIORITY

is the relative contribution each city pair along a route The tables and maps of this report are then classified as
makes to total traffic on the route. The cumulative Rider- to their national priority, given by their hierarchical Figure
MilePotential for ali city pairs along a route is taken as of Merit. The Northeast Corridor stands alone as Level
proportional to the total values-added (i.e. revenue or I, having a Merit Figure of nearly 50,000 Rider-Mile
public service equivalent) by travel on the route. The Potential/Route Mile (Tab. 1).
cumulative RouteMiles is taken as proportional to the
fiscal cost of the route. The Figure of Merit for each Consequently, whether a national program makes sense
MAGLEV corridor hinges on the next most valuable, the Level II standalone

California Corridor Sacramento to San Diego, having a
Merit = ERider-MilePotential (4) Merit Figure of 13,000 Rider-Mile Potential/Route Mile

_RouteMiles (Tab. 2). If costs and appeal don't validate this California

prospect, no other routes in the U.S. are sound. Likely,
places that corridor in an hierarchy of profitability (or MAGLEV use only along the East Coast would receive
public service value) against ali other possible corridors, neither votes nor funds enough for implementation.
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as yet has not been featured in MAGLEV speculation and

advocacy.

= _ Additional Level II Extensions are found to be valid

(Merit greater than 10,000) branching off at Toledo to
1 Chicago, and continuing to Milwaukee. Similarly, the

_/-/_ Extension from Richmond to the North CarolinaPi _mont (Raleigh-Durham, Greensboro, and Charlotte)

= _ meets the Level II criterion.

, ,

_ _Merit: D k_ l _,J" /-. _IMOND

:' ".....
\

/I Washington/Norfolk Extension 176 Miles +2/Top 75 Merit 15,914
- Toledo/Chicago Extension 212 Miles +l/Top 75 Merit: 12,Z'_l

Chicago/Milwaukee Extension 82 Miles + 1/Top 75 Merit: 10,324
.....___---.- _

In ali cases, the higher priority predecessor is assumed

L _zal ,t=,,_ _L__] to exist and provide extension traffic. Thus Detroit to

TABLE 2. _ il Comu_R 1] Chicago journeys are crucial for the Toledo extension, andMidwest to Tidewater trips for the Virginia routes.

Sacramento/San Diego Corridor 549 Miles 6/Top 75 M¢_ 13,395 V. SEQUENTIAL STRATEGY

One need not build MAGLEV lines in the hierarchical

However, if Merit Figures of Level II (say, greater than sequence of priority, provided the conditional dependency
10,000) are valid for implementation, other Routes open is fully understood. In particular, the Boston/Washington
up as ,'ontinuing extensions of the Northeast Corridor Corridor may be the most costly and difficult to plan, with
(Tab. 3). First among these, in fact with Merit of 16,000 the challenge of MAGLEV crossing the ltudson River
(higher than California), is the extension of MAGLEV through New York City being well deferred for a decade
from the Washington to Pittsburgh, Cleveland, and or more, especially since AMTRAK does provide interim
Detroit. Upon reflection, it is not surprising that linking mid-speed Washington connections. Similarly, San
the nation's Sixth, Thirteenth, and Nineteenth MSA Francisco Bay may compel deferral of service to East Bay
populations with its First, Fifth, Seventh, and Eighteenth cities and connection to Sacramento.
should have substantial value. Of some surprise is the

outcome that a second Level II corridor extension is valid However, a second aspect of sequential strategy requires

from Washington to Richmond and Norfolk. This route explicit attention. By factor of two, one may define a
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lower Level III (Merit greater l_n 5,000). Level III ] "w ........

would extend via Albany from both N,_',_York and N_,_, _N____-
England to Syracuse, Rochester, Buffalo, Erit,, Cl_,eland,
Columbus, Dayton, and Cincinnati; the Chicago to Saint " .............
Lx_uisroute also qualifies at Level III (Tab. 4).

i

• oemeo

Toledo/Cinci/LouisviUeExt. 225Miles +l/Top 75 Merit:4,293
Chicago/Louisvlle/NashvlleExt. 427Miles +2/Top75 Merit:3,128
Milwaukee/MinneapolisExt. 298Miles +l/Top75 Merit:2,865
Charlotte/AtlantaExtension 229Miles +2/Top75 MeriL2,794

TABLE4. _iil EX'mNStONS Nashville/AtlantaExtension 214Miles +1/Top75 Merit:2,506

New York/Hartford/Buffalo Ext 480 Miles +4/Top 75 Merit: 8,271
Buffalo/Cleveland/Cinci Ext 412 Miles +3/Top 75 Merit: 6,226

Chicago/saint Louis Extension 262 Miles +l/Top 75 Merit: 5,050 • m m

Similarly, Level IV (Merit greater than 2,500) Concidors
merits subsequent commitment if and when the overall
success of MAGLEV has become even more certain and
more rewarding. In Level IV, the East Coast extension to
Atlanta is matched by Midwest ties from Minneapolis to
Chicago. ,"_ntinuing South with feeds from Detroit and
from Cleveland as well to reach Nashville and Atlanta
(Tab. 5). The first California Corridor extension emerges
at Level IV, San Diego to Phoenix and Tucson (Tab. 6).

l

Relegated to the disfavored category are the remaining [[_
Level V corridors with Merit below 2,500 (Tab. 7). Note 1that not only are the early clamorous contenders Texas, TABLE 6. LEVELIV_SXOr_S
Florida, and Las Vegas in Level V category, but also that
Florida connection (Orlando and Jacksonville to Atlanta) SanDiego/Phoenix Extension 299 Miles + 1/Top 75 Merit: 3,455

scores at this low Merit. No plausible connection to Texas Phoenix/TucsonExtension 107Miles +1/Top 75 Merit:2,757
even emerges for consideration.

VI, REFINEMENTS TO LEVELS I & II [ TABLE 7. LEVEL V (DISFAVORED, ]

The initial determinants of Level 1 & II MAGLEV
Los Angeles/Las Vegas Exten. 228 Miles +l/Top 75 Merit: 2,312

corridors are the populations, personal incomes, and StLouis/KansasCity Extension 238Miles +l/Top75 Merit:2,143
distances among 25 of the Top 75 MSA cities. To Dallas/Houston/SanAntonioY 394Miles 4fl'op 75 Merit:1,848
complete the roster of MAGLEV stations, six further Tampa/Orlando/Miami Trunk 294Miles 4/Top 75 Merit:1,693
determinants may be added. Plausible choices are Atlanta/OdandoConneetion 41OMiles +l/Top75 Merit:1,622

Angeles/Las Vegas Trunk 228 Miles 2/Top 75 Merit: 1,.';18
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advanced in each of the six categories in order to illustrate MacArthur; Los Angeles: Ontario, Burbank, Long Beach;
fully developed LEVEL I & II characteristics. Chicago: Midway; San Francisco: Oakland, San Jose).

First: Consolidation of Bi-State MSA Cities appears # MSASixteen Major Airports Population
reasonablewhere the Census Bureau has no._.3tjoined two 34 1 NewarkInternational (New York) 17,953,372

immediately adjacent metropolitan areason opposite sides 35 2 Los Angeles International 14,531,52936 3 Chicago O'Hare International 8,065,633
of a state line (presumably for political distinction). The 37 4 San Francisco International 6,253,311

largest such pair is Hartford CT/Springfield MA, which 30 5 Philadelphia International 5,899,34539 6 Detroit Metropolitan 4,665,236
would rank 24th as a single MSA. Indeed their common 40 7 Washington National 3,923,574

akpor% Bradley Field, is a plaus_iejoint MAGLEV stop. 41 7 Dulles International (l¥ashlngton) 3,923,57442 9 Logan International (Boston) 3,783,817
The Providence RI/Bristoi County MA pairing connotes 43 13 Cleveland Hopkins International 2,759,823

44 16 Lindbergh Field (San Diego Intl) 2,498,016
that ali of Bristol County MA lies asclose to a downtown 45 18 Baltimore-Washington International 2,382,172

Providence MAGLEV station as do many parts of Rhode 46 19 Pittsburgh International 2,242,798
Island included in the Providence MSA area; the joint 26"24' Bradley IntZ (Hartford/Sprngfteld) 1,726,55647 34 Charlotte/Douglas International 1,162,093

population would rank 28rh as a single MSA. The 48 55 Raleigh/Durham International 735,480
Youngstown OH]Sharon PA pair would rank 67rh as a # BSAAdditional Airports Needing MAGLEVService

.... = ..... . ......................... o ..............

singleMSA. 49 1 JFK International (New York)
50 1 LaGuardia (New York)
51 1 Long Island/MacArthur (New York)

# Ranl Description Population S/Capita 52 2 Ontario International

26 _24_ Bradley Intl Airport 1,726,556 19,662 53 2 Long Beach
- :28 Prvidnce RI/Brstl Cty MA 1,422,595 17,118 54 2 Hollywood-Burbank
27 67" Yngstwn-Wrrn OH/Sharn PA 613,622 14,249 55 3 Chicago Midway56 4 Oakland International

Analytical complexity lies in determining objectively which 57 4 San dose International

Nearby-Pair cities within a certain distance should be Fourth: Turnpike & Interstate Park-N-Rides need
treated as single MAGI.EV stops, and by what criteria, selection, but require no deviation of LEVEL l&ll routes.

Second: Bottom 76-281 MSA Cities contain the next # liSAExpressway/Intersection
... .. ..... .... ...... ...°.o. ...................

17.1% of U.S. population (MS/Ls #1-281 total 77.6% of 58 9 1-95/MA128/u81PeabodyMA
US). Of course, if one of these cities lies directly along a 5g 75 I 95/1-495 Attleboro MA60 1-395/US6 Danielson CT
TOP 75 MSA route, it is to be included as a MAGLEV 61 35 1-84/CT72 New Britain CT

q stol_. For even modest deviation, the Figure of Merit 62 1 Merritt Pkwy/CT8/CT25 Bridgeport CT63 1 1-95/US1/CT104/CT106 Stamford CT
must be recomputed for the whole route, to assure that 64 1 Htch Riv Pwy/I-287/I-684 White Plains NY

majoc city pair impairments from extra Route Miles do 65 1 GS Pwy/NdTpk/I-287 Perth AmboyNJ66 5 1-295/US1/US206 Trenton/Princeton NJ

not exceed the gain from new-step passengers. If a MSA 67 5 1-95/PA Tpk/US1 Langhorne PA68 5 1-9511.29511-4951U840 Wilmington DE
#76-281 City lies beyond a TOP 75 CMSA terminus, a 6g 18 1-9511.6951USllUS40 OveeZea MD

! Figure of Merit of 10,000 (the LEVEL II criterion) for its 70 18 1-95/I-295/US1/MD32 Savage tid' 71 7 1-95/I-495/U81 College Park tid
exlension justifies lengthening the MAGLEV Route. 72 1-81/US11/WV51 Martinsburg/Winchester WV/VA

73 lg 1-70/PA Tpke/US119 New Stanton PA
74 13 1-480/I-271/USALT422 Bedford Hts OH

The minimum list of MSA #76-281 Cities for addition 75 Ohio Tpke/US250 Milan OH
76 1-69/Indiana Tpk Fremont IN

is: 77 3 1-65/I-94/Indiana Tpk Gary IN
78 3 1-57/I-94/D Ryan Expy L Calumet IL

# Rank Description Population S/Capita 79 3 1-94/I-294 TriState Tlwy "Wye' Northbrook IL80 24 1-94/US41/WI20 Racine WI............................... = ................

27 '67' Yngstwn-Wrrn OH/Sharn PA 613,622 14 249 81 1-951USllUS17/VA3 Fredericksburg VA
28 106 Prtsath-Dovr-Rochestr NH 350,078 19,284 82 28' 1-64/VA238 Yorktown/Newport News VA

29 119 Vsalla-Tlare-Prtrvlle CA 311,921 12,898 83 49 1-85/I-95/US1/US460 Petersburg VA
30 138 South Bend-Mishawaka IN 247,052 15,748 85 1.95/US58/US301 Emporia VA
31 183 Elkhart-Goshen IN 156,198 15,736 86 1-85/USI/US158/NC39 Henderson NC87 34 1-85/US29/US52/US70 Salisbury NC32 254 Burlington NC 108,213 15,649
33 259 Cumberland LID 101,643 12,529 88 4 1-80/I/780 ValIejo CA89 213 I-5/CA152 Los Bands CA

90 2 I-5/I-210/I-405 San Fernando CA
Third: Major Airports are accessible by only minor 91 2 I-5/I-405 Irvine CA

deviations from the LEVEL I & II routes. Inclusion oi 16 92 15 I-5/CA78 Oceanside CA

such airportsisobvious. For thefourlargestmetropolitan Their location can be wherever MAGLEV routes

areas, the location of additional airports having substantial determined by other factors cross an appropriate highway,
airline service can be taken as proof that additional sites due to high auto mobility along expressways. Clearly,
need MAGLEV service (New York City: JFK, Lagu,rdia, MAGLEV must make exit/entry (e.g. Beltway) stops at
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every major metropolitan area, for maximum interception miles, N = 11) are circuitous compared to auto/jet
of autos (note that airport stops may qualify), alternatives between these dominant city pairs. With

minimum stops on the Midwest and Midsouth ILxtensions,
Fifth: Economic Redevelopment Priorities are high for the Cleveland and Norfolk MAGLEV schedules still must

those areas with large obsolete residential and commercial bypass some East Coast stops (say 7 lineal Stops) and
establishments, whose basic industries have permanently serve only the more important ones (say 6 ILxpress Stops).
disappeared. Southeastern MA (Attleboro) missed the The balances (10 stops Cleveland /Washington, 5 stops
"Massachusetts Miracle". Bridgeport light manufacturing Norfolk/Washington) allow F_.xtension Route stops every
center factories have evaporated. As rx-Mayer Kenneth 35 m/les or so. Many more Local trains per day will be
G_son said, "1don't know where the cities of America are required to service the Washington/New York traffic
going, but Newark is going to get there first". Cumberland (50,000 Merit) than through trains for the Cleveland or
is the threshold of the benighted soft coal fields. The Norfolk traffic (16.000 Merit), so the system offers good
Men Valley (McKeesport) mus___3find new competitive balance.
advantage, or continue irreversible decline. Youngstown
and Gary replicate the decay of the steel industry. These The Roster of 93 _Stops is listed for Levels I & !I,
citations substitute for analysis, but witness the truth that adding ali of the elements specified above to the original
political science is as potent as economic science. 25 Top 75 CSMA/MSA cities. Levels I & II promise

economic, social, and political vitality, with major service
# MSADescription in the Northeast, Midwest, Midsouth, and California:

59 9 1-95/I-495 Intersection Attleboro MA
62 I Meritt Pwy/CT8/CT25 Intrsctton Bridgeport CT Description Population MIles
34 I Newark Airport (New York) ..................................................
33 259 Cumberland MD Portsmouth to Washington (15.41 US) 38,245,728 539

93 19 McKeesport PA Washington to Detroit (4.4_ USi 10,997,250 477

27 67 Youngstown-Warren OH/Sharon PA Toledo to Chlcago/Mlwaukee(4.1% U8 10,076,066 321
77 3 1-65/I-94/Indiana Tpk Intersection Gary IN Washington to Norfolk (0.9_ US 2,261,747 186

Rlchlond to Charlotte (1.596 U8 3,813,517 301
Any major national transportation program in the 8acralleoto to 8an Diego (10.6_ U8 26,286,846 616

Northeast must pay its dues in redevelopment of economic Grand Tsta1, LEVEL I&II (36.9_ US) 91,681,154 2,440

decline, by adding transportation competitive advantage, a premier portion of the nation. Of the Top 75 ('MSA
cities, 26 are served by the 93 stops and the 2,440 route

Sixth: IAmitation on Stops is the final rcfinement to miles of MAGLEV l**els ! & II, while 8 more will be
I.EVi,I. I & II routes. Each route has dominant city added if the 1,154 route miles of Level II! are justified,
pairs, with heaviest Rider-Mile Potential. For such pairs, and 7 more will be added if the 1,800 route miles of Level
the specification is that MAGI.F.V provide service speed IV are also authorized. Of the Ix)wet 48 States, a total of
averaging 180 mph over the true (great circle) distance. 25 have population _n the metropolitan areas served at
Intervening stops "cost" 2.03 minutes more than Levels I, II, 111, an,J IV.
uninterrupted cruise: this time serves for 0.15g
deceleration to stop, 30 seconds nominal platform dwell VII. CONCI.USION

time, and 0. !5g acceleration back to 300 mph cruise speed.
"ihus N gives tl',e maximum numbercffstops aUowedfor The possibilities for MAGI_EV depend more on

economic, social, and political questions than on technical

2(min[stop).N(No. ,.vmp,sAB)-- (5) issues. "Of course we can, but should we?" The
TrueMilesAB _ RoateMile_B population, wealth, and distribution in the U.S. may well
3(mile.s/mJn) 5(mi/es/rain) provide a c.xmtext rewarding to MAGLI':V, but only if

plans and actions are guided by accuracy rather than mere

a MAGI.liV going 5 mi/rain along the route to average 3 enthusiasm. This paper endeavo/'s to provide assistance in
mi/rain over the true distance between the city pair. clarifying where MAGI.I.:V may fit, and where almost

certainly it will not.

l':xpress and l.ocal Trains are one consequence of this
strategy on stops. Such trains will certainly be required RI'|:I:.RI-N(:F2i

along the 1-ast Coast I_EVI-i. 1 Corridor. New York to
[ 1] Ll.b. Bureau of lhc (_cnsus..State and Metropolitan Area Data lh_Jk,Washington is nearly direct (205 true miles, 207 route

1991. Washington, 1991.
miles). The fl)rmula allows 13 stops. Yet the Ch.weland-

New York route (403 true miles/513 route miles, N = 16) 121 U.S. Geological Survey. "lhc Nat,mM Alias ,,]" I/,e V, med .'itmes "I

or the Norfiflk-New York route (296 true miles/383 route Amehca. Washington,1970.
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Market and Energy Demand Analysis of a U.S. Maglev System

Anant D. Vyas and Donald M. Rote
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Abstract- High-speed magnetically levitated (maglev) vehicles viable option is to divert some of the intcrcity travel to an
can provide an alternative mode of transportation for intercity alternative mode.

travel, particularly for short-and medium-distance trips between Short-haul aircraft operations represent an area where
100 to 600 mi (160 and 960 km). The patterns of growth and the alternative travel modes could help alleviate air traffic
underlying factors affecting that growth in the year 2010 are congestion and allow airlines to concentrate on mid-and long-
evaluated to determine the magnttudeofU.S, intercity travel that haul operations. Such alternative modes should providewould become the basis for maglev demand. A methodology that

service comparable with that of airlines at a similar price.is sensitive to the travelers' socioeconomic attributes was
developed to forecast lntercity travel. Travel between 78 major Magnetically levitated (maglev) vehicles are expected to travel
metropolitan areas by air and highway modes is projected, and at speeds up to 300 mi/h (480 km/h) and have the potential to
12 high-density travel corridors are identified and selected. The provide service comparable to airlines for trip lengths of 100-
potential for a maglev system to substitute for part of that travel 600 mi (160-960 km).
is calculated by using a model that estimates the extent of
diversion from highway and air to maglev. Energy demand is II. METHODOLO(;Y
estimated on the basis of energy usage during acceleration and

cruise phases for each corridor and corridor connections. The methodology employed for this research consisted of
several sequential steps. A baseline scenario was developed,

I. INTRODUCTION and future demographic, economic, energy price, and
technological data were compiled. A set of 78 metropolitan

Intercity travel, involving trips longer than 100 mi (160 statistical areas (MSA) from the 48 contiguous states was
km), in the United States by highway and air modes has selected for analysis. This set contained ali metropolitan areas
shown consistent increases. Travel by urban and rural with populations over one million, ali airline hubs, areas that
interstate highways increased at annual rates of 5.6% and formed one end of the top 50 air traffic routes under 600 mi
3.2%, respectively, during 1971-1989 [1,2]. Travel by (960 lcre), and metropolitan areas identified as potential
commercial airlines, in terms of domestic enplanements, maglev cities by an earlier ANL study [7]. A trip generation
increased at an annual rate of 5.6% during the same period methodology was developed to project highway and air travel.
[3,4]. Intercity travel will continue to grow, requiring Both air and highway trips were distributed by using the
considerable enhancement of highway and air capacity. Fratar model. The top 100 metropolitan area pairs involving
Travel by highways will increase by 1.3% per year during distances of 600 mi (960 km) or less were analyzed, and 12

1989-2010 [5] and air enplanements will increase by 3.8% per corridors of high density travel were identified. Highway and
year through 2002 [4]. air travel times and cost estimates were developed by using

The projected 50% increase in air travel would worsen the data from a related project, while maglev time and cost
air traffic congestion and spread delays to ali major airports, estimates were generated specifically (or this analysis. A
Several ideas have been advanced to handle the projected diversion model was applied to assess the extent of diversion
increase in air travel, including approach vrocedure from highway and air to maglev. Energy consumption
improvements, new terminal airspace procedures, new estimates were developed by using maglev vehicle
runways, and the development of new technologies to close characteristics from published and unpublished data. The
the gap between visual flight rules and instrument flight rules, resulting energy demands were computed and analyzed for
The Federal Aviation Administration (FAA) projects that new each high-density travel corridor.
airports will be required beyond the year 2000 to maintain the

quality of service available today [6]. Since new airport A. Travel Demand Projection
construction is an expensive, time-consuming, and politically
sensitive option, other options need to be investigated. One Intercity trips are generated by using a mcthodology that

applies travel rates by demographic groups. The methodology
assumes the propensity to travel is a function of the traveler's

Manuscript received April 30, 1993. This work was supported by the U.S.
Department of Energy under Contract W-31-109-Eng-38, the Electric Power socioeconomic attributes. The travel rates have not reached
Research Institute under contract RP3025-03, the U.S. Department of saturation and would change as economic Otltptfl, [ttel prices,
Transportation, and the U.S. Army Corps of Engineers. personal income, and hou.sehoid w(_Fk It_lcc c_Nliguratiofl

..._"

131



change. Travel is also a function of mode maturity. As ali Vh = --15.454 + 0.193 * Yh + 15.63 * Wh, (5)
travelers who could use a particular intercity travel mode use
it and become familiar with it, that mode is assumed to have where Vh represents vehicle trips pcr household, Yh is the
reached maturity. The methodology treats the highway mode average personal income per household in thousands of 1982
as a mature mode, while the air mode has an opportunity to dollars, and Wh is the number of workers per household.
attract more travelers. Surveys by U.S. Travel Data Center The changes in demographic composition of the nation's
(USTDC), along with data from the FAA, the Federal population are accounted for in the structure of the trip-
Highway Administration, and the Bureau of the Census were generation model. The production component of the model
used to develop the travel rates, allows for five classes of income (in 1988 dollars): <S20K,

Trip productions are dependent on three demographic $20-25K, $25-35K, $35-50K, and >S50K; five classes of age:
attributes: household income, traveler age, and traveler <18, 18-24, 25-44, 45-64, and >64; and four classes of

employment status. Three trip production models, identical in employment status: high-travel potential employment, low-
structure, are applied, and a weighted sum of production is travel potential employment, retired, and not working. Future
developed for each metropolitan area for each trip type, highway trips will be influenced by movement of population

between the classes of these demographic attribt_tes and also

P(i,t) = Z i Wj * Tp_(i,t) (1) by changes in travel habits.
Changes in nationwide intercity travel wcrc projected by

TpJ(i,t) = _ NJk(i)* R_k(t), (2) applying the regression model to the U.S. Depzlrtmcnt of
Commerce demographic projections [81. The trip-gcncration

where P(i,t) represents productions from zone i for trip type model was also run using the state-level data for the years
t, Wj is the weight assigned to socioeconomic attribute j, and 2000, 2010, 2020, and 2030, while keeping the 1988 travel

TpJ(i,t) is the productions for socioeconomic attribute j for the rates constant. This provided measures of changes caused by
same zone and trip type combination from (2). NJk(i) the movement of population among the demographic classes
represents the number of units in subcategory k of attribute j and geographical areas. The difference between the
for zone i, and Wk(t) is the travel rate for the same regression model and constant trip rate estimalcs provided zl
combination, measure of the change in travel rates.

Trip attractions are a function of four variables: households A different procedure was followed to estimate future year

with income less than $20K, households with income greater trip rates for the air mode. The air mode has the potential to
than or equal to $20K, high-travel potential employment, and attract more travelers as a greater and greater fraction _f the
entertainment attractiveness. Professional, managerial, population begins using it. A Gallup survey for the Air
technical, and lower-level managerial employment are Transportation Association of America (ATA) I91 shc_ws the
classified as having high travel potential. Each zone is incidence of flying (persons who used the air mode once)
assigned a code reflecting its entertainment attractiveness, rising from 49% in 1971 to 74% in 1990. A model their
Attractions, A(i,t) lhr zone i for trip type t, are the sum of projects enplanements per capita was tle\,clol_cd tls f()llows:
trips attracted by each attribute times an entertainment factor
plus a constant, with entertainment thctor and the constant E_ = -1.7 + 0.154 * G, - 0.0055 * C_ + ().()l t) :" [F. ((3)
term dependent on the above mentioned code.

where E_ represents enplanements pcr capita, (_;, ts gross
national product per capita in thousands of 1982 dollars, C_ isA(i,tl) = Y.,T,J(i,t) + F(k,t) (3)
airline revenue per enplanement in 1982 cloll,_r_, :in(1 IF is
incidence of flying (as percent cvtr l]own).

T,;(i,t) = N'(i) * R'(t) * EF(k,t), (4)
The above equation requires projection of revenue pcr

where EF is the entertainment factor, F is a constant, and both enplanement and incidence of flying for future years for
which procedures were developed. A logistic model was usedare dependent on entertainment attractiveness code k. Values
to project incidence of flying. This var)able, representingN and R represent zonal socioeconomic attributes and

associated attraction rates as explained before, maturity of the air mode, is dependent on trine. The following
model was developed using the 1975-1988 dal:l from ATASince the travel rates have not reached saturation,

procedures to compute future travel ratcs were developed. [9]:
The highway mode was considered mature, and ali changes in

IF = 1 --0.42 * e-0.0343 * (t-- 1975) (7)trip rates were captured by tracking the changes in household

income and number of workers per household. Past surveys where t represents the forecast year.by the U.S. Travel Data Center wcrc used develop the
following equation. A model for projecting airline revenue pcr enplancmcnt, Co,

was developed using data published by Acrr)space Industries
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[3] and U.S. Department of Transportation [10]. This variable continue -- helped along by the growing over-B5 population.
is dependent on fuel price and productivity improvements in This has an important implication for highway travel (and, in
air-carrier operations. The productivity variable is rather turn, for the potential tbr maglev travel), bccause the vehicle
difficult to quantify, but it can be represented by time. The occupancy for nonbusiness trips would be expected to decline
following relationship was established for any year beyond as the household size shrinks. Thus the per-person cost of
1988: travel would increase, ln_ing travel by coining>li carrier (_ir

or maglev) more attractive.

Co = 60.33 + 0.26 * Jp + (2030 - t)2 / 101.2, (8) Air travel is forecast to continue t,_ increase, but ill rates
lower than historical rates. The number of air trips incrcascd

where Jp represents jet fuel price in 1982 dollars per 100 at an annual rate of 5.2% during 1970-90. Thc projected rate
gallons and t is the year of interest, of growth for the next 20 years is 3.1% annually. The annual

The Fratar model was used to distribute both highway and rate of growth during the last decade of this century is
air trips. The model adjusts an existing origin-destination trip projected to be 3.3%. The demand for air travel will increase
matrix to match a set of growth factors for trip productions from 294.2 million trips in 1988 to 581.8 million trips in
and attractions. Use of the model thus requires a base-year 2010. The air mode will be close to maturity ira 2(}10, whc_
trip matrix. A base-year air-trip matrix was constructed using a projected 87% of the population will have flown at least
the 1988 10% ticket sample file from the U.S. Department of once as compared with 73% in 1988.
Transportation [11]. Next, the total trip matrix was Since maglev is a common-carrier mode, a majority of its
subdivided into business and nonbusiness trip matrices by trips will be diverted from air, the existing high-speed
using the 1988 trip production and attraction shares provided common carrier mode. Also, as maglev technology develops,
by the trip-generation model. The Fratar model was then it will be tested first in select places bcl'ore intr{xlucing it ira
applied to produce a set of trip matrices for the year 2010. a network of connected corridors. Air trip interchanges in the
Production/attraction growth factors provided by the trip- year 2010 were analyzed, and the top 1(}() MSA pairs
generalion model were used. involving distances of 600 mi (960 km) or less were

Since a comprehensive database for intercity highway travel tabulated. Twelve corridors were selected from the analysis
between metropolitan areas does not exist, a step-wise of these trips and from the list of corridor stutlics ctmdt|ctcd
procedure was employed to construct a base year highway-trip by states and federal agencies. Table I lists the selected
matrix. First, two MSA to MSA highway-trip matrices, one corridors.
for business and the other for nonbusiness travel, were Thirty one metropolitan areas, out of 78, _rc part of the
constructed by using distance based air trip to highway trip twelve selected corridors, representing 930 interchanges.
ratios. The ratios reflect an intercity mode preference pattern Many of these are. not feasible to traverse by maglcv alone,
in which the highway mode carries several times the number given the selected maglev corridors. For example, Los
of passengers as the air mode when the trip distance is short. Angeles to New York City or Dallas to Chicago trips cannot
Next, these matrices were revised to reflect the trip estimates be made by maglev alone. When such infeasible interchanges
from surveys conducted by states or other agencies. Data were removed, and interchanges involving less than 500
from Northeast corridor, New York st,ate corridor, annual trips were eliminated, a total of 40() interchanges
Pennsylvania corridor, Ohio High Speed Rail Study, Illinois- remained for trip diversion and energy demand anzllysis.

Michigan Study, Illinois-Wisconsin-Minnesota (Tristate)
Study, Texas Triangle Study, and Florida High Speed Rail TABLEt HIGH DENSITYTRAVEl, COI,tRll]()I,IS
Study were incorporated, Finally, the Framr model was
applied to project year 2010 highway trip interchanges. Trip 1. NortheastCorridor:Washington (I)C), l_ahlmorc,l'hil:tdelphia, Ne'._

York City, Hanford, Boston
productions and attractions from the trip-generation 2. New York State Corridor: New York Cit\ .\lbtm.x, SyractJse,

methodology described above were used to compute these Rochester,Buffalo
growth factors. 3. California Corridor: San Francisco, I.o_ Angc!es, San Diego

In our modeling effort, we found that intercity travel is 4. Califomia-L.asVegas Corridor:I.osAngeles, l.a,s Vcg:,_
5. Florida Corridor: Miami, Orlando, "l'amp_strongly influenced by four major factors: population, number
6. Texas #l Dallas-|louston Corridor: l)allas, t to_,stt,n

of households, employment, and income. The U.S. population 7. Texas#2 Dallas-SanAntonioCorridor Dallas.,.\tj,tin.SanAntonio
is expected to continue to grow in absolute numbers, but the 8. Texas#3Itouston-SanAntonioCorridor:t lou_to,_..\tl_.lll], .'_itllAntonio
rate is expected to decline between 2000 and 2010. A likely 9. Illinois-Michigan Corridor: Chicago, Detroit
strong influence on travel behavior is the percent of the 10. Quad-State Corridor:St. Louis, Springfield (II.). (htc,_g,_, Milw:tukce,

population over 65, which increases significantly after 2010. Madison, Minneapolis-St. Paul11. Pennsylvania Corridor: Philadelphia, l'larrisburg, ]_lttst_tlrgh

Accompanying this trend is an increase in the number of 12. Michigan-PennsylvaniaCorrndor: Dctr,,_t,'lolcdo,(71cvcl,_nd, l'it_sburgh

households, which continues rapidly even out to 2030, but the ........................
current tendency towards smaller households is expected to
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B. Modal Characteristics Development not account for increases in capital cost, which :ire likely to
be substantial.

Travel time and cost characteristics were developed for air, The highway mode characteristics were compiled for
highway, and maglev. Procedures to estimate travel time and intercity passenger trips by assuming that ali the trips were
cost components for air and highway modes were developed made by automobiles. A vehicle trip was subdivided into
by using data from several sources while maglev components three parts: travel within the origin MSA, travel between
were derived based on published operating criteria, MSAs, and travel in _ne destination MSA. Highway travel
discussions among ANL staff, and technical judgement, times and costs depm'd on such parameters as distance,

Air characteristics are subdivided as MSA level and MSA intercity highway speed limits and miles driven per clay,
pair specific. The MSA level characteristics include lodging cost per night, fuel economy and fuel prices, nonfuei
access/egress time and cost, time spent in an airport before the automobile operating cost per mile, duration of stops for fuel
aircraft doors are closed, time between aircraft door closing and rest during highway travel, and time and distance traveled
and being airborne, time between touching ground and aircraft within origin and destination MSAs. A value of 700 mi
doors opening, and time spent in an airport between aircraft (1120 km) was selected as the distance driven per day. A 50
door opening and boarding ground transportation, mi (80 km) allowance is automatically made to allow a

The access and egress time values were computed using traveler to complete the trip without incurring lodging cost.
average distance from the most populated place in each The automobile cost component consists of Iuel and other
county of the MSA and weighting them by county population, operating costs, lt does not contain depreciation, registration,
We obtained the county-level population forecasts from each and insurance. Both fuel and other operating costs are
state and used them to compute average distance. MSAs were computed as dollars per mile using energy price and fuel
classified by their population as extra-large (more than 5 economy data. Nonfuel auto operating co,qs include
million), large (3-5 million), medium (1-3 million), and small lubrication, tires, and maintenance [14].
(less than I million) for the assignment of average speeds. Maglev time and cost information was developed using
The speeds represent average values for ali approach modes, highway distance and some allowance for circuity. The
including coach and public transit where applicable, resulting total distance for each origin-destination pair is

Wait time and in-airport time were estimated using data subdivided by speed class, and the iinehaul time ts computed
from a ground-access study [121. Base-year (1988) taxi, on the basis of the number of miles in each speed class, the
queue, and take-off times, as well as landing, taxi, and idle number of stops, and the number of transfers. The speed
times, were estimated using an earlier study [131. The values classes are 165 mph (265 kmph), 200 mph (320 kmph), 250
in the study were updated by using the percent of operations mph (400 kmph), and 300 mph (480 kmph). Ali MSAs with
delayed by 15 minutes or more as published by the FAA [6]. populations over 3 million, and those in the Northeast
The queue subcomponent will increase exponentially with the corridor, are assumed to require travel at reduced speed for
increase in aircraft operations if airport capacities are not some distance within the metropolitan area (5 to 15 mi). Ali

expanded. We assume periodic capacity expansion by various other distances for each speed regime were determined by
means to cause a linear relationship between air travel technical judgment based on the inctividual corridor.
demand and queuing time. The practice of not allowing an Direct travel is considered feasible between ali large MSAs
aircraft to take-off for a destination airport that is with stops at major intermediate points. For c×ample, a tnp
experiencing delays is assumed to continue in the future, from New York to Chicago does not require any transfers, but
Thus, average landing times are expected to increase very requires stops in Philadelphia, Pittsburgh, anti Detroit. In
little, addition, each major metropolitan area may have more than

Airport access costs are computed separately for business one stop (i.e., downtown, suburban, airport) and each stop is
and nonbusiness purposes by using average distance and assumed to have a duration of 2.5 minutes. Travel to or from
airport-specific access mode shares. Access modes include 1) a smaller MSA can mvolve a transfer at a major hub (or half

drive and park or use of rental car, 2) taxi or limousine, 3) a transfer if some direct service is possible), with an average
coach/airport bus, 4) mass transit, and 5) courtesy vehicle. A transfer delay of 30 minutes.
sixth mode, driven by friend/relative, was allowed for Maglev out-of-vehicle times (access/egress and waiting
nonbusiness travel only. Cost components include fuel and times) were obtained by multiplying the air out-of-vehicle
nonfuel operating costs, parking tees, labor costs, tolls, and times by a factor of 0.75. This factor accounts for the fact
fares, which vary depending on the access mode. that metropolitan areas will probably have more than one

Linehaul time and fare are two MSA pair specific maglev station, so that the average distance to a station will
components. Linehaul times were computed using a be less than the average distance to an airport. Maglev access
regression equation. Average fares were also computed using costs were assumed to be 90% of those for air. The factor for
a regression equation that accounted for the effect of hubs, access costs is higher than that for out-of-vchicle timc,;
fuel prices, and productivity improvements. These fares do because access cost is influenced less by di,,tam.'c than access
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time. Maglev fares were assumed to be 80% of the air fare used to reduce the peak loads for maglev systems. These
to account for the lower linehaul travcl speed, facilities could be distributed along the maglcv corridor and

charged from base-load power plants at night or from
C. Estimation of Diversion to Maglev spinning reserve. Spinning rcserve is the margin that utilities

are required to maintain in order to handle unforeseen
A diversion model was selected to estimate trip diversion situations, such as a sudden shutdown of a power plant or a

from highway and air modes to the new mode. The model large unexpected load. The requirement is about 10% in
includes such logical parameters as waiting time, linehaul excess of the current demand, and storage devices could be
time, and cost [15]. Rail trips were added to the diversion charged from this spinning reserve since tile charging could
estimates by using constant diversion rates. The model be interrupted at any time.
requires total travel cost, in-vehicle travel time, and out-of- Maglev vehicles travelling at cruising speeds require energy
vehicle travel time for highway, air, and the new mode. to overcome aerodynamic drag, which increases sharply with
Business out-of-vehicle travel times were computed as 20 speed, and magnetic drag, which is highest at low speeds. In
minutes less than nonbusiness tnt-of-vehicle travel time if the addition, hotel energy, which is independent of speed, is
nonbusiness out-of-vehicle time for an origin-destination pair required for use on-board the vehicle (about 300 kW). During
was greater than 100 minutes; as 15 minutes less if the acceleration energy is also required to bring the vehicle up to
nonbusiness out-of-vehicle time was in the range 80-100 speed. A 150-seat electrodynamic maglcv vehicle was
minutes, and as 10 minutes less for ali other values, characterized by using data fron_ various sources (nmst of

The trip diversion model multiplies the out-of-vehicle time which are unpublished).
by a factor less than 1. This reduction was not considered The magnetic drag force (computed as 780 divided by
appropriate for the highway mode since it makes the speed in meters per second for speeds above 50, or 30.25 kN
common-carrier mode more attractive (by reducing the effect otherwise) and energy requirements to overcomc magnetic and
of access/egress time and waiting time). Also, the maglev aerodynamic drag are given in Table 2 for various speeds.
mode has constant terms for each purpose and mode The actual electric energy demand required from the power
combination. Since the diversion model was developed for plant was computed by considering tile efficiency of the linear
trips shorter than 500 mi (800 km), highway business synchronous motor mounted on the guideway (90%), the
diversion for longer distances may not be predicted properly, efficiency of the power conditioning unit at the wayside
A value of--0.8 was added for distances of 600-900 mi (960- station (85%), and the electricity transmission efficiency
1440 km), and an additional --0.8 was added for longer (95%). These combine to give an overall efficiency of about
distances. Even after these additions, the model tended to 72.7% for maglev. The electric generation efficiency is not
predict high shares (80-95% for longer trips). Thus, the included.
diversion from business highway trips was restricted to 66%
for distances of 500-750 mi (800-1200 km), assumed not to TABLE2 AERODYNAMICAND MAGNETIClIRA(; I.:NER(;Y

require any lodging cost, and restricted to 50% for longer Speed Magnetic Drag Energy (kWh/km)
distances. (km/h) Drag

Rail trip estimates were compiled from various origin- Force(kN) Magnetic Aerodynamic Total
destination counts obtained from the Federal Railroad

Administration. The rail trips were subdivided as business 20o 13.96 3.88 1.56 5.44_.7. 5.66266 10.58 2.94 "_ "_
and nonbusiness equally. Fixed diversion rates of 85% for 322 8.73 2.42 4.(XI t_.42

business and 70% for nonbusiness were applied for maglev. 402 6.98 1.94 6.24 S.lS
483 5.82 1.62 8.99 1().(_1

D. Energy Calculations ......

Electric utilities are likely to view the loads generated by III. RESULTS
the maglev system as less than ideal because its demand is
unsteady due to accelerations and because peak maglev Table 3 summarizes the most important ridcrship and
demands tend to coincide with peak loads in the rest of the energy results for each corridor. The table includes passenger
utility system (midmorning and late-afternoon). Maglev could demand, passenger miles traveled, energy intensity, and total
operate either with long trains or in smaller units of one or energy demand. The individual corridor totals do not include
two vehicles. When operating with one or two vehicles, the trips that traverse that corridor but have either the origin or
acceleration energy requirements of each individual unit destination (or both) outside the corridor. However, those
would decrease, which would help smooth out the electrical trips are accounted for in the "corridor connections" totals.
demand oscillations of a maglev system. The individual corridor totals for ridership and energy would

Large-scale off-board energy storage facilities could be increase if any corridor is connected t¢_any other c¢_rridor, but
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since the values depend on the exact extent of the entire In this analysis, we assumed the number of vehicles
network, those projections cannot be made at this time. travelling daily between terminal cities to be distributed in the
Travel demand will also increase if connections are provided same way as the aircraft tlights are. We computed the
at the airports involving high volumes of connecting trips. An number of vehicles required to serve the demand by assuming
air traveler could transfer to maglev for a part of the trip that a 60% load factor and uniformly distributed ,,Icmand through
either originates or terminates at a point outside the connected the year. We ",alsoused the average energy intensity for the
corridors. Estimates of such diversion will require more section. The number of vehicles en route at any specific time
detailed analysis. We carried out a simple analysis of trips of day is computed from travel time and average headway.
involving origin or destination in Albany, Syracuse, The power demand for maglev is computed by using 20 MW
Rochester, and Buffalo with a maglev airport connection that for accelerating vehicles and 5.4 MW for cruising vchicles.
showed potential increases in the range of 5-15%, depending The actual power demand will be influenced by route
upon airline cooperation, geometry, location and number of stops, maximuwi speed, and

The estimated total energy demand for the 12 corridors is demand charges.
5.26 trillion watt-hours. Aside from energy demand, the
power demand profile will influence utility planning and load TABLE4 ELECTRICITYI)EMANDPR()FiI,F FOR "l'rtEBOSTON.
management. A 150-seat maglev vehicle will require NEW YORKCITYSECTION

approximately 20 MW of power at startup (accelerating at TravelDistance(mi) 249

0.16 g or 1.57 m/sz) and 5.4 MW while cruising at 300 mph Travel Time (mm) 85

(480 kmph). Passengers per Year in

each Direction (106) 4.86

TABLE 3 ,MAGLEV TRAVEL AND ENERGY DEMAND IN 2010 Average Passengers per Day
in each Direction 13,310

Corridor & Connections Demand PMT El Energy Vehicle Tips per Day
10_ 10_ Wh/PMT 10_ kWh in Both Directions 296

Profile (bo_h directions) by Time of Day

Northeast Corridor 23,456 5,344 201 1,073 6-10 AM 10 AM-2 PM 2-6 PM _-It) I_%t
New York State Corridor 5,173 1,335 249 333 Vehicle Trips 74 72 88 _2
NEAN'YS Connection 476 233 231 54 Avg. lteadway 6.5 6.7 5.5 7 7

California Corridor 12,603 4,545 223 1,014 Vehicles en route 26-28 24-26 30-32 211-22

CA - l.as Vegas Corridor 6,137 ?_,0_,_7 231 468 Polential Annual
Florida Corndor 6,858 1,688 265 448 GWh Demand 124 121 149 11)4

Dallas-ttouston Corndor 3,069 773 255 197 Power MW I 265-285 244-265 306-326 204-224

DFW-Austin-S Antonio 2,487 560 255 143 Power MW 2 329-354 304-329 380-405 253-278

t|ST-Austin-S Antomo 1,770 373 252 94

Chicago-Detroit Corridor 1,658 478 247 118 ' Assuming 330/0 of the vehicles accelerating at a ume.
Quad-State (STL-MSP) 4,124 1,253 252 316 2 Assuming 50% of the vehicles accelerating at a trine.

Midwest Connection 569 338 250 84

Pennsylvania Comdor 1,503 356 253 90 "FAILLE 5 ELECTRICrI'Y DEMANI) PRI)FII.E i:()J_ THE l.().g
NE-Penn Ctmnect_on 1,268 5fi2 232 130 ANGEl.bIS-SAN FRANCISCO SECTION

NYS-Penn Connecuon 30 1S 246 4 ............
Detroit - Pitt Corridor 419 89 256 23 Travel Distance (mi) 395

Other Connecttons 3,596 2,720 245 _65 Travel Time (mm) 122
Passengers per Year in

System Total 75,197 22,691 232 5,255 each Direction (106) 531
Average Passengers per Day

in each Direction 14,56()

A. Profile of Electricity Demand Vehicle Trips per Day
m Both Directions 324

Profile (both directions) by "Time of Day
The profile of potential electricity demand was analyzed by 6.10 AM 10..X.',,1-21'.'_ 2-6I"_ _,-I__'X4

selecting two sections of the future maglev lines: 1) Boston to VehicleTrips 86 74 90 7.1
New York City and 2) Los Angeles to San Francisco. Ali Avg. Headway 5.6 6.5 5.3 6 5

flips that will use the selected sections were identified and Vehiclesen route 42-44 36-38 44-46, 3¢_-3,_
Potential Annual

summed. For example, the Boston to New York City section GWh Demand 254 220 26,',; 221)

will be used by flips originating from or ending in Boston and Power MW _ 428-448 367-387 448-469 3t_7-3s7

having the other end in New York City or maglev cities PowerMW a 531-557 455-481 557-582 455.481
beyond New York City, as well as trips originating from or
ending in Hartford and having the other end in New York ' Assuming 33% of the vehiclesaccelerating at a ttmc

2 Assuming 50% of the vehicles accelerating at a time.
City and maglev cities beyond New York City.
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Reducing Magnetic Fields from Maglev Guideways
to Reasonable Levels

J. P. Blanchard
Research and Development Advanced Civil Systems Group,

Bechtel Corporation, San Francisco, CA 94119-3965

Abstract - Magnetic fields required by that creates a traveling magnetic field. The
magnetically levitated high speed trains must be interaction of these two fields produces the
sufficient to lift, guide, _nd propel the passenger or propulsive force 1. The same superconducting magnets
freight vehicle at speeds of up to three hundred are used for levitation and guidance, with additional
miles an hour. This implies a need for locally high guideway equipment providing the necessary fields
field intensities to create forces sufficient to do these for these functions.
jobs. At the same time a number of limiting factors
require the fields to be carefully restricted elsewhere:
they may not interfere with wayside or vehicle based This paper considers the anticipated impact of
electronic guidance and control equipment, they the magnetic fields associated with the Bechtel team
must not detract from the structural integrity of the maglev design on people and maglev system
guideway, and they must not be biologically components outside of the levitation, propulsion, and
significant to either the passengers or people in the guidance packages. Additional technical details
vicinity of the system. This presentation will explore about the levitation, propulsion, and guidance
the expected field patterns from the Bechtel team's systems will be presented in other sessions at this
National Maglev Initiative System Concept conference z3. Far field calculations of magnetic fields
Definition design and how the design accommodates associated with the general design discussed here are
each of the limiting issues identified above, described in greater detail elsewhere 1. In light of the

preliminary stage of design of this system, any
conclusions drawn here must be considered

preliminary yet valuable because they begin to frame
I. INTRODUCTION the possible concerns, allowing future design work to

accommodate refinements as needed to mitigate fields
Bechtel recently lead one of four teams in the in strategic areas.

National Maglev Initiative System Concept
Definition study. The results of this effort provided a

series of designs expected to form a basis for future 11. HOW IS "REASONABLE LEVELS" DEFINED?
maglev concept development that will ultimately

offer the United States a mass transit alternative to A. Source Characteristics
meet the needs of the twenty first century. Central to

the Bechtel team effort was the design of a lt is generally recognized that the nature and
levitation, propulsion, and guidance system that uses extent of interaction of a magnetic field depends on its
magnetic fields sufficient to sustain adequate speed, intensity, frequency, and orientation with respect to
safety, and ride comfort at speeds up to 300 miles per other objects, as well as its spatial and temporal
hour. The basis of this system is a linear synchronous duration. In this paper we examine three distinct
motor consisting of a number of vehicle based forms of magnetic fields: a static, or dc, field; a
superconducting magnets that create a constant periodic or sinusoidally varying ac field; and impulse
magnetic field and a buideway propulsion winding or anomalous fields. Actual field patterns

encountered will likely be a combination of these

This work was supported in part by the U.S. three types.
Department of Transportation under contract no.
DTTFR 53-92-C00003.
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expected to be of generally greater concern here than
The source of each type of field will depend on dc fields because of their ability to induce spurious

the observer's reference frame. If on-board the currents on conducting lines. As a limit, any field
vehicle, a static field will be seen from the induced currents should not corrupt existing data
superconducting magnet on the vehicle and the communications, result in significant power losses, or
guideway based currents will be seen as periodic ac or interfere with normal suspension, levitation, and
impulses depending on whether they are from guidance forces to unbalance the vehicle or hinder its
anomalous or .:-'gularly spaced sources. Anomalous intended motion.
sources might be, for example, unexpected
irregularities in the guideway, or some local 2) Tolerance Limit of Structural Members
misalignment of the magnet system. By contrast, the Most systems will use concrete, a magnetically inert
wayside based observer is generally less likely to material, for the majority of structural components.
encounter significant dc fields unless positioned near However, the mild steel reinforcement typically
an inverter station, but will see an impulse or periodic found in concrete structures is expected to be extremely
ac field every time a vehicle passes, sometimes sensitive to the magnetic fields in its vicinity. In
accompanied by switching transients, particular, the ac fields may induce currents in the

connected sections of reinforcement, the dissipation of
Each of these field types interacts differently ,,vhicl'_ will deposit some heat in the structure.

with conducting loops in external systems. The static Whether this is significant will depend on the
field cannot induce currents in such loops but will exert magnitude of the heat generated and where it is
a force on established current loops in accordance with deposited in the structure. Both the ac and the dc
Ampere's Law. By contrast, the ac fields can not only fields will create forces within the structure if there
create forces, but also induce currents in conducting is any remnant magnetic field in the structural steel.
loops. Those arising from regular, sinusoidally Again, the significance of these forces depends on
varying fields are maintained (or continuously their magnitude, which in turn depends on the
refreshed) by the external field while those from strength of the field seen by the reinforcing steel as
impulses decay away, generally in the form of well as the magnitude of the remnant field, if any, in
resistive heat losses, the steel. Over the expected fifty year lifetime of

the structural support system, the cumulative effect of
B. Exposure Concerns these forces and heat depositions must not

significantly weaken the structure.
A "reasonable level" may be defined as one that

does not produce an adverse effect. Consequently, 3) Physiological Limitations
there will be different "reasonable levels" for Existing research suggests that electromagnetic fields,
different components of the system that are exposed to under some circumstances, can interact with the
the magnetic fields from the maglev system. In this human body to produce biological effects. While
paper we focus on three key components that could be clear delineation of hazardous levels, if such exist,
adversely influenced by the system's magnetic fields: remains generally elusive at this time there is
the command/control/communication (C3)system; the general agreement that limits on _olely static fields
structural supports; and people onboard or in the should be higher than for ac fields. Nevertheless,
vicinity of the maglev system. These components are the steady (dc) and time varying (ac) fields arising
not specific to the Bechtel design but would exist in from the maglev system should not pose a
any maglev project. However, the mitigation section physi(Hogical hazard to train passengers or people in
below will examine general mitigation conct, pts then the vicinity of the system and should conform to
concentrate on the Bechtel team's approach to human exposure standards where they exist.
reducing the likelihood of adverse effects arising as a
result of its magnet system. Presently the most stringent known dc magnetic

field limit for people is 10 raG, beyond which signs
1) CommandControl/Communications should be posted warning people with implanted

Electromagnetic interference arising from stray fields cardiac pacemakers of higher fields. Ac field limits
is a potentially significant concern. Ac fields, vary by jurisdiction from no limit in most areas toas
partict, l_rly those that generate impulse currents are low as a suggested 2 mG near some school areas.
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Limits on impulse fields have been suggested in the optics in command/control/con'_munications systems
scientific literature but none has, to date, been and fiber reinforced plastic reinforcement in structural
implemented. While these are limits only on the systems.
magnitude of fields, some research suggests that
biological effects may also depend on the magnetic B. Design Specific Field Reductions
field's frequency, spatial orientation with respect to
the body, temporal duration, and may in fact involve Beyond these general suggestions for mitigating
a complex interaction between a variety of field the effects of magnetic fields, the Bechtel team
parameters, identified several design specific methods for

altering the magnetic field as needed to accommodate
the diverse requirements placed on the system.

III. DESIGN AND MITIGATION Because the vehicle based superconducting magnets
are expected to be the largest single source of magnetic

A. General Mitigation Concepts fields experienced either onboard the vehicle or in
the wayside, much of this work concentrated on those

There are a number of ways to mitigate tlm effects rnagnets. Note that the fields from these magnets
of magnetic fields on the various systems described will be experienced as dc fields on board the vehicle
above. Notice that mitigation generally, but not and as ac fields by wayside based people and
always, consists in a reduction of the field magnitude, equipment as the vehicle passes by.
In some cases, mitigation may also require a change in
operating frequency or duty cycle. Thornton et al. 1 suggest several distinct ways to

mitigate the fields arising from the vehicle's
First, it is well known that the magnitude of magnets. Each of these involves a trade-off with

magnetic fields declines in value with distance from other system parameters.
source depending on the nature of the source. The field

reduction will generally be at least as rapid as the First, increasing the length of the vehicle magnet
inverse of the distance from the source, and in some arrays reduces the far field cornponent of the magnetic
cases will be proportional to the square or cube of the field substantially. If this is combined with tapering
inverse of the distance. This allows a field reduction the field strength of the end magnets, the overall
simply by increasing the distance between the source maximum field is decreased by a factor of up to about
and the observer where possible. Note that while it three with only a rninimal reduction in motor thrust.
is possible to reposition people and communications
equipment away from magnetic field sources lo reduce Second, reducing the pole pitch of the vehicle
their exposure, the structural system, including based magnets reduces the far field but requires
mounting brackets for the guideway based levitation, higher frequencies for the propulsion system. This in
propulsion, and guidance equipment, cannot be moved turn leads to higher eddy current losses and a
away from the sources, requirement for more turns in the magnets or a closer

spacing between the vehicle and guideway magnet
Where distance between source and observer is not systems. Nevertheless, if research in biological

possible, shielding can sometimes be used to reduce effects of magnetic fields indicates a complex relation
fields within a specified volume. However, there is between effects and the frequency and relative
almost always a penalty of higher fields elsewhere magnitude of ac and dc fields, as some studies suggest,
as a result. Shielding can be passive, using a this may become a critical set of tradeoffs.
materials with a high relative magnetic
permeability such as mu metal, or active, with Third, the use of proprietary flux cancelling
bucking coils creating a field that cancels the original designs in the magnet systems can reduce fields by a
field in a defined area. factor of two or better. Although there may be

penalties in terms of weight and cost for such systems,
In some cases, the best form of mitigation is to use the benefits appear to compensate for these.

material that is magnetically inert to do the job
originally performed by a conducting or magnetically Finally, active shielding can be used to reduce
active material. Examples include the use of fiber fields in specific areas as neted earlier. Thornton et
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al. suggest this should only be included after
implementing other field reduction techniques because work to be done in refining ali elements of the concept
of the weight and power requirements for this kind of including the magnet systerns. Additional work is
shielding, anticipated to further identify the critical tradeoffs

required with guideway reinforcement concepts to
In addition to these methods that focus attention balance cost, strength, and power losses. In addition,

on the vehicle based magnets, there are a few more work is needed to verify the robustness of
guideway based field mitigation options. A more communication systems under ali anticipated
efficient suspension system, for example, will make operating conditions. Finally there is a vital need to
better use of the fields from the vehicle magnets, clarify the key parameters of magnetic field
thereby reducing the need for extra capacity in the interaction with biological systems in order to clearly
vehicle magnets while minimizing ac losses in the understand the most appropriate forms of magnetic
suspension system. The proprietary Bechtel team field mitigation for people onboard and in the
design for the suspension system contains significant vicinity of the maglev system.
improvements in the efficiency of this system. Also,
since the fundamental frequency of the guideway
current depends directly on the vehicle speed relative ACKNOWLEDGMENT
to the pole pitch of the vehicle magnets, there is
inherently some flexibility in the field frequencies The author thanks Professor Richard D. Thornton
experienced on the wayside as a result of guideway for useful discussions and acknowledges his extensive
based equipment if warranteci. Since variations in work on the maglev systems described here.
frequency can also be expected to change a variety of
other operational characteristics of the system and
must be carefully considered in terms of their influence REFERENCES
on overall system performance.

Ill R. D. Thornton, D. Perreault, and T. Clark, "Linear

IV. CONCLUSIONS AND FUTURE WORK Synchronous Motors For Maglev," DOT/FRA/NMI-
92/13, January 1993, available through National

We identified in this paper source characteristics Technical Information Service, Springfield, VA
and exposure concerns related to maglev system 22161.
magnetic field effects on equipment and people
outside of the levitation, propulsion, and guidance [21 R. Thornton, "Flux Cancelling Maglev," poster
systems where those fields are primarily used. presentation PS1-8, Maglev '93, Argonne Natianal
General magnetic field mitigation options were Laboratory, Argonne, IL, 19-21 May 1993.
reviewed and design specific options were noted for
field mitigation within the context of the Bechtel [3] R. Thornton, "Linear Synchronous Motor Design,"
team National Maglev Initiative system concept, oral presentation OS6/7-1, Maglev '93, Argonne

National Laboratory, Argonne, IL, 19-21 May 1993.
The Bechtel team design provides the basis for

additional concept development. There is additional
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Loss and Guideway Interaction Force Measurements on a
Superconducting Magnet for Maglev Applications

Charles R. Dauwalter
Charles Stark Draper Laboratory, Inc., Cambridge, MA

Abstract up the magnet windings, mechanical losses
in the windings and supporting structures,

Accurate knowledge of losses in superconducting and mechanical and eddy current losses in
magnets is an important requirement for the design the shields which will be required to reduce
of levitation, guidance and propulsion systems for the strength of ac fields arising from cur-
electrodynamic maglev ve"_cles. An experiment in rents induced in the guideway conductors by
preparation is described to measure ac fields due to passage of the superconducting magnets on
guideway currents, and magnetic forces and force the vehicle.
gradients, which will provide the basis for subse-
quent measurements of superconducting coils for Tinkham[1] concluded that ac losses in
maglev suspensions. The experimental apparatus maglev levitation, guidance and propulsion
can test full-size maglev components at velocities magnets could be substantial, conceivably
approaching o--,_ected maximum speeds. The initial exceeding the heat leak of the cryogenic
experiment, the apparatus to be used and its advan- system. Further, the most serious ac loss
tages for experimentally addressing m_glev design problem in a real vehicle would be associated
issues, and current status are described, with the low frequency vehicle motions near

the natural frequency of the primary sus-
Introduction pension system. Subsequently, Hunt[2] de-

veloped a simple model which showed that by
Accurate knowledge of losses in supercon- assuming full flux penetration of the super-

ducting magnets is an important _equire- conducting wire, Tinkham's calculations
ment for the design of levitation, guidance overestimated the ac losses, lt should be
and propulsion magnets for maglev vehicles; noted that in Hunt's experiments, a coil fab-
the designs must provide thermal margins ricated with multicore wire showed a de-
adequate to prevent accidental quenching, crease of persistent current magnitude fol-
Sources of loss include AC fields caused by lowing exposures to high ac field levels.
the varying currents induced in the guide-
way and the mechanical movement of con- Mechanical effects in superconduct-
ductors and cryostat internal structure ing coils and shields will also be a significant
caused by both the magnetic forces and factor in the proper design of suspension
magnet accelerations in response to those magnets and cryogenic systems for maglev
forces. Knowledge of these losses will be systems, lt is well known that relative mo-
crucial for the proper design of supercon- tions between conductors in a supercondict-
ducting magnets and the cryostats and re- ing magnet can initiate quenches; these
frigeration systems which support them, and usually occur with increasing current when
will thus influence the cost of these subsys- energizing the magnet. Maglev suspensions
tems as weil. Significant source, s of loss in employing variants of the null-flux configu-
superconducting magnets include hysteresis ration are generally stiffer than those of the
and eddy current losses in the wires making image flux variety and usually require a sec-

ondary suspension to maintain satisfactory
ride quality. The combination of higher

Manuscript received March 15, 1993. This work is stiffness and secondary suspensions results
supported by Draper Laboratory Independent Research in higher acceleration levels of the super-
and Development funding, conducting magnets than is usually the case
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in image flux systems, lwasa[3] noted that abling such experiments on full-scale or
the racetrack magnets used in maglev, which near full-scale sized components.
cannot use the proven floating-coil tech-
nique that virtually guarantees freedom Initial Experiment
from premature quench in, e.g. NMR
solenoids, will still be affected by mechanical An experiment is being prepared to
disturbances. Consequently, the effect of prove-out the experimental arrangement
losses from such disturbances must be con- and procedures for measurements on super-
sidered in magnet design and qualification, conducting magnets, and to verify predicted
While numerous measurements have been ac field levels due to guideway currents and
made of such effects, e.g.[4] [5], none are levitation average and ripple forces. A rep-
known to the author which combine these resentative maglev suspension arrangement,
with application of ac fields, approximating that of the Japanese ML002

vehicle studied by Brown[7] is being used.
Experience with superconducting The initial experiment will be conducted us-

generators has shown that mechanical reso- ing a conventional copper coil excited by a
nances of shields can induce significant ac dc current supply to simulate the supercon-

i ....
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Figure 1. Centrifuge elevation

lOSSeS in the superconductors when excited ducting coil. Calculations using the parame-
by the ac fields they were intended to atten- ters of a similar coil[8] indicate that the
uate[6], and such resonances can be excited thermal limit is an excitation --1/35 of the
as well by mechanical vibrations of the nominal ampere-turns of the superconduct-
magnet system caused by vehicle interaction ing coil, producing a guideway ac field pro-
with guideway imperfections and response to portionately smaller. The levitation force
wind gusts, will thus be smaller by a factor of--.1,400,

giving a lift force of --22N(_5 Ibs.), a value
The combination of ac magnetic fields and which should be readily measurable, al-

mechanical vibrations is expected in maglev though probably not with high accuracy.
systems and their effects must be understood
quantitatively to design a satisfactory system Equipment
immune not only to unexpected quenches,
but to possible decay of magnet persistent The experiment will be conducted using a
currents. ¢,,_e of the objectives of the work large centrifuge at Draper's environmental
described here is to develop a facility en- test facility. This machine was constructed to
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perform high acceleration exposure testing
of inertial guidance systems and componentz This machine has a number of attributes
and for calibration and error evaluation of that suit it well for testing maglev system
high precision accelerometers. The cen- components, particularly suspension and
trifuge arm is asymmetric with respect to the propulsion magnetics, and suspension sub-
center of rotation; the long end is shown in systems:
elevation in Fig. 1, and the short end in plan • ability to accept full scale components, im-
view in Fig. 2. portant for magnetics which do not scale

well

The length of the long and short ends of • high speed, -75% of projected maximum
the arm are 10.7m (35 ft.) and 6.6m (21.7 ft.), maglev speeds
respectively; the interior concrete wall of • capability for continuous operation
the building has a radius of l l.6m (38 ft.). • little or no component curvature required,
The centrifuge was designed to operate safely due to large radius of curvature (10.7m(35
at an acceleration level of 200 g, measured at ft.))
the test location at 9.73m,(32 ft.) radius, and • relatively low centrifugal acceleration at
has been routinely operated at a maximum high speeds due large radius of curvature
acceleration of 100g, which corresponds to a (10.7m(35 ft.))
tip velocity at the long end of the arm of • large load capacity, =3.5Mg(7,500 ibs.)
102.3 m/s (335.7 ft/s), about 76% of the 134 ° _150 slip rings, some with high current
mis expected maglev vehicle maximum (>50A) capability
speed. Currently, the machine capability is • ability to readily simulate the effect of low
limited by its primary power source (a diesel- frequency suspension motions (0.9×n Hz at

electric generator set) to a maximum accel- 60 m/s; n=integer), by adjustable guideway
eration of 35 g, corresponding to a tip veloc- deformations
ity at the long end of 60.5 mis (198.6 ft/s). • hydrostatic oil bearings for low mechani-

building wall

Vehicle magnets

Vehicle magnet support structure I
I
I

I

J
y conductor array Center of rotation

Figure 2.
Centrifuge plan view, magnet and guideway installed
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cal noise

• stable and accurate speed control Details of the coils are shown in Figure 3,
which also shows a number of calibrated

Potential disadvantages include the cen- search coils provided for measurement of ac
trifugal force that the magnet/cryostat sys- fields due to guideway currents; each search
tem must withstand and the necessity for a coil is buffered by a preamplifier before the
complete array of guideway conductors signals pass through the slip rings. The
around the periphery if the most realistic magnet coils are excited by a constant cur-
simulation is required (the initial experi- rent DC supply in an adjacent control room
merit uses only a short section of simulated through high current slip rings on the arm.
guideway, and entrance and exit effects are
likely to be significant, particularly with re- Attachment of the guideway conductor ar-
spect to ac losses). The centrifugal forces ray to the building is by means of adjustable
generally should not pose a severe problem supports to allow precise alignment (or in-
for magnets; at 100 m/s tip velocity they are tentionai misalignment) with respect to the
approximately an order of magnitude smaller magnet path. Low value current sampling
than the internal magnetic forces of the coil resistors are provided for measurement of
and approximately of the same order as the the guideway coil currents.
levitation forces.

Status

Fig. 2 shows the simulated superconduct-
ing magnet mounted on the short end of the The detailed design of the centrifuge mod-
centrifuge arm; the magnet is supported _4m ifications necessary to adapt it for maglev
(_,13 ft.) away from the nearest steel struc- component testing is in process and should
ture of the arm to prevent distortion of the be sufficiently complete to initiate construe-
magnet field. The support structure is shown tion by early summer 1993.
as a space frame for illustration purposes,
but will be made from welded aluminum References
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Magnetic Fields
From a Maglev Linear Synchronous Motor

1993 Maglev Conference

D. Galler,W. J. Greenberg

Abstract - This paper presents the analysis of magnetic fields The results of many of the studies are generally considered
from air core Linear Synchronous Motor (LSM) windings found inconclusive by the scientific community. Nonetheless,
in certain kinds of magiev systems. The exposure of passengers advanced transportation systems must address the magnetic
and passers-by to the magnetic field of the LSM winding is of field issue on two levels. First, the system should he

particular concern in these systems, designed to minimize magnetic field exposure since the
adverse effects of long term exposure have not been

In the maglev air core LSM, passengers are subjected to a
magnetic field which is synchronized with the vehicle and is conclusively disproven. Second, there is a widespread
therefore perceived as a dc field. Outside the vehicle ali other perception by the public that magnetic fields may be harmful.
(stationary) personnel and equipment experience an ac field If these advanced systems are to gain public acceptance, low
similar to that generated by an ac utility transmission line. The stray fields must be achieved.
ac field is usually experienced at distances beyond a few meters
from the LSM winding in the maglev guldeway, lt is this "far Most states in the U.S. have not adopted magnetic or electric
field" that is the subject of this paper, field requirements. The guidelines adopted by some states for

utility transmission line fields are summarized in Table I.
Magnetic field analysis of a 3-phase LSM winding is presented.
Numerical procedures used to compute the fields are also T_t.t_1
presented. For these procedures the LSM winding is modeled as xt._ow_ _o_nc _ sTv._or,_Ar
a series of current sticks in space. The procedures can compute EggsoFATp_, _ mort.or-WAy
the field from any winding configuration represented thisway as
long as the surrounding space does not contain magnetic Florida
material. The results are presented in norma'lizedfashion with
winding current as a parameter, and are compared to results for 500kV (Single Circuit) 200 mG
typical utility distribution and transmission line configurations. 500kV (Double Circuit) 250mG
The results are compared to limits which have been adopted by 230kV andbelow 150mG
some states in the U.S. for transmission line magnetic fields.

NewYork(Interim)
I. lrcmot)tJc'nor_

No study to date has demonstrated that low level ac magnetic 100kVandabove 200 mG

field exposure adversely _ffects humans. Several studies have New Jersey (Considering)
shown that magnetic field exposure can produce changes in
cells and in laboratory animals' behavior, enzyme and
hormone levels, and bone healing rate. Other studies have Notspecified 200 mG

attempted to correlate human cancer rates with magnetic field
exposure levels in the presence of other uncontrolled factors. From this data it appears that a 200 mG level at the edge of
A summary of the studies and field levels adopted by
scientific agencies is presented in [1 ]. A good example of the the fight-of-way would be a typical acceptable level.
popular literature on the health effects is [2]. In the remainder of this paper we will describe how a maglev

system generates ac far fields that appear at the edge of a
typical right-of-way. These fields will be computed and

ManuscriptreceivedMarch22,1993.ThiswoAwarsuppoaedinpartbythe compared to those of transmission and distribution line
u.s. ArmyCorpof EngineersunderContractDTFR-53-92-C-O0006. geometries.
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Fig.I. ExplodedView ofMagneplaneLSM Winding

II. MA_.I_v PROPULSION is at a peak value of I. At this instant the other two phases
carry currents of -I/2 since the sum of lhc phase currents must

A bricf description of a maglcv system is presented in this be zero. Proceeding in the x direction the sequence of
discussion to illuslratc how the ac fields are generated. The currents in the transverse conductors is I, I/2, -I/'2, -I, -I/2, I/2,
data and cxamples arc based on lhc configuration of the I. This sequence produces a quasi-sinusoidal magnetic field
system proposed by Magneplanc International [3] although above the winding. At heights of 0.2 to 0.3 m the ficid is a
similar results may be obtained on other systems. The virtual sine wave because of the diffusion of the field from ali
discussion starts with a description of the propulsion system, the conductors. As the currents advance in time the field

which uses an air-core linear synchronous motor (LSM). advances in space down the maglev guidcway in the positive
x direction.

Fig. 1 is a diagram of a 3-phase LSM winding in which the

phases have been separated for clarity. Each phase consists In the Magneplane system the LSM winding is mounted at the
of two rectangular patterns which are connected together at bottom of a guideway whose cross section is roughly a
the far end. The electrical connections for each phase are at semicircle. On each side of the winding the guideway walls
the near end where they will be connected to a wayside power are composed of aluminum levitation sheets. At normal

converter. The two patterns in each phase winding are mhTor operating speeds the vehicle is levitated by eddy current
images of each other. Each phase of the winding is identical repulsion which occurs between the levitation sheets and
but is offset in the x direction by 1/'3 of a pole pitch from the superconducting levitation coils carried by the vehicle. Thrust

preceding phase. The winding is i.2 m wide and has a pole is produced by the z-axis component of the LSM travelling
pitch of 0.75 m. field interacting with superconducting propulsion coils carried

by the vehicle.
The propulsion field is generated by the conductors which are

parallel to the y axis - the transverse conducto_ These In most maglev systems the L.SM winding is constructed in
conductors generate a magnetic field with x and z components sections called blocks. 9/hen a vehicle approaches a block
only. To see how the travelling wave is produced consider 3- that block is energized and remains energized until the vehicle

pha_e power at an instant in time when the A phase current has completed the transition into the next blot:k. Only one
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vehicle can be in a block at a time. In the Magneplane The solution is usually written as [4]
system the blocks can be up to 2 km long.

Po/ (sin ¢x2--sin¢xl) (1)Except for fields from the vehicle as it passes, the LSM 1131--winding radiates an ac field whenever a vehicle is in that
block. This is the source of the ac far field evaluated in this

paper.

Additional parameters of a maglev system that relate to LSM where R is the distance from the point to the z axis. ot is the
ac fields are: angle between the measurement point and the bottom of the

stick, oh is the angle between the measurement point and the
1. propulsion current top of the stick.
2. frequency range of propulsion current in the LSM

3. percentage of time a given block is energized while The point is defined by the coordinates xp, yp, Zp.
the system is in operation

4. number of hours per day the system is in operation The magnetic field at the point can only have x- and y-axis
components. These are expressed as

III. MAorcffrIcFmLDCALC'trt_aaON

Since the propulsion system described here is essentially an I_x -- sin _ 1131
air-core LSM the magnetic field can be computed as if the -y (2)- " "1131
winding were a series of current sticks in free space. This is
also the case for utility lines since they radiate primarily in
air. The following discussion describes a numerical procedure
which is used to compute the fields from the LSM winding
and generate comparison cases based on utility transmission
and distribution line geometries. 1_,-- cos _ 1131

x (3)
There is a closed form solution for the magnetic field at a "R-
poh_t in space due to a current stick of finite length. The
problem is generally arranged as shown in Fig. 2 where the
stick lies on the z-axis in a 3-dimensional cartesian coordinate

system. These equations are basically the solution of the problem in
a specific local coordinate system. The three compo_ents at
a point from a stick in any orientation can be found by
performing a linear transformation from global coordinates
into this local coordinate system. A computer program has
been developed which performs this procedure and is used to

generate the results presented in the remainder of this paper.
The steps of the procedure are summarized in Appendix A.

v y

_, - "U IV. a_Is oFC_ctrt_aaON

/ //
....... _/

The magnetic field strengths for the LSM winding described
' above and two utility line configurations were computed for

Fig. 2. Geometry of Current Stick and Point in comparison. The fields were calculated in a y-z plane located
Space Where Magnetic Fieldi*Desired in the center of 200 meter spans for each of the three cases.
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Span lengths for the transmission and distribution line cases Fig. 4 shows a configuration used for distribution called

could be set arbitrarily. However, LSM lengths were set for spacer cable. The three conductors are strung on an instdating
computational convenience since a 200 m model has about spacer which controls their separation. The outer conductors

3200 c_,,_._,ltsticks. Additional test cases were run to verify are 0.3 m apart and 6.1 m above the ground. The center
that LSM length did not affect the results. The results conductor is 0.23 m below the outer conductors. The field is

presented are the same as those for inf'mitely long spans, much more restricted than the transmission line configuration
because the conductors are more closely spaced. This allows

The current for each configuration was 1000 A rms. a greater degree of field cancellation at the same distance
However, the calculations are based on the currents carried by below the lines. The maximum field is about 20 mG at
the conductors at one instant in time. For reference we have ground level.
chosen to use an instant when the central conductor of the

distribution and transmission configurations is at peak current. Fig. 5 shows the magnetic field results for the LSM winding
From this discussion it should be noted that the fields shown described earlier in this paper. The winding is 1.2 m wide
are instantaneous field values and not the rms ac field values, and 6.5 m above the ground. The fields at ground level are
The instantaneous fields are somewhat more instructive in well below ImG when the winding carries I000 A. Under

terms of field effects and are useful for the comparisons made certain conditions the same general winding arrangement can
here. carry up to three times this current. The fields would still be

no higher than about 3 mG, well below those of the
v. REstrt.rs transmission and distribution lines at 1000 A.

Fig. 3 shows the fields from a typical three-conductor The low ac far field has to do with several specific features

transmission line where the conductors lie in a plane. The of the winding geometry. First, the pitch of the winding was
conductors are 4.6 m apart and 12.2 m above the ground, selected to optimize the propulsion field at a distance of about

This arrangement is typical for 115 to 161 kV [5]. The 0.25 m from the winding. The field drops off rapidly beyond
conductors can usually carry about 1000 A. The field pattern that due to cancellation of the many transverse conductors.
has a maximum value at ground level of about 30 mG. Second, the end turns are tightly coupled. The conductors on

each side carry opposing sinusoidal current patterns. This
again causes a high degree of cancellation at relatively small
distances.
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20 ................... The ac far fields from the type of LSM winding analyzed in

this paper are much lower than typical transmission and
distribution fines currently used by utilities. In addition, the
fields are much lower than present utility standards for

15 transmission lines. The results should satisfy the general

.--. public perception of health risks from low level exposure
caused by maglev LSM windings of the general geometry

presented here.
m 10 1000
E _ _>_ A
N

3-D MagneticFieldCalculationProcedure

5
200 10 The entire procedure is summarized below. We start out with

the measurement point at Xp, Yp, Zi, and the current stick with
a starting point Xr, Yt, ZI, ending point X2, Y2, Z2, and

0 ................... carrying the current Z.
-'0 -5 0 5 10

Notation

y (motors) Variables in global coordinates are in upper case while local
coordinate variables are in lower case.

Fig. 5. Magnetic Field From LSM Winding in mG 1. Translate the stick to the local coordinates.

x, = 0 x2 = X2-X t

Yt = 0 Y2 = Y2-Yt

z t = 0 z2 = Z2-Z tT/_L_ II
St/l_M_gV OF RaSULI'S

Maximum Field Magnitude at Ground Level in mG

Tnmsmission 30 2. Compute the rotation angles.
Distribution 20

Maglev I
Y2

sin 9 =

Iv. _v AN'vCO_CLUS,O_ _/y_ + Z_
2

z

The magnitude of ac far fields from transmission and cos (p-'-
distribution line configurations have been compared to a _/y_ + z_
maglev LSM winding. The results are summarized in Table

I1 and show that the LSM winding has much lower far fields £ -- sin q_Y2 + cos _pz 2
than either the transmission or distribution lines. The

geometry of the LSM winding is such that it carries many _x2
small segments of current which cause substantial cancellation sin 0 --
beyond 1 m from the winding. _/x_ + _ 2

The close coupling of the phases and transverse conductor cos 0 =

spacing are critical factors in achieving low far field levels. _/x_ + ;_2These factors should be considered in designing LSM

windings to meet low radiated field requirements.
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3. Translate the point from global to local coordinates. 9. Rotate the field components back to the global coordinate

xp ,,,Xp - X, system.
yp " Yp - Y,

= sin0sincp coscp cos0sincp[
4. Rotate the point to align with the stick rotation, cos0sincp --sincp cos0coscpj

Yp "- 0 COSCp -sinCp J 10. Compute the magnitude of the field as
- sinCp cos0sinCp cosOcosCp.] L_'J

5. Compute the end point of the stick along the z axis.

z2 = Cxa2 +y22+z22

x2-O

Y2 = O ACKNO_

The authors would like to thank Dr. R.J. Thome of the MIT

Plasma Fusion Center for his support and guidance during the

6. Compute the distance from the point to the z axis. Magneplane Concept Definition Study. The authors would
also like to thank Helen M. Martin for her work in preparing

R = 7x_ + y2 the manuscript.
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Magnet Design Optimization for Grumman Maglev Concept

S. Kaisi and R. Herbermann
Grumman Corporation, Bethpage, New York

C. Falkowski and M. Hennessy

Interna_agneticsGeneral Corporation., Guilderland, New York

A.BourdUlon
State University of New York at Stony Brook

Abstract*"The Grumman baseline Erectrornagnetic Suspension

(EMS) Maglev system consists of superconducting C-iron I. INTRODUCTION
cored magnets on the vehicle. They are attracted to iron rails The important aspect of the Grumman Electromagnetic
mounted on the underside of the guideway. The magnets and Suspension (EMS) system design [1] is the ability to levitate
rails are oriented in an inverted 'V' configuration in such a the vehicle, with a wide airgap 40 mm (1.6 inch), using iron

manner that the attractive force vectors between the magnets cored SC magnets located along both sides of the vehicle's
and the rails act through the center of gravity of the vehicle, length. The magnetic field in the gap is also utilized to
These magnets simultaneously perform functions of vehicle propel the vehicle at speeds up to 134 m/s using 3-phase
levitation and propulsion. They are powered by NbTi propulsion coils embedded in the iron rail slots. The ability
superconducting coils operating at 4.2K. An electromagnet to accomplish this levitation and propulsion under a wide
consists of a C-core, a superconducting (SC) coil on the back range of maneuvers, guideway irregularities and aero
leg of the C-core and a normal control coil on each leg of the disturbances without saturating the iron is a complex task
C-core. The SC coil provides the nominal lifting capability requiring extensive magnetic and control system analysis.
and the normal coils handle rapid variations in load with

respect to the nominal value. Figure 1 shows the baseline EMS magnet system
consisting of an iron-cored magnet and a guideway iron rail.

The baseline magnet configuration was selected on the The laminated, iron-cored magnets and iron rails are oriented
basis of extensive 2-D and 3-D magnetic analyses to meet the in an inverted "V" configuration (see [1] for details) with the
levitation and propulsion requirements. The selected attractive force between the magnets and rails acting through
magnetic system design employs 48 magnets, 24 on each side the vehicle's canter of gravity (cg).
of a 100 passenger vehicle. The polepitch is 750 mm and the
gap between the magnet poles and the rail is 40 mm. The
NbTi SC coil has a modest ampere-turns (50,000 AT) _rt,,_,_

requirement, experiences a peak field of "0.5 T and operates
at 4.5K. High temperature SC leads are specified for
minimizing the helium boiloff. Because of the iron core the
SC winding experiences little magnetic loads. The magnet is
cooled with pool boiling liquid helium which is contained
within the helium vessel of the coil. No helium refrigeration

equipment is carried on-board on the vehicle. Instead the s.ors_o,
boiled-off helium gas is compressed into a nitrogen cooled ,,_u_,o, co,._
storage tank. Sufficient quantity of liquid helium is carried c_,r_.
on-board for an uninterrupted 24 hour operation. At the end
of a day, the gaseous helium is discharged at a central
location for reliquification and the liquid helium supply in _,_,,_rtD_o,, ,E_..o,,ooon,,a
the magnets is replenished.

Manuscript received March 15 1993. The work was performed as part of
the EMS Maglev System Concept Definition study supported by the U.S. Fig. 1. EMS Levitation and Propulsion Systems
Army Corps of Engineers under contract DTFR53-92-C-000 04.
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The vertical control forces are generated by sensing the The levitation magnets must also generate sufficient lateral

average gap clearance on the left and right side of the vehicle force to counter roll moments. Furthermore, the SC magnets
and adjusting the current in the control coils mounted on the must be designed for reliable operation and for easy
magnet poles to maintain a constant 40 mm (1.6") gap. maintenance.

Lateral control is achieved by differential measurement of the
gap clearance between the left and right sides of the vehicle, til BASELINEDESCRIFrlON
The corresponding magnet control currents are differentially
driven for lateral control. In this manner, control of the A. Pole Configuration

vehicle relative to the rail is achieved in the vertical, lateral,
pitch, and yaw directions. For roll control, the C-magnet The baseline C-magnet and rail configuration is shown in
assemblies are alternately off-set with respect to the rail Fig. 2. The key parameters of the baseline magnet system

width by 20 mm. With this arrangement if the vehicle are summarized in Table II. Each C-magnet assembly
deviates from the nominal operating position, the lateral consists of a C-shaped iron core, a SC magnet located around
forces generated between the poles and the rails are such that the back leg of the iron core, and normal control coils around

they drives the system back to the equilibrium state. This each pole of the iron core.
process is further helped by sensing the vehicle's roll

position relative to the rail and differentially driving the -I
offset control coils to correct for roll errors. The iron rail on /the guideway is laminated and carries 3-phase propulsion
winding powered by a variable frequency ac source Sur_rconducling

Coils Conltol /
$0. _ |

synchronized to the vehicle speed. Vehicle housekeeping _l-t _ _.t coilspower is inductively induced into coils mounted on the pole --, _ L_.._.,_ t::t

faces of each magnet. , _'rJ '*__or e__ "'_ _J-

The total weight of a 100 passenger fully-loaded vehicle is _ . .......=........ s ....

" 60,000 Kg. The force generated by the magnet system ___
must be 90% larger to provide lateral guidance in the T_ __,1'_ 41Q "r-T1- dlt.7

inverted "V" configuration. The total baseline levitation and J_ [_'_t_lJ'_ Iron Rail
guidance force to be provided by the magnet system is

115,000 Kg. A load variation of +/- 45,000 Kg is required "'_'_
about the baseline value tor rapid gap control. These and
other baseline requirements are summarized in Table 1. The Fig. 2. BaselinePole and Rail Geon_try

vehicle has 18 m length available for accommodating the SC
magnets and an airgap of 40 mm must be maintained between

TABLE II

.he levitation magnet pole faces and the rail. By reacting BaselineLevitation Magnet and Rail Parsmctera
with 3-phase AC windings housed in the rails, these

levitation magnets also generate a propulsion force of 6,000 *PARAMETI_R ........ UNIT VALUE ....

Kg for nominal operation and 10,00OKg for extended Lifteapabilityperpol, Kg .2r400
operation. The extended operation includes the requirements Variation in lift capability I_ 940
for accelerating on uphill grades, against head-wind, etc. Pole pitch rnt9 750

Number of poles ...... 48
TABLEI Airgaplength , mm 40

MAGLEV VEHICLE REQUIREMENTS Peak of sinusoidalfield compor_nt in T 0.9
airgap

PARAMETER .... UNIT VALUE" Operating frequenc]¢at.rated speed Hz 89, ___ ,,

Baselinelevitationper vehicle Kg 115,000 Nominallilt-to-weightratio ...... 6.4
Loadvariation Kg 45,000 Rail width mm 200...

m 18 Rail thickness mm 200Vehicle magneticlength ....
Airgapbetweenpoles and rail mm 40 Numberof slotslpolein the _ii 9 .,
Propulsion force - nominat Kg 6,000

.. - extended.... Kg 10,900 As shown in Fig. 2, the C-magnet assemblies are arranged
Maximumvehicle speed mis 134 ....... such that the polarity of the poles of adjacent C-magnets are
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_,noN

II II

identical. Thus a pole (N or S)is formed by two legs of _ _] __--]

adjacent C-magnet assemblies. This arrangement of poles is , r,'_ _ _1]
the same as that accomplished with a continuous row of ;Z
magnet poles on a single magnet core assembly. The baseline _! iiiiiii!ii!iiiiii!iiiii_

pole pitch is 750 mm. r::_.;///_: "_ :_//.._,_///.4, --
i!ii!ii!i II
:'_°!"_'-"rI"'!'r'!I!I"I _ I

Each pole face also has five slots (as shown in Fig. 3) for .... _ . _ I o,,,,_,o_,

accommodatingcoilsforinductivepower generationon- IL
board the vehicle for operating equipment and housekeeping
services. These coils generate power at zero and low speeds _o,,,,,,,,_,_
by high frequency transformer action, and from airgap flux _ •
pulsations at high speeds. This power generation concept is
described in [2]. The poles are skewed (Fig. 3) to minimize Figure4: Magnet Control System
the effect of traction winding space-harmonics on the traction
force, increased or decreased load), then the current in the SC coils

is allowed to change so as to drive long-term currents in the
normal coils to zero. lt is possible to achieve a certain

7 ,_,of_,,,o, degree of damping with the shorted coils. But in a practical
T system, it is essential to dynamically control these coils toF- --3 ._.. respond to gap variations resulting from passenger load

--_ -- -- _ _- ""_'_ changes, maneuvering around curves or during grade changes

,,i%,,.I,. !__ " _ of a given route. For this purpose, the airgap is constantly

monitored and current of appropriate polarity is supplied to
each normal coil for maintaining the nominal gap. This

.__ concept is described in more details in [3].

/
oo_"'_x -- \ C. Effect of Normal Control Coils on the Levitation Force

\1
"_. The normal control coils are provided to compensate for

,._t,_,o, fast changes in the required levitation capability. A set of
.... ---- calculations were performed to estimate the effect of control

coil ampere-mms on the levitation force as a function of
Figure 3: Skewed Magnet PoleswithPowerGeneratorCoils airgap length. Because of very high field levels in the iron

core, it was decided to perform these calculations with 3-D
B. Principle of magnet system operation codes (both TOSCA and ANSYS were used). Fig. 5 shows

the combined lift and guidance force as a function of control
The SC magnet on a C-core operates in a quasi-steady state, coil current for constant gap lengths. The same data is
During operation, any change in the size of the airgap tends
to change the flux in the gap and in the core. However ,_,_,,_,,,,,_,_,,.,,_, '

because the normal control and SC coils are part of the "----i ] ''-"__ _ili II" " _ !'1 i _..._

magnetic circuit, they prevent any change in the flux linking
their bores. Both coils generate currents of appropriate

this problem as explained below. _a ,.

b- , ,

For reasons of SC coil stability and heat loads, ' _l/[ °_'_ i

the SC coil is supplied from a constant current source that "

has built-in capability to prevent current changes occurring , " _,,,_ou o,_,,,,_ _["_°"'"°'_ ""faster :ban - 1 Hz. On the other hand, the airgap is expected :__ i,,,o.,_o- _ !
to change at frequencies up to 10 Hz. The normal control "= "' -" -, . , ,. ,,
coils develop self currents in response to these oscillations of ....
gap length with an intent to restore the gap to its nominal
value. If a steady change in the gap is noticed (due to Figure 5: LevitationvsControlCoilCurrentforConstantAirgap Lengths
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_vsaAt atsrom_ _oacE
presented in Fig. 6 but as function of gap length for constant Foamsssa_m"_ sm' T., .oumaL G_ Fae.D
values of control coil currents. In bath figures, the magnet is ls0o
nearly a linear function of gap length and control coil current i
around the nominal operating point of 40 mm gap and zero _"_
control coil current. When the core saturation increases, the g 10oo

relationship becomes non-linear. However, the important _c'
factor is to generate a sufficient amount of levitating force _ /
variation to maintain controllability of the vehicle and this _ sm >_.f
objective has beenachieved[4]. _

f
0

0 0.s 1 1.5 2 2.s 3 3.s

OFFSET DISTANCE(an)

' 1-e-..o ---ii-- GAP-San _ GAP=acre
,- ,-4-- I. 6

I
ii , __._

• _ / ] 3-D magnetic field calculations were performed to estimate

-.,, L _...,.'x"x x'_... _... -,--..._.-.,""'__- -_-_ stray field in the passenger compartment and the sufrounding
areas. The flux density levels below the seat are less than 1

[_""---__ G, which is very close to the ambient earth's field (0.5 G).
, _ - "_'= , , s On the nlatform, mac,-,-;.- "_ld levels do not exceed 5 G,

........ ,,_, acceptable in hospitals using magnetic
resonant imaging (MILl) equipment. These results were

Figure 6: I <,ttation vs Airgap Length for Constant Conu, ol Coil Current obtained without any shielding. With a modest amount of
shielding, these field levels could be further reduced should

_,. Roll Control future studies indicate a need for lower values.

The EMS Maglev concept proposed here is inherently stable rv. ESTABLISHINGPOLEPrrCH
against roll rotation. This is achieved by off-setting C-

The sizing of both the depth of the rail guideway magneticmagnet poles with respect to the rail. Two C-magnet
core and the core depth of the vehicle magnets are directlyassemblies are carried as a module. Alternate magnet

modules are shifted laterally with respect to the rail by about proportional to the polepitch. Thus the polepitch is the key
20 mm. As a result of this shift, a lateral force is generated factor in establishing overall system weight and steel
between the poles and the rail. The total forces on ali poles materials cost.
sum to zero during normal operation. During a transient
condition, if ali poles move to one side with respect to the The C-magnet and rail configuration of Fig. 2 was utilized
rail. the force dec eases on poles that are getting aligned with for performing a parametric study to select an optimum
the rail and the force increases for poles that are getting more polepitch that minimizes the overall cost of a Maglev system
misaligned. The net force always tends to return the system consisting of a double 300 mile track with 100 cars operating
to the equilibrium state, at any given time. The study was performed to satisfy

. requirements of Table I. The results of the studyare

_n estimate of the lateral restoring force was made with a 2- summarized in Fig.8. As can be seen, the cost of the system
_, f:.:!_ element analysis. The lateral tbrce as a function of continually increases with polepitch because a larger
misalignment is shown in Fig. 7. The permanent polepitch requires a deeper (thicker) rail to carry the
misalignment between the poles and rails is initially fixed at magnetic field. A certain level of airgap field is required for

the levitation capability, but it is not proportional to the20 mm. The restoring force for this misalignment is 890
N/pole; this is about 4% of the nominal levitation force and polepitch because increasing the polepitch also improves the

levitation efficiency of the magnet (large poleface to airgapis considered adequate for most operating scenarios.
length ratio). The lowest polepitch of 750 mm was selected
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on basis of a volumetric constraint to accommodate the SC q - slots per pole per phase in the rail
coil, its cryostat and the bwo normal control coils. _ = Efficiency of traction motor - 9996

Kd - Distribution for the traction winding

After eliminating Bm between (1) and (2), the equation for

-- Np = {Ft2/FI} {r/(Im2 q2 9 l% w)}/0/2 Kd2) (3)

_i -.- ,u_ The baseline values for various variables aM:

2_2.. ._ U.--T,--.... i • Ft =60kN * F I= 1,150kN
-411-- gOTN.

[ * ¢ = 0.75m * Im = 1,900A
• q = 3 * w = 0.2m

, _:_ _ e * _ = 0.99 * Kd = 0.96
_' Q-| @.8 _kl . t,I t._ IJ:L.,J_

"--" With these values, the number of poles determined from Eq.
Figure 8: Maglcv Levitation$yatemCoat vs Poicpit_h (3) is 36. The baseline is fixed with 48 poles to provide

redundancy.

V. ESTABLISHING NUMBER OF MAGNETS REQUIRED VI. MAGNET DESIGN

The 3-phase traction winding in the rail requires that the A. Magnetic Analysis
field produced by the excitation poles on the car (iron cored Initially majority of calculations were performed with 2-D
DC magnets) be sinusoidal in shape and its harmonic code (EMP, a commercial version of POISSON code)
components be as small as possible for minimizing their assuming a M43 iron core material. Fig. 9 shows field
deleterious effect on the traction force and eddy-current distribution calculated with the 2-D code in the airgap, pole
losses. The suspension magnets provide the key functions of and rail iron.
ievitation and propulsion simultaneously in the EMS system.
Because of this constraint, a ninimum number of poles are
required for a given airgap magnetic field strength to
accomplish the tasks of levitating and propelling the vehicle.

The analysis to determine the minimum number of poles
follows. The levitation force generated by a sinusoidal field
is gtven as:

FI = 0.5 w.r {Bm2/(2#o)} Np (1) -_
[,

where FI = levitation force (N)

Bm = peak of the sinusoidal field (T)

w = width of the rail (m) =--

r = polepitch (m) Figure 9: ilaaclin¢ Magnetic F'teid Caicvlationa with 2-D Code (Permendur

_o = permeability of air = 4 7r 10"7 Iron)

Np = number of pole on a vehicle Fig. 10 shows field distribution calculated with a 3-D code
(TOSCA). The field distribution calculated by the two codes

Similarly the total traction force (N) per pole is: for the airgap is similar, but the 3-D calculation given in
Table IV shows a much higher degre,¢ of saturation of the

Ft = 1.5 Bm Im q w _Kd Np (2) pole-iron (in the vicinity of the SC coil). To reduce this
where lm = Peak of the sinusoidal current in traction saturation to a reasonable value, a permendur iron (2%

winding (A) vanadium, 49 % iron, and 49% cobalt) was specified m piace
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of the M43 material. Table 1V also compares the resulting National Laboratory for their Relativistic Heavy Ion Collider
field values for the M43 iron and the baseline permendur (RHIC) dipole magnets. The key parameters for the SC coil
pole iron. The SC coil provides 54 kA-turns. Locations of are summarized in Table V.
field comparison is marked in Fig. 9.

TABLE V

SC COIL PARAMETERS

'../_a Parameter Unlt' Value -

Ampere-turnratingof SC coil kA- 54,000
turn

Peak field at the SC coil T 0.5

Operating current A 53

Operating temperature K 4.5

Number of mms 1,020
_ ...

_0.0 " -0_o.0 - - m0.o NbTi wire diameter - bare mm 0.6477

-_ Copper-to-superconductor ratio 2.2

Ratio of Operatin/g to critical current 0.09

Temperature margin to current sharing .... K 3.69

The SC coil has 1,020 turns, each turn carries 53 A to

produce required 54 k.A-turns. These turns are
_,oo ' accommodated in a coil pack of 4 layers with 255 mms in

8.,2_ ,z'_.4 24r'_.]s each layer.The coil pack is epoxy impregnated to produce a_l r"Y-I ,'

monolith structure. No separate quench protection system is

-,-, required because the energy stored in the magnet is very
small. In event of a quench, the magnet is disconnected from

Figure 10: Baseline Magnetic Field Calculation- with 3-D Code (Per,mndur the supply and is shorted at its terminals.
Iron)

"r^,_ rv The total heat load for the magnets on each car is 8 W.COMPARISON OF FIELD VALUES CALCULATED WITH 2-D AND 3-

D CODES FORTHE BASELINE The weight and the cost of a cryogenic refrigeration plant
woula be 2,540 Kg and $110,000 respectively. It also will

LOCA1:i0' 2-D FIELD 3-D FIELD 3-D FIELD be necessary to supply "16 kW of power to run the
N ('13 M43 (T) M43 ('13 refrigerator plant. To mitigate the weight and operating

(SEE FIG. IRON IRON Permendur power penalty a decision was made to employ a cryogenic
..9_ , , storage system. The liquid helium cryogenic storage system

A 1.21 2.45 2.47

'B 0.89 1.73 1.2 consists of a small compressor operating at 350 psi that takes
c 0.8 0.87 0.88 the gaseous helium boiloff and compresses it into a storage
D 1.33 1.52 "-- 1.45 tank held at liquid nitroger temperature. Sufficient helium

inventory is carried in the magnet for a 24-hour continuous

The penalty of selecting a permendur iron for the poles operation. The gaseous helium storage system is sized to
instead of M43 is approximately 7 % of the vehicle cost. accommodate helium boiloff over a 24-hour period. At the

end of the 24-hour period, the gaseous helium is discharged

B. Sizi,;¢ of SC coil and cry oplant at a central location and liquid helium is replenished in the
magnets. Two cryogenic storage systems are provided for

A cylindrical SC coil and cryostat were selected for each each 50 passenger module. The weight of each cryogenic

C-magnet assembly since they are easier to fabricate and are system is 580 Kg which includes 180 Kg for a compressor
lighter in weight than non-cylindrical shapes. For this and 400 Kg for the gaseous helium storage tank.

reason, the iron core cross-section under the magnet is made
circular. The iron is built from 0.050 inch thick laminations C. Potential of Using High Temperature Superconductors

(Permendur).
The iron cored SC magnets of the Grumman concept are in

The SC coil carries 54 kA-turns to produce the required the best position to take advantage of the new High
field to simultaneously meet requirements of levitation and Temperature Superconductor (HTS) technology. While the
propulsion. The SC coil is designed by using a 0.65 mm peak field in the iron is greater than 2 T, but in the SC

diameter NbTi wire that has been developed by Brookhaven winding region it is less than 0.35 T. The superconductor is
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also required to supply a modest 54 kA-turns to generate the work is planned to improve the design to minimize high
required field _0r vehicle levitation and propulsion. Because magnetic fields in the iron core and to consider the
of very small fields and forces experienced by the SC coil possibility of replacing the helium cooled NbTi SC coils with
and recognizing rapidly advancing state-of-the-art of the HTS nitrogen cooled High Temperature Superconductors.
technology 151, Grumman considers that this Maglev concept
is in a best position (relative to ali other SC magnet Maglev
concepts) to take advantage of the HTS technology. The REFERENCES

following are the attractive features of the HTS magnet:
• Operation at liquid nitrogen temperature (77 K) [1] M. Proise, et al. "System Concept Definition of the
• No need for liquid helium compressor or storage Grumman Superconducting Electromagnetic Suspension

tanks (EMS) Maglev Design', presented at the Maglev '93

• Simpler and lighter cryostat Conference, Argonne National Laboratory, May 19-21,
• Lower weight and capital cost 1993.
• Lower manufacturing cost
• Lower operating and maintenance cost [2] S. Kalsi, "On-vehicle Power Generation at ali Speeds for

Electromagnetic Maglev Concept', presented at the
Maglev '93 Conference, Argonne National Laboratory,

vi. CONCLUSIONS May 19-21, 1993.

The Grumman developed EMS Maglev system has the 131 R. Hurbermann,"Self Nulling Hybrid Maglev
following keycharacteristics: Suspension System", presented at the Maglev '93

• A large operating airgap - 40 mm Conference, Argonne National Laboratory, May 19-21,
• Low magnetic field at the SC coil - <0.5 T 1993.
• LOw magnetic field in passenger cabin - 1 G
• Low ft_rces on the SC coil [41 R. Gran and M. Proise,'Five Degree of Freedom
• Employs state-of-the-art NbTi wire Analysis of the Grurnman SC Maglev Vehicle
• No need for an active magnet quench protection Control/Guideway Interaction', presented at the Maglev

system '93 Conference, Argonne National Laboratory, May 19-
• Lower weight than a magnet system with copper 21, 1993.

coils

[5] P. Halder and L. Motowiido, "Recent Development in
The EMS Maglev described in this paper does not require the Processing of High Jc Silver Clad Mono- and Multi-
development of any new technologies. The system could be Filament (Bi, Pb)2Sr2Ca2Cu3010 Wires and
built with the existing SC magnet technology. The future Tapes,"Journal of Metals, October 1992.
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Abstract - The development of the JR (Japanese magnet for the Maglev system is rather a special
Railways) superconducting magnetic levitation (JR one, because this superconducting magnet is used
Maglev) system was started in 1972. Many running in rather different environments from others. So
tests have been carried out at Miyazaki test track to set they have to be designed to stand these severe
up a speed record of 517km/h on Dec.1979. New test line environments.
to confirm the probability of commercial operation is Here tests results about the superconducting
under construction in Yamanashi Prefecture which is magnets and the refrigeration system for
located about 100km west of Tokyo. Yamanashi test vehicle is discussed.

The superconducting magnet is one of the most
important parts for the Maglev system. These II. Superconducting magnet
superconducting magnets should be designed to satisfy
severe weight and heat leak restriction. Furthermore, A. Basic structure
they have to stand both mechanical and electro- Figure 1,2 shows the outside view and the
magnetic disturbances on running conditions, illustration of the superconducting magnet. Table

Here the outline of the superconducting magnets 1 shows the basic characteristics of the super-
designed as prototype for Yamanashi test line and the conducting magnet, made as one of the models for
way of improvement of coil stabilization will be the Yamanashitestvehicle.
discussed. This superconducting magnet is composed of four

superconducting coils, thermal insulating
I. Introduction supports, thermal radiation shield, liquid helium

tank, liquid nitrogen tank and vacuum vessel.
The superconducting magnet is one of the most The on-board refrigerator which re- liquefy the

important parts for Maglev system. Recently, evaporated gas helium is mounted on this LHe
there are many applications of superconducting tank. The compressor for this refrigerator is also
magnets under development, such as MRI, energy installed on the bogies.
storage, Synchrotron Radiation ring, MHD ship Figure 3 shows the image of the superconducting
propulsion, eIectric motors or generators, high coil. About 4km length of the NbTi multi-
energy testing facilities, and so on. Among these filament superconducting wire is used for one
applications, we can say, the superconducting superconducting coil. The wound up coil is
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Table1 Basic characteristics of the supe_ting
mglet.

Item Specifications • . -
[

I. J, i,

Dimmsioaof_ 5.3_(L)x I.17ro(H) "'"!

_i_t ofSO,{ lessthan120_g :. .A,:
VolumeofLI_tank 60litres.,
Volumeof EN..ta_ 44 li tres

Supercazluctingcoil - _:
_tmtive force 70(_A(1167ttrm)
Shapeof SCcoil race track
Copperratio of SC_re I.0
Dimensionof SCwire 1.16 x Z Ofim

tkat lea_ageto inner vessel
Levitativeforceperm_et 98I_I

0n-b0a_ refrigerator I_i I t-in type
Refrigerationcapacity mare than_ at 4.,_

Fig. 1 Outside view of the superconducting magnet

Refrigerator
Po_erlead

LHc tank _ Persistent current a_i tc:h

Service _ Inner vt_sel ._-'_)
.>pat3et" \ t-• 71 " i-- i. \/

Yacuume

Fig. 2 Illustration of the superconducting magnet Fig. 3 Illustration of the superconducting coil

impregnated with epoxy resin to suppress the board. For this reason, next things arise as the
micro movement of the superconducting wire. The subjects of development.

impregnated superconducting coil is fixed in the a. The total weight of the magnet should be as
inner vessel made of stainless steel. Many spacers light as possible.

along the coil axis keep a distance between the b. The heat leak to the cryogenic temperature
inner vessel and superconducting coil. Liquid region, has to be made as small as possible.
helium supplied from the upper tank is delivered to c. It should have enough reliability under the
the narrow channel between spacers keeping the severe condition of getting mechanical and
coil temperature at 4.2 to 4.3K. electro - dynamic disturbances.

All forces for levitation, propulsion and guidunce
of the vehicle are transmitted from the

superconducting coils to the room temperature B. Disturbances under the running condition
structure passing through the thermal insulating The superconducting magnets are exposed to
supports, much disturbances from outside. Main

The superconducting magnets are used on- disturbances are the magnetic field fluctuation
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Fig.4 Eddycurrent and force distribution Fig.5 Outside viewof electro-mgnetic distur_nce
at vacuumvessel simulator for the superconductingmgnet

which arises from the ground coils (both for increase of mass flow rate of the evaporated gas
levitation and propulsion) and the mechanical helium, which means the heat load inc:ease within
vibration, the liquid helium temperature region.

Figure 4 shows the calculated distributions of the
eddy currents and the force on the vacuum vessel III. Superconducting coil stability
when the superconducting magnet receives the
magnetic field fluctuation. These complex The most important matter for the super-
distribution changes also at high frequency conducting coil is to keep stable the rated magneto
decided by the runing speed of the vehicle. - motive force.

The superconducting coil (inner element of the The performance confirmation of the super-
super-conducting magnet) receives the influence conducting coils for the Maglev system have been
of both the magnetic field fluctuation and the done by over-energization of the coil before
mechanical vibration transmitted from the outer installing the cryogenic vessel. Namely, the
vessel. As the results, the superconducting coil superconducting co_ls which are used with a
vibrates intensively especially at the resonance magnetomotive force of 700kA were co_ffirmed that
frequency. Sometimes this vibration bring on the it never experiences any quenching until 800kA.
deformation of the coil, which makes a mechanical Even though the superconducting coils mounted on
sliding inside resulting as the local heating, test vehicle MLU002 has caused many troubles of
Further more the relative movement between the quenching, which happened mid-running tests.
superconducting coil and the thermal radiation This proved that the static way of testing the coil
shield plate makes the magnetic field fluctuation performance was insufficient.
inside again, causing eddy current losses at the
inner vesselofthesuperconductingcoil. In order to make clear the influence of the

mechanical vibration on the superconducting coil,
To estimate the influence of the magnetic field two kinds of dynamic test facilities were provided.

fluctuation on the superconducting magnet, a
simulating facility was constructed. Fig.5 shows A. Electro-magnetically vibrating coil test
an outside view of this facility. The simulating Figure 6 shows an image of this test facility. The
ground coils are set opposed to the super- plural numberof normal- conducting coils are set
conducting magnets. The VVVF inverter is opposed to a superconducting coil to make the
connected to these coils, submitting the magnetic magnetic flux fluctuation. This magnetic flux can
fluctuation to a simulated running condition. The cause a bending or twisting force to the energized
currents and the frequency from this inverter can superconducting coil. Electric powers to the
be changed widely to simulate the condition up to normal coils are controlled both in currents and in
the speed of 550km/h. frequency.

The influence is estimated by measuring the On this test facility, the supplied current is
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Fig.OElectro-magneticalcoil vibrating test facility Fig.7 Typicalresult of electromagneticcoil vibrating tests

increased until the coil quenches. The current
when the superconducting coil quenched, served as Re.frigcraillr
a stability barometer of this superconducting coil. /

Figure 7 shows a typical test results gained by hilt tank
this test facility. The horizontal line shows the Supercollducl ilig(:l)il
current supplied to the normal conducting coil,
and the longitudinal line shows the measured
maximum amplitude of superconducting coil

vibration. Oil pressuresupply
As is shown, coil quenching occurred when the

current is greater than about 170A even if the
amplitude of superconducting coil vibration is at
small value. The cause of this quenching is
supposed to be the joule heating by the eddy
current at the inner vessel, which means the
limitation of this testing method. 0ii scrvo actuaLor
The test results also show that the super-

conducting coil has enough margin of stability
compared with the shaded potion of supposed
working area at Yamanashi plan shown in the Fig.8 Mechanicalc0il vibrating test facility
figure.

IV. Cooling system
B. Mechanical vibration test.

Figure 8 shows another test facility. This test The features of the on-board cooling system of
facility is designed to check the characteristics of the superconducting magnet are listed as follows.
the superconducting coil when it is mechanically (1) It has to keep the cryogenic temperature
bent or twisted. Three or four rods are connected continuously without any consumption of the
to the superconducting coil. One or two rods are gas helium.
oscillated by an oil pressure servo actuator. (2) The dependency on the ground cryogenic

This test facility is used not only for confirming systems should be reduced.
the quenching characteristics but also for (3) Gas helium system should be kept closed on
measuring the heat generation caused by board, even if the energization or de-
mechanical deformation of the coil. energization of the magnet is done every day.

(4) The refrigerator should have enough
reliability, lt will be continuously operated in
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long times in the revenue operation system in V. Concluding remarks
future.

(5) The system can be handled as simply as The superconducting magnets for the Maglev
possible and should be compact light system are used in more severe environments than

weighted and high efficiency, in other applications. For this reason the stability
For the on-board refrigeration system, the of the superconducting coil is one of the most

energization or de-energization of the magnet is important problems.

the largest heat load disturbances. The heat load On the test vehicle MLU002 we experienced many
comes to much larger than the cooling capacity of coil quenching troubles. After that many
each on- board refrigerator, improvements were done to increase the stability.

When the superconducting magnet is energized, They are practically implemented in the
the excess gas evaporated from the LHc reservoir designing of the superconducting magnets for
will be stored into an on- board buffer tank Yamanashi new test line under construction.

temporarily by the compressor of the refrigerator. The remaining main problem to be solved is the
The stored gas helium will be re - liquefied by the confirmation of the reliability of the total system.

on-board refrigerator takingseveralhours. This will be one of the important roles to be
Three types of on- board 4K refrigerator with accompleshed by the new test line.

Joule-Thomson cycle has been developed for The developmentofthesuperconducting magnets
maglev system. These are Claude cycle for Maglev system was subsidized by the Ministry
refrigerator (with reciprocating pistons), Stirling of Transportation of Japan.
cycle refrigerator and Gifford-Mcmahon(GM)
cycle refrigerator. References
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have judged to be most vital to the success

Abstract - Result_ of magnetic lift and drag of their concept.
force calculations for two EDS maglev topol-

ogies are compared and contrasted. Depen- The Fusion Technology and Engineering
dencies of thee forces upon vehicle coil and Division of the MIT Plasma Fusion Center has

_ideway geometries are quantified, and the collaborated with two National Maglev Ini-
reuslting i_act upon design decisions that tiative (NMI) Systems Concept Definition

(SCD) teams, Bechtel and Magneplane, carry-

affect other aspects of a maglev systm ing out design and analysis of superconduct-

design are discussed, ing vehicle magnets, guideway conductor

I INTRODUCTION optimization, and field and force calcula-
• tions. The Bechtel system is representative

For the purposes of this paper, electrody- of a flux-canceling Type I topology, while
namic maglev systems will be categorized the Magneplane system is representative of a
into either of two general topologies. In Type II topology.
oi_e of these, the magnetic force that sup-

ports the vehicle is generated more-or-less We emphasize that the following discussion
parallel to the planes of both the vehicle is based on conceptual designs, and both can
coils and the guideway coils. The guideway be expected to evolve and improve with
coils can be either pairs of cross-connected further development. Moreover, we selected

loops [i],[2], or repeating single loop or these two concept systems as examples be-
ladder elements. We will refer to this cause of our first-hand participation in

topology hereinafter as Type I. The so- their development• There are a number of al-
called "null-flux* geometries are one exam- ternative embodiments of both topologies

ple of this topology, while "flux-canceling* under development around the world, but it
is not our purpose here to attempt a compre-

geometries represent another, hensive review. Hence, a Type I system, or

In systems configured with the second a Type II system, in the context of this

topology, the vehicle is supported by mag- paper, should be taken in most instances to
netic force generated perpendicular to the refer to the specific concept designs we

plane of both the vehicle coils and the have chosen as examples, rather than to
guideway conducting elements. With this their respective generic topologies.

topology, the guideway co_iducting elements
can be repeating single loops or ladders, or
continuous sheets or plates of conducting II. METHODS OF CALCULATION
material. We will refer to this topology

hereinafter as Type II. We analyzed the magnetic forces exerted on

Designers of a maglev system based on a coil carrying a constant current moving at
either topology must confront a complex web constant speed near a conducting medium

of competing performance specifications. All utilizing three distinct computational
must make choices, utilizing a combination tools. These tools can be characterized by

of objective engineering, economic analysis, the approximations used in modelling the

and design philosophy. All must accept currents induced in the passive conductors.
wha[ever less favorable features their They are: (I) a flat sheet of finite thick-

particular system design yields, in exchange ness and infinite extent; (2) a "thin"
for the more favorable features that they sheet of finite extent; and (3) a fila-

mentary model of precisely defined geometry

Manuscript received April ]5, 1993. This work supported in

part by Magneplane International, under contract MIT-C-

0000(,, ariel by Bechtel Corp., under contract 21705-TSC-3.
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with unspecified current magnitudes. The octupoles, with a total of 96 coil:;, 48 on
first two tools solve for the magnitudes, each side of the vehicle. These vellicle

directions and locations of the eddy cur-- coils are utilized for both levitat:i_,rl and

rents induced in the conducting elements, propulsion. For the representative Type [l

These two are useful for analysis of the system, the Magneplane SCD team chose coil
sheet levitation topology. The third method pairs energized as quadrupoles as rile I,ase--
defines (or assumes) the pattern of the eddy line lift system, with a total o[ eight
currents but not their magnitudes, and is coils per vehicle, four" in each o£ tw(, bog--

useful for analyzing guideway elements made ies. For propulsion, the Magnep]ane _II:i]iz-
o[ coils, es a separate six-coil module in each (,t the

two bogies.
The first methc_d is based on t[ approach

of Reitz and Davis [3]. The infinite extent We carried out a series of analyses in
of the sheet allows the problem to be solved order to optimize the guideway electromag-
with quasi-analytic techniques. The second netic configurations for each topology sepa-

algorithm uses a "thin" shell finite element rarely. For the Type I system, a decreet
program, EDDYCUFF [4]. The primary assump- loop guideway yielded a 9% higher magnetic
tions are that there is no current flow in lift to drag ratio than did a ladder geome-

the direction parpendicular to the sheet try, but at the expense of a larger mass of
midplane and that the conducting media has a aluminum per unit length of guideway. The
thickness that is small relative to a skin incorporation of the ratio of L/D to mass of

depth. That is, the current density through aluminum per unit length of guideway, along
the thickness is uniform. The third tech- with other parameters, into a figure of mer-

nique uses the approach of Hoppie, et al. it, was useful in evaluating comparisons
[5]. It- takes advantage of the periodicity among the dozens of variations within this
of tile guideway elements tc, achieve computa- topology. This tradeoff analysis led to the

tiona] efficiency. The inductances of the selection of a ladder geometry guideway as
loop or ladder conducting elements are the baseline.

calculated by defining them as current fila-
ments with a specified distribution ahd Guideway optimization analysis for the

unknown current magnitudes. Type II system compared magnetic L/D [or
discreet loops, ladders, and cont inuous

We have cross-checked these three indepen- conducting sheet geometries. The sheet
dently created computational tools against guideway produced the highest L/D rat..j(_, and
one another by running identical sample this was chosen as the baseline, despite the

cases; good agreement among them underlies fact that a figure of merit bas(_d oll the
our collfidence in all. three, ratio of L/D to mass of aluminum pet _IIlit

length was 45% larger for the optimal ladder
III. BASELINE GEOMETRIES configurations than for the sheet. Irl this

case, other design trade-of fs ou[-weighed
Designers commonly devise a "figure of the influence of this particular tj<lure of

merit ..... a raw number calculated from merit.

parameter values combined in such a way as
to guide the designers in their approach to Further tradeoff studies and design it:era-

opt imization of the device or system in tions for both topologies led to the fo]]ow-
,_t_,=s<ion. Such figures of merit can be ing values for the baseline relative posj.-

applied legitimately irl comparisons among tion of the vehicle with respect to t-.llegu-
several variants, if they all have the same ideway. For the representative Type I S('D (@
generic character or basis. In the follow- 134 m/s):

ing discussion, the ratio of magnetic lift

to magnetic drag (L/D) to [.he mass of alumi- o Lateral clearance (m) ().0[,
hUm [,e_ unit length of guideway has proven o Vertical offset (m) 0.1_]_,

_se[_] as an objective figure of merit in
comparing different guideway geometries for

each of the two topologies separately. But For the representative Type II S(:I_ ny._;lelIL
to invoke this ratio as a figure of merit in (@150 m/s):
compa_ing one topology with another is too

simplistic, and does not account for the o Clearance (m) (}.l_,
complex web of trade-of fs that must be made.

_,le <:,t the first tasks leading tc) the In both of the:;e :-;ystelrls, desigrlel._; llave

de£iliil J(JIl of a baseline geomet:ry for both made tradeoff _b,cisiorJs, accel.,tir_g :_ome
t<_,[,olog i es was the selection of the respe- penalties in peztormance or cost o_ _,(,tll, in
ctive vehicle coil configurations. For the exchange for one or more benefit.,{ j,_rl!=:l_-_d to
represen[:ative Type I system, the baseline be vital to t_e s_Jcr:ess of th_. ,_w;rall

vehicle coil configurat:_on chosen by the concept, incl_idj._ig success irl tllp mazket -
Bechtel .'.]CDteam ]s a ]ongir_qdinal series of place.
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IV. RESULTS II vehicle. In this hypothetical case, the

lower magnetic drag of the Type I vehicle

Figs. 1 and 2 show the calculated magnetic could be an advantage, in terms of total
lift to drag ratio, and the vertical posi- drag losses, lower speed take-off and land-
tion at constant lift, as a function of ing, and on route profiles dominated by frc-

speed, for the Type I and Type II systems, quent stops and modest average speeds. On

respectively. The 'vertical position' is high speed, inter-city routes, however, the
defined differently for the two topologies, lower aerodynamic drag losses characteristic
For Typ_ I, the t_rm 'vertical offset' of the Type II vehicle would be an advan-
l_.tn t_ the difference between the hori- rage.

zozltal plane of symmetry of the guideway

ladders, and the horizontal plane of symme- Electric power cost for operation is one

try between pairs of vehicle magnets. ('Ver- important economic factor intimately con-
tical offset' is one of the parameters that nected with L/D, and LSM gap. In addition,

determine the electromagnetic interaction the designers' tradeoff choices of gaps and
between vehicle coils and guideway conduc- coil geometries have an economic impact on
tors; the vertical clearance between this other facets of system procurement and

vehicle's undercarriage and the top of its operation, among which, for example, are
guideway structure is on the order of 0.25 costs associated with procurement of power
m.) In the case of Type II, 'vertical conversion and distribution equipment.

clearance' is the separation between the top These costs would likely be lower for this
surface of the guideway sheet and the under- Type I SCD system, with its small-gap LSM,
side of the vehicle magnet cryostats, which and lower magnetic drag characteristics.
are flush with the fuselage. In the figures,
note that the vertical scales on the two

plots are identical. Neither of these In the interest of simplification, we have

figures represents an actual operating sce- chosen to plot magnetic L/D in Figs. 1 and 2
nario, for in both cases, some mechanical with no factor included to indicate the

means of support would limit, and in fact, aluminum requirements in the guideway. Cal-
define the vertical position during take-off culations of magnetic L/D for the Type I

and landing. Implementation of this low- vehicle included only the guideway compo-
speed vertical position control by mechani- nents from which lift is derived, the verti-
cal means, prior to magnetic lift-off, is cal ladder structure. For the Type II vehi-

expected to be easier for the flux-canceling cle, the corresponding guideway components

Type I system because of its lower magnetic are the aluminum sheets. The mass of alumi-
drag characteristics, num per unit length of guideway for the Type

I levitation ladders is less than that re-

The first obvious contrast evident from quired for the Type II system's sheets by a

these figures is that the Type I vehicle has factor of about 0.54.
a higher L/D ratio, ranging from a factor of
about 3.4 at 50 m/s to as much as 4.5 higher However, in the Type II SCD, those sheets

at 150 m/s. Inasmuch as the total magnetic participate by providing not only lift, but

drag is simply the quotient of vehicle also lateral guidance, interacting with both
weight and L/D, this higher ratio means the levitation magnets and the LSM magnets
that, even if it had a somewhat greater to generate restoring force in the event of

gross weight, the Type I vehicle would an off-centerline excursions, which in turn
require less propulsive power to overcome can add to magnetic drag. For a comparison
maqn_tic drag. across topologies, then, one ne_,ds t (, in-

clude any additiol_al mass t_f altmlitltu, tl_tt
B_it total drag has a second component, the Type I system requires fio_ latt_t,_] %itlid

aerodynamic drag, that increases with the ance force. Attempts to combiIle magz_etic
square of the speed, and tends to dominate lift, drag, and guidance forces with total
the total drag at high speed. If the aere- aluminum procurement and fabrication, and

dynamic drag coefficients were comparable installation costs, into a practical figure
for vehicles of these two topologies (in- of merit, are beyond the scope of this pa-

cluding their respective guideway proximity pe_.
effects), the corresponding drag force would

be proportional to the respective frontal
areas. For example, if the Type I implemen- V. OTHER DESIGN AND OPERATION IMPACTS
ration were to incorporate a secondary

suspension system that increased its net ef- The selection of topology, a particular
fective frontal area by a factor as large as embodiment of that topology, and the subse-
two, then the sum of magnetic and aerodynam- quent design optimizations that are carried

ic drag for that vehicle could exceed the out by designers of a maglev system, yield
total drag for the Type II vehicle at some differences in other features besides lift

velocity within the normal operating range, to drag ratios. In order to acl_ieve high
despil_e the larger magnetic drag of the Type magnetic L/D, combined witll com_atatively
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Vertical Offset and L/D ratio at Constant Lift
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Fig. i - Plot of magnetic lift to drag ratio, L/D, _solid curve, right-side vertical scale), and vertical offset (daM1ed

curve, left-side vertical scale), as a function of speed, at constant lift, for the Type I concept vehicle. Horizontal

clearance, 0. 145 m. Vertical offset is measured relative to horizontal plane of symmetry of guideway ladder.

Vertica[ Clearance and L/D ratio at Constant Lift
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Fig. 2 - Plot of magnetic lift to drag ratio, L/D, (solid curve, right-side vertical scale), and vertical offset (dashed

curve, left-side vertical scale), as a function of speed, at constant lift, for the Type II concept vehicle. Vertical
clearance, 0,15 m, measured from sheet guideway surface to vehicle bottom surface.
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low guideway conductor volume per unit o For the Type I system concept vehicle,
length, designers of the Type I concept the ratio of total magnet system mass to

chose a comparatively small horizontal vehicle mass is about 0.18. The magnet
clearance between the vehicle and the ver- system comprises 96 identical coils,

tical guideway surface. This proximity has distributed among 12 bogies. These magnets
an additional advantage for this topology in serve multiple functions -- levitation,

that it reduces the gap in the LSM. But as propulsion, and guidance. The correspond-
in any tradeoff, there are other conseq- ing ratio for the Type II system is about
uences of small clearance that can be viewed 0.ii. This magnet system comprises 8 iden-

as potential liabilities, or at least as tical levitation magnets and 12 propulsion
features that require mitigation. There are magnets, distributed between two bogies.

of course design tradeoffs in the Type II, In this vehicle, too, the magnets perform
large gap topology, too, that yield supe- multiple functions: the 'levitation mag-
riority in some features, at the expense of nets' provide some guidance force as well,
other less favorable characteristics that and the 'propulsion magnets' provide some

require mitigation, levitation and guidance forces in addition
The following itemization briefly des- to propulsion.

cribes some of these trade-off consider-

ations for both topologies. The range of o By distributing the required ampere-
choices inherent in overall system design turns among many comparatively small
is, of course, vastly more complex than this alternating pol_rity magnets, the Type I

brief summary can convey, design achieves an order of magnitude
smaller stray magnetic field in the pas-
senger cabin, compared to the Type II

o The flux-canceling topology yields low design. Reducing the stray fields in the
magnetic drag because comparatively modest Type II vehicle to acceptable levels,
eddy currents are induced in the guideway, while achievable, requires more on-board

for only an equivalent flux difference weight, and additional on-board power.
must be generated. But, inasmuch as the

eddy currents are modest, the attendant o In addition to the lift, drag, and guid-
fields that interact with the vehicle coil ance reaction forces that either guideway

currents to produce lift are also modest, will experience, in the implementation of
The magnetic drag in a sheet levitation the Type I topology under discussion, the
geometry, by contrast is larger, because guideway levitation ladder experiences

the induced guideway eddy currents must bursts of forces and torques as each
generate the equivalent of the entire vehicle passes.
linked flux produced by the vehicle coils.

o The vehicle magnets in the Type II
vehicle may experience more a.c. losses

o A low magnetic drag system of the Type arising as a result of low frequency (<
I topology is thus, by virtue of the 5 Hz) variations in gap between guideway

comparatively small vehicle coil-to-guide- and vehicle, induced, for example by
way ladder spacing, magnetically stiff, guideway span flexure. Such changes in

A secondary suspension system may be gap imply changes in flux linkage, and
utilized in such cases. In addition, if hence, corresponding variations in vehicle
active controls were incorporated, there coil current.

would be higher response and performance
requirements demanded for circuits and o Because of the discreet nature of the

mechanical actuators. The small gap is guideway elements in the Type I SCD, the
not inherent in Type I topologies, but leading and trailing edges of the vehicle
rather is selected on the basis of trade- superconducting magnets will experience a
offs, some of which have already been superimposed a.c. field. The magnitude

mentioned, will, however, be attenuated by the alumi-
num cryostat walls, so a.c. losses in the

o Among many other trade-off choices, the superconductor from this source are ex-
designers of the Type II system elected to pected to be small. In fact, vehicle mag-

implement their topology with a compara- nets in both systems are likely to be im-
tively large gap, thereby taking advantage mune from high frequency a.c. losses from
of the following favorable consequences, external sources.

ar_tong others: less critical tolerances for
guideway alignment and mid-span deflec- o Upon encountering a +0.01 m vertical
tion, which could be expected to reduce step in guideway alignment at cruising

the <:ost and maintenance of the guideway; speed ( > i00 m/s), the Type I vehicle bow
]owe_ magnetic stiffness and lower vehicle rnagnets would experience a lift force

<,:::cillation frequencies, which could be impulse equal to 62% o[ tIlei_ I_,:_Hm_]
expected to facilitate active damping, vertical load. A +(].01 m step in the sheet

guideway would produce a force impulse
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TRANSRAPID TR-07 MAGLEV-SPECTRUM MAGNETIC FIELD
EFFECTS ON DAILY PINEAL INDOLEAMINE METABOLIC

RHYTHMS IN RODENTS

Kenneth R. Groh

Center for Mechanistic Biology and Biotechnology
Argonne National Laboratory

Argonne, Illinois 60439

Abstract. This study examined the effects on pineal function of to install a 22-km TR-07 maglev system in Orlando, Florida,
magnetic field (Mb') exposures (ac and dc components) simUar in the same time frame. A National Maglev Initiative, led by
to those produced by the TransRapld TR-07 and other electro- the Federal Railroad Administration and supported by the
magnetic maglev systems (EMS). Rats (atgroup.) were Army Corps of Engineers and the Department of Energy, was
entrained to a 14:10 Ught-dark cycle and then exposed to a con- established in 1990 by the federal government to explore the
tlnuous, or to an Inverted, Intermittent (on = 45 s, off = 15 s, options available for using this technology in the United
induced current = 267 G/s) simulated multifrequency ac (0-2 State.s.
kHz) and dc magnetic field (NIF) at 1 or 7 times the TR-07
maglev vehicle MF Intensity for 2 hr. Other groups of rats were In the last 25 years nonionizing electromagnetic field (emf)
exposed to only the ac or the dc-component of the maglev MF. exposure has come under scrutiny as another potentially
For comparison, one group was exposed to an Inverted, Inter- harmful environmental agent. Both electric and magnetic
mittent 60-Hz MF. At the end of the exposure, each group was fields in the extremely low frequency range (3-3000 Hz), as
sacrificed and compared to an unexposed group of rats for well as static magnetic fields have produced biological
changes in pineal melatonin and serotonin-N-acetyltransferase effects in cellular and animal investigations.
(NAT). MF exposures at an intensity equivalent to that pro-
duced by the TR-07 vehicle (IX; 0.1-50 raG, 1.6 kHz-10 Hz; 250 Extensive animal studies have demonstrated the most
mG dc) had no effect on melatonin or NAT compared with significant and repeatable emf effects in the areas of emf per-
sham-exposed animals under any of the conditions examined, ception, behavior, and neuroendocrine effects [2]. Wilson et
However, 7X TR-07-1eveicontinuous 2-h MF exposures slgnlfl- al. [3] demonstrated depression of greater than 50% in the
cantly depressed pineal NAT by 45% (p < 0.03) compared to pineal melatonin rhythm in rats by continuous exposure to a
controls. Pineal melatonin was also depressed 33-43% by a con- 100-kV/m 60-Hz electric field for three weeks. However, the
tinuous 7X TR-07 MF exposure and 28% by an Intermittent60- rhythm returned after the field exposure ceased. In later
Hz 850-ing MF, but the results were not statistically significant, studies with 60-Hz electric field exposures as low as 1.7
This study demonstrates that Intermittent, combined ac and dc kV/m, Wilson showed the same depression in melatonin and
MFs similar to those produced by the TR-07 EMS maglev in serotonin-N-acetyltransferase (NAT), the regulatory
vehicle alter the normal circadian rhythm of pineal Indoleamine enzyme in the metabolic pathway from serotonin to
metabolism. The pineal regulatory enzyme NAT was more sen- melatonin in the pineal. A phase delay of approximately 2 h
slflve to MF exposure than melatonin and may he a more in the melatonin rhythm was also prcxluced by the emf
desirable measure of the biologicaleffects of MF exposure, exposure [4].

INTRODUCTION Vasquez et al. [5] continued to add to the neuroendocrine
effects observed as a result of emf exposure. Rats exposed to

Maglev promises to be an efficient mode of transportation 39-kV/m, 60-Hz electric fields showed phase shifts of up to 4
which could complement short airplane commuter flights in h in the circadian rhythms of the neurotransmitters
the range of 1000 km [1] and, traveling at speeds up to 500 norepinephrine, dopamine, and the serotonin metabolite 5-
km/h, these vehicles could provide excellent service between hydroxyindoleacetic acid (HIAA) in the hypothalamus,
cities and major airport hubs. The possibility of using striatum, and hippocampus.
magnetically levitated vehicles for high-speed ground trano-
portation has been examined since the early 1970s. Germany Not only have environmental-level magneuc fields pro-
and Japan have each spent in excess of one hi,ion dol 'larsto ducea depression in circadian neurotransmitter rhythms, but
develop and test prototype maglev systems, the German rapidly changing magnetic Iields of low, ambient intensity
TransRapid TR-07 maglev system using conventional magnet have shown similar neurotransmitter effects. Lerchl et 'al. [6,
levitation and propulsion and the Japanese using supercon- 7] showed that intermittent, 1-hour, earth-strength, dc MFs
ducting magnets. The Japanese expect ,_ demonstrate one of depress normal melatonin and NAT rhythms in the rat pineal.
their designs by the mid-1990s, and final plans are underway This suggests that transient fields that produce induced
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currents may contribute to biological response to emf The program developed is capable of producing a dc- and/or
exposure, muitifrequency ac signal to the bipolar power supply (of up

to 10 individual frequency and intensity components) in the
Electromagnetic fields produced by maglev and other range of 0-2 G (dc) and 0-2 kHz (ac). The rump rate of the

electrified rail systems have not been well characterized, with signal can be varied over a wide range (microseconds to
the exception of a recent Federal Railway Administration seconds) to vary dB/dt, producing an induced voltage in the
(FRA)-sponsored study of the German TransRapid TR-07 Helmholtz coil and subsequent eddy currents.
maglev vehicle 18, 9]. Currently, the FRA is measuring the
electric and magnetic fields produced by a number of Maglev magnetic field exposures were simulated from
electric-powered transportation systems, and detailed emf spectra collected inside the moving (168 km/h) passenger
exposure information will soon be available, compartment of the TR-07 prototype vehicle, as measured by

ERM in August 1990 [9]. Fig. 1 depicts the actual and slm-
From the information that is available about the electro- ulated complex ac spectrum of this prototype maglev vehicle.

magnetic fields produced by maglev and electric-powered The dc component of the TR-07 was 250 mG above ambient.
vehicles, the majority of magnetic fields are dc and in the (0) loo 'toa
ELF range. The intensities vary and depend upon the specific
transportation system characteristics. In superconducting
vehicles, dc fields could reach upwards of 150 G, with ac _"

I0 I0
field magnitudes in the range of 1.0 G in the passenger
compartment [10, 11]. In addition, it is likely that time- I .

varying dc, power frequency (50-60 Hz), and transient ELF _ [ j [
magnetic field components will be encountered, zw _.'= :

g_dlILIll_

Which parts of this very complicated emf spectrum will ,.. Ilrilllrlilrl1 .,,,,,' IJ0.I .... I. ..

prove to be most important in assessing the presence or ,_ :-_ _- ._=:---.. = ,
o.1

aosence of a potential health hazard is unclear at this time, z ; '_ I;'-"1';;-" i'. _-' ,,;,_ ;j
but these transportation systems do have emf field emissions _• ! ! 111 IIIIBIIii' IBIil ili
in the frequency and intensity ranges which have demon- O.Ol , , ,ItlI!!IIIUllIIII0.o_0 400 aoo _200 lsoo 2000
strated to have biological effects in cell, animal, and human

FREQUENCY (HZ)

studies. No significant effects have been identified in the few (b)

studies that have examined transportation system passengers ... --_-_ I (O
or workers for biological responses to eml" exposure [10]. '_ lO2 _-: lO2 FREOOgNCYINTENSITY

• (Hz) (raG)

lX 7X

The purpose of this study was to begin examining the _ io' - 1o' o(aO 2_o.o 1_5o.oi,a

complex-spectra, time-varying emf fields produced by _, lO _o.o _50.0

llliooo
BO 20.0 140.0

maglev transportation systems [hat use conventional EMS _ 1o° , lOo _4o 3.o 21.o
(TR-07) or superconducting magnet technology. Maglev _ " 1ao 4.0 28.0

t.) 270 2.0 14.0MFs were simulated using the TransRapid TR-07 maglev __
spectra measured by Electric Research and Management, Inc. o_ 10-' - 10-1 450620 0.62'O 14.04,2

(ERM) 18, 9]. Using rats, MF exposures were us,:d that are ] t lo8o 0.2 t.41620 O. 1 0.7 i

likely to be encountered by passengers and system workers, _ toc-L'-4 _ .......... _o-z
0 101 10 '_ 10 _

as well as MF conditions that have produced repeatable FREQUENCY(Hz)
biological effects using power frequency or static dc fields.

Fig i. "I_,-07 ,Magnetic Field Spectrum. (a) Actua I measurement recordedMATERIALS AND METHODS
August 1990 by Electric Research and Management [91, at a velocity of 168

km/h. The dc component was 250 mG above the ambient field. Stmula'.
A pair of Helmholtz coils (r= 0.5 m) were oriented with

"IR-U'/MF (b). The prominent frequencies 0|z) and their respective ml. ,_l-
the diameter perpendicula: ¢ he non.h-south ambient field.

ties, including a 250-mG dc component, were delivered simultaneo_ly by
A bipolar power supply (Kepco, Flushing, NY, Model BOP

computer to the Helmholtz coil. The entire spectrum was increased 7 lold for

50-2M, 50 V, 0-2 A) was used to energize the Helmholtz Lte7Xexposures(c)
coil system. The simulated maglev magnetic field (MF) (dc

and multi frequency ac) spectrum was generated using a 286 Although the ac and dc MF intensit,, :, and especially the
AT personal computer and LabWindows Data Acquisition transient profiles, are uniquely different, EMS maglev
and Analysis software (National Instruments, Austin Texas).
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vehicles are expected to produce similar magnetic field
profiles quite different from the dc, 60-Hz, and other RESULTS
magnetic field exposures that have previously been used in
biological exposure experiments. Simulated TR-07 MF Exposures (IX)

Male Sprague-Dawley (Cobb strain) rats (Ranus No significant changes in pineal melatonin levels occurred
norvegicus), 44-47 d old, 100-120 g were entrained for two as a result of simulated TR-07 MF exposure under a number
weeks to a 14:10 light-dark (LD) cycle (dark period lD] = of MF delivery protocols (Fig. 2). Continuous MF exposure
0500-1500), with dim red light present during the dark during dark (maximum melatonin) for 1, 2, or 4 h in two
portion of the cycle. Food and water was available ad
libitum. Conditions were constant at 22 °C and 50% RH. For

every exposure group, six similarly treated animals served as 1so 150.°

controls. 1

Daily for 7 d, groups of six animals were placed into two 125 '" 1:_5
ta

cages that were modified with plastic barriers to allow indi- z _ ._

vidual containment and exposure of three rats per cage in the _ _ IDo r-- lO0.. i _,
central area of the Helmholtz coils. Ml: exposures occurred ,. _ I ;
during dark for 2 h, ending at 6 or 9 h after dark onset, when o or_ .L --i ;
pineal melatonin and NAT are at maximum levels. Another _ _ 75 i i 7e_
group of six animals were exposed for similar lengths of _ oo i :
time, ending 5 h after light onset (minimum melatonin and z z
NAT). o E- 5o ; _oee 0

ta _
.J

The magnetic field exposures were physically presented in ta 25
several different ways: ::e ;; 2_

1. Exposure length: 1, 2, or 4 h o 1 :_ _ ,_ 5 e 7 0

MI7 EXPOSURE CONDITION
2. Continuous Ml:: exposure or intermittent exposures

(repeating pattern of 45 s on, 15 s off) were quickly ,v eXPOSURE
CONDITIONS

ramped, producing a dc-component-induced current r] _-xPi
of 37 (1X TR-07) or 267 (7X) G/s. Rapid applica- 1. c_+ 1 h2: C_l+ 2 h
tion of an intermittent, inverted earth-strength static [_ [XP II ], C_I+ 4 la4: C_l+ 2 h
MF has been shown to significantly decrease pineal _ exP m _:
melatonin and NAT [6, 7]. ,: e__+ _ _,7: I/- 2 h

3. Exposure to horizontal MF components or parallel to the
inclination of the ambient magnetic fields (55*).

Fig 2. Pineal Melatonin Response to 1X TR-07 MF Exposure. During the

4. Exposure in the same direction as or opposite to nighttime (dark) peak in pineal melatonin, rats were subjected to "IR-O'/

("inverted") ambient magnetic field, frequency and intensity MF exposure in three separate experiments. The
exposures in Experirnent I were continuous, in the same direction as the

Immediately after an exposure, the exposed and control ambient MF, and varied in length (l, 2, or 4 h). MF-exposures in experiment

rats were alternately sacrificed, and the pineal was removed 11were a repeat of those in experiment I. Exposures in Experiment III were

and frozen (-60 dC, dry ice, average time 30 s) until assay, inverted to the ambient field, intermiuent (45 s on/15 s off), and turned on

Melatonin was determined by radioimmunoassay [7, 12], and rapidly to produce induced (eddy) currents. The unexposed control group

serotonin-N-acetyltransferase activity (NAT; EC 2.3.1.5) was mean between MF exposure experiments differed in the absolute amount of

determined by radioenzymatic assay [13]. Differences melatonin per pineal, so the exposed melatonin/pineal response was calcu-

between control and exposed groups of animals were com- iated as percentage of control response withm experiments (control = 10070).

pared using the Student t-test. Barsare standarderror.

experiments aid not depress pineal melatonin below control

levels. Intermittent, inverted TR-07-1evel (IX) maglev MF
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exposures (net MF = +150 mG, dB/dt = 37 G/s) for 2 h also conditions resulted in a significant change in pineal
had no effect on maximum (dark) melatonin levels, melatonin _ig. 4), although a 2 h continuous 7X maglev

3000
TR-07 Maglev (7X) and AC- and DC-Component MF aFempoeure; i-_ Control

Exposures o9oo- i toot200-t400 mW ExpOSed

2500
Together, the results of three experiments (with ali animals

exposed to MFs when melatonin reached maximum levels in
the pineal considered as one group, 4.5-8.5 hours after dark ,._ 2O0O
onset), showed that only 2-h inverted, intermittent 7X TR-07 _ - -

z I
dc exposures (net MF = -1.3 G, dB/dt= 267 G/s) produced a _ 15oo I
significant 46% decrease in NAT (Fig. 3,"D7", p < .03, ).
The ,animals exposed to the IX, 7X, or 7X ac component
intermittent maglev fields did not differ in pineal NAT from • 1000

16000 mm i J

MF II-,pollure" r--] Control
0000-110B

_'. 14000 12o0-14oo ExposeO. 500 ._
O i

=" 12000 o I
"& p<,03 M7 M1 07 A7 60 MC ALI

CON
10000

0000 Fig 4. Nighttime MF Exposure and Melatonin Response. Animals (six per

grot=p) were entrained for two weeks (14:10 LD; D = 0500-1500), and then
,_ exposed to MFs. Exposures were either at 0900-1100 o; i200-1400, and
_j 6000 were combined (n = 12). Following exposure, the animals (and controls)<

,_ 4000 - _ were sacrificed, and the pineals were removed, frozen (-60 "C), and assayed
z for the amount of pineal melatonin per animal. Bars are standard error.

2000

exposure ("MC") depressed pineal melatonin 37%. The

o i directionality (whether a MF horizontal to or parallel to the
M7 M1 07 A7 60 MC ALL

cen ambient field was used to expose groups of animals) also did
MFEXPOSURE not produce changes in pineal mel_u3nin.

-Inverto(;I. Intermlttent, 45 = on. 15 li off

a7: 7X TR-07 _ntenll|ty DISCUSSION

Ml: lX rR-07 Intensity This study demonstrates that MF exposure at intensities07: 7X dc MAGLEVcomponent
produced by the German TransRapid maglev EMS vehicle

k7: 7x oc MAGLEV component dees not produce changes (depression) in pineal melatonin
60: 60-Hz (net. -450 raG) and NAT levels, which have been used as a sensitive, repro--MC:7X Intensity, Cont_nuou=

-ALLCON:aeonof oll controle ducible, indicators of biological response to eml" exposure
[]4-19]. However, when the dc component of the TR-07 MF

Fig 3 N'ighttu'ne MI: Exposure and NAT Response. Animals (six per group) was increased 7-fold (1-2 G), and delivered intermittently to
produce induced eddy currents, pineal NAT was significantly

were entramed for two weeks (14:10 LD; D = 0500-1500) and then exposed reduced (50-60%) compared to control, unexposed animals (pto MFs. Exposures were either at 0900-1100 or 1200-1400, and were corn-
< 0.03). MFs at this strength have been measured or are ex-

bined (n = 12). Following exposure, the animals (and controls) were
pected for EMS and EDS maglev vehicles.

sacrificed and the pmeals were removed, fn ten (-60 "C), and assayed for

amount of pmeal NA'/per animal. Bars are standard error.
In addition, a number of MF exposure conditions did

reduce melatonin and NAT changes as much as 50%, but theunexposed controls sacrificed at the same time, but 60-Hz
declines were not statistically significant. Continuous 7Xand continuous maglev exposed NAT levels were decreased
TR-07 maglev exposures decreased NAT 40-47% (Fig. 3).28% and 42%, respectively, although these decreases were
Melatonin was also decreased 37% by continuous 7X maglevnot statistically significant. During this same period of
exposures (Fig. 4). These MF exposures consisted of TR-07maximum melatonin in the pineal, none of the MF exposure
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INNOVATIVE SPINE GIRDER GUIDEWAY DESIGN
FOR SUPERCONDUCTING EMS MAGLEV SYSTEM

John B. Allen, P.E.

Parsons Brinckerhoff Quade & Douglas, Inc.

Tampa, Florida 33607

Morz_d G. Ghali, P.E.

Parsons Brinckerhoff Quade & Douglas, Inc.

Tampa, Florida 33607

ABS'rRACT: To insure the economic feasibilRT of fullcapacRy quality criteria are achieved.
Maglev s_, guldeway designs need to be low cost yet
sla'uctnra_ rigid and durable. A sp'me girder design was A stiffness constraint is rarely of major significance

developed using preeust segmental concrete tethno_ and the for a highway or even a conventional transit structure.
resulting guideway strnetawe appears applicable to any Maglev However, for Maglev operations with vehicles

vehicle. A spine girder is composed of a central box girder and operating at up to 300 mph it is a major factor. Withtwo tracks supported oa outriggers. This results in u dTiclent
guldeway s]nPaanwhich w_l meet ali requirements for Maglev a theoretical air gap of 40 mm, it is necessary to limit
loads and allowable constna:tion tolerances. This paper structural distortions from ali causes to a maximum of
summarizes the basic development process for the spine girder ± 15mm from the mean position.
and [ilustra/_ the po6enfiai application of thecoec.elgtoother
Maglev systems. C. Cost

1. INTRODUCTION For any Maglev system, the cost of the fixed guideway
structure will substantially exceed 50% of the total

As part of the Grumman Team in the Maglev System system implementation cost, if land costs are excluded.
Concept Definition Study (SCD) #4, Parsons Brinckerhoff

was responsible for developing a twin track guideway To protect the viability of the system, it is imperative
structure to accommodate the C;umman EMS Maglev that the guideway design permits construction costs to
vehicle, be held to a minimum.

2. OBJECTIVES D. Speed of Construction

For any design development process, it is important at the
outset to list out the main objectives to be attained. For the Guideway construction will usually represent the

critical path for system completion. As weil, it is to
guideway structure, seven primary, but interlinked, objectives be expected that any Maglev route will cross terrain
were established, which varies significantly. Construction of the

guideway must therefore be able to proceed rapidly
A. Operational Layout and under variable conditions.

The guideway must be capable of safely supporting the
E. Emergency Passenger Evacuation

design vehicles with allowance for operating
clearances, track centers and other dimensional

A Maglev route may extend hundreds of miles and it
constraints, is therefore possible that vehicles will become disabled

in r-:_ote areas. Provision should be made for

B. Structural Stiffness emergency egress of passengers from a vehicle, any-
where along the guideway.

The structure has to be sufficiently rigid to ensure that
static and dynamic movements of the structure under F. Maintenance
vehicle loads and differential temperature do not
exceed the magnetic air gap clearances and tha_ ride

The fixed guideway needs to be a reliable structure
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with a capability to operate in the widest range of Such issues include size and frequency of supports;
weather conditions which are known to occur along the potential for noise transmission; the ability to be
route, constructed in crowded urban areas and/or

environmentally sensitive areas; and the ability to
Although ali structures benefit from maintenance, it accommodate curved track alignments.
should be as maintenance free as possible so that
passenger schedules are not routinely disrupted and to 3. ASSUMPTIONS
keep operational costs under control.

A number of engineering assumptions were made as the

G. Appearance basis for the development and comparison of the guideway
concepts. Some key assumptions are outlined below.

A Maglev guideway will be highly visible to Environmental factorsarenecessarily'average', reflecting the
pedestrians, motorists and residents. At a minimum, non-site specific nature of the S.C.D.
the appearance of the guideway needs to be visually
tolerable. Desirably it should have a pleasing 3.1 Vehicle Loadings

appearance. The worst effects of either of the 1, 2 or 3 car vehicles

Beyond these seven primary objectives, other issues defined in Figure 1. Impact was taken as 20 % for the
need to be considered in assessing the overall main guideway girder and 50% for track support
suitability of any scheme, members.

3.8m 12.7m ........

/-Magnet ] Type w, (kn) (m) (m) (m)
I ,50 280 2.75 - -

......... -, ,
I' _ ' ' i Jl 2 50 320 -0.16.0

L._zJ _ 3 50 300 2.75 b.1 -

NO Of BASIC CAR 4 50 300 2.75 - b.O

•Passangers
Loacl assumecl to be equally

217m _ applied at each magnet.

Dr,vet i _.] : _ 2.4 2.4

50 _---'- _-'_ - _ _-' --'--- _-- i"'-L _ _J L ¢/ _J _ _
',-- Magnet

_4,7rTl _ (ryp.)

IOO _..- ...................._--..................,;.;.-_ "NII t J I ' ' 7 _lll I i ' l '' I VEHICLE

4?.lm

:---II---:..--:- :---
! I
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Vehicles were assumed to be operating with a 150m 3.4 Differential Temperature

(500 ft.) minimum clearance. To avoid excessive
aerodynamic buffeting forces, tracks were spaced at a A very significant component of structural distortionwhich needs to be allowed for. The guideway 'topminimum of 7.5 m (24.5').

slabs' were taken to vary in temperature in

Longitudinaibraking/acceleration forces were taken as accordance with the profiles defined in the 1989
125 kN (28 kips)per vehicle. AASHTO guide specification assuming top hot

conditions of 45 °F and top cold of 23 °F.

Detailed dynamic analysis to assess ride quality effects
were part of the concept development work and are
described elsewhere. Sufficient to note here that 3.5 Snow and Ice

computed dynamic magnifications were less than the
20% assumed above. For nonoperational conditions, 1.45 kPa (30 psr)

was assumed on horizontally projected areas. For

3.2 Design Method operational conditions, 2.9 kPa (60 psr) on areas
away from the tracks.

In line with forthcoming revisions to the national

bridge design specifications, the load factor design was
used to compute the necessary strengths of ali 4. CONCEPT DEVELOPMENT

elements, including foundation caps and piles. For the

concept designs, the load combinations were limited to For the twin track guideway a number of structural options
the following: were examined. Initially both steel and prestressed concrete

structures were considered, but it soon became apparent that

Group I = 1.3(DL+ 1.25*(LL+I) +0.3*LF) the steel options had real difficulty in being cost competitive
Group II = 1.3(DL+W) with concrete when the stiffness limitations were applied. As
Group III = 1.3(DL+(LL+I)+LF) a result, steel options were not considered in later
Group IV = 1.25(DL + (LL + I)+W) development stages. Spans in the range 25-30 m were found
Group V = 1.0(DL+EQ) to give the best balance of construction cost versus reduction

of piers.
3.3 Seismic

Fig. 2 illustrates the essential stages and tradeoffs of the
The guideway designs were examined under seismic development process (ali structures prestressed concrete).
zone 2A Normalized Response Spectra for soil type 2.

Isr^ T, GPo,Nrl

[] SINGLE CELL BOX GIRDER

..... _ ......

[] 8PINE G,I_DER

BRINC_ __FPARSONS [ GUIDEgAYGIRDERI)EVELOPWENT I FIGURE=
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Conventional twin I girders (1) were the starting point. _ /-CONChrerR^c_SLAB
Although they have been used on low speed guideways, the _, 75OOmTRACKCENTERS..j / BE^ICl55PANNnqG

girders have poor torsional stiffness which makes them .... _ErweEN OOT,,GGERS
unsuitable for curved track. As weil, it is difficult to %

integrate the emergency evacuation slab into the section. _ ,l_e

Twin box section girders (2) were then examined. They e _
provide much improved torsional stiffness. However, the i CONCRETE OUTRIGGER5

overall costs are still high since the emergency slab, which is /7 CENT_S
a substantial load, is not significantly contributing to the E_XrE_^LPosT-

flexural capacity of the guideway. ^?_ _O_Nwt__Sf/''/''_ r-_El_ ]--'T---!
A single cell box girder (3)is an alternative and still quite COnC_TE--" i le

conventional from a design sense. Torsional stiffness is s,_ G_Rt_R i
higher than for the box beams and the emergency slab does .//. ;/_:<

useful work as the top flange of the box section. However ._/, ,._ _ <_
with 7.5 m track centers, the wide flanges are more than CI_CUL^R._l_:O_ED .Y_#_#_'J"_I'E////_____ =

necessary from a structural viewpoint. This causes costs to COSC_TECOtU,_ ___'__//--_'_'_///_._'//.4._.r///////.
(v^mes._ D, -̂-_ o

be higher than desired. 8^stone _S_GN)".

If the section is developed further to a narrower spine
girder (4) with the tracks supported on discrete cantilever
outriggers, the box section becomes more efficient. The _,_

width to depth ratio reduces and with less concrete the : : __o.om
flexural stiffness can be increased and the prestressing ' "- ,--, -','J- _ _- - _ _ _. - L _ __ ' (NOMINAL)

quantities reduced. Since the top flange of the spine box can -Xe-NOTE: q-.,' _,_'_ - '_fi

move up relative to the track level, any girder depth increase _r^,_,_,c.̂ _^ ro_P^_,qr._s ,,qr_ EVEN_
O_: EMERGENCY EVACUATION _I_OM VEHICLE.

does not force the structure to be higher. As well the single

PARSONS [ [
box girder solution can readily be supported on a single n_mc_a_ot_ SIMPbYSUIWOB"rgDSP&N,_7m FIGURE3
column substructure.

The outcome of the process described briefly above, was over time. Fig. 4 shows conceptual views of the hardware
that the spine girder structure was developed further and, that would be needed.
following a construction analysis, became the recommended
'baseline' guideway design for the SCD (Figure 3).

For curved sections of track, the single column may be
5. FURTItERFEATURESOFTile CONCEPT canted (constructed off vertical) to reduce the net effects of

centrifugal loads on the foundations. Alternatively 'A' frame
For a 27 m simply supported span, a 1.5 m deep spine piers may be used for curved track or tall piers.

girder provides enough strength and rigidity to support two
operational tracks. This basic system can be extended to 40-

50 m spans by increasing the spine depth and/or using Simply supported span have been adopted to keep the
variable depth spans, construction process simple. There is no advantage in a

Maglev guideway to eliminate expansion joints - in fact more,
As initially developed the longitudinal post tensioning is smaller, joints are preferable to fewer, larger, joints from the

contained within the spine but external to the concrete (Figure electrical distribution viewpoint. However, it is recognized
4). This represents a system which is geared to rapid span that a continuous guideway would offer some stiffness and
erection. In active seismic zones, the option exists to relocate material saving advantages. Whether these factors would
some of the tendons into the webs to improve ductility, outweigh the operational and construction benefits of simple

spans needs to be examined in more detail. Experience to
The external tendons provide a means for actively date suggests that there will be little if any o/erail advantage

correcting camber errors which may occur in some spans with continuous spans.
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6. CONSTRUCTION ISSUES

It is possible to construct a spine girder structure using a
variety of techniques but it is believed that precast segmental r_sr,_cr,ON_

construction offers the better solution for the majority of any _.._._ ONON__,0_7 _"'_ r_
Maglev route. In coming to this conclusion, a range of ff'_ "'_-"_'---.L.

construction options was investigated including: -1"_ _ __-_h j(a) cast in piace construction of whole spans (27 m long)
CO) precast construction of whole spans (27 m long)
(c) precast segmental construction (4.5 m segments) ._At_COM_sTmc_,oNs

In method (a), the whole span is cast in piace on
supporting formwork. Guidewa7 construction is slow unless car-,
massive investments are made in formwork and falsework. (----_ r_ /TJf-"" _ MOtTI-LEVELCITYTERMINALS
Construction is more affected by weather and site conditions
and the need to transport ali labor and materials to (remote)
site locations also causes costs to rise. [(_) [/r -_]

LARGER,S_AN_.AUXILIARY
PI_ $TRES,._EDCONCRETE

WEB ELEMENTS
(w,t_RTRACKC_Nr_RS)

Method Co) does allow centralized precasting plants to be I:M.S.MAGLEVSYSTEM
set up with the associated production efficiencies. However ,NS,t_I:VACUATEDTUBE_

except where the plants are close to the guideway, transport [BECHTEL TEAM[
and erection equipment for the heavy girders would be I CONCEPI" J

[I::OSTER MILLER]

expensive. //'--_ _ [ ...... C_O_NCEp T...... J

Method (c) also allows centralized precasting but the "=t____][] =" ff"_ _ rf')
shorter, lighter, segments could be delivered to site and lifted
into place with smaller and less expensive equipment. During

erection the segments for each span, with one pair of E.D.S.MAGLEVSY$Ttgld-1 FD.5.MAGLEVSYST[:M-2
outriggers attached to each segment, are assembled on a
temporary steel truss (spanning between piers)and then post- P_SSONS / /
tensioned together to make them self supporting. This _RINC_aOrV1 DEVELOPMENTOF THEOONr_PTL FIGIIRE
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method can more readily accommodate span length variations sections.
by changing the number of segments used in the span.

f. With the use of segmental spine construction and the

Further, the construction of this system can be engineered potential for further use of precast sections for the
to minimize/eliminate ground level activities during the track slab beams and the columns, a significant part of
erection of the segmental guideway, the work can be done off-site. This should reduce

overall impacts on traffic and the route environment.

Trusses can be made self-launching and segments delivered

over the previously erected guideway, g. For a project of this magt,itude, segmental construction
can result in a saving in time as has been demonstrated

Other gantries, supported off the spine, can be used to on similar scale highway projects.
erect track slab and rail sections in a follow-up process.

h. Maglev utility and communication lines can be

This approach reduces impacts on existing fights-of-way contained within the spine and accessed through the top
which may either be in heavy use or sensitive to disturbance or bottom slabs.
(forest, wetlands, etc.).

Experience in the highway bridge construction industry S. FURTIIERDEVELOPMENT

supports the selection of method (c) for Maglev guideway The spine girder guideway design, as developed tbr SCD
construction. For such large scale projects, investments in #4, has the potential to be extended to accommodate the
precasting plant and other equipment can be economically special span cases which will inevitably arise during the
written off over the project, design of a real route. Such cases include:

7. SUMMARYOF TilE ADVANTAGESOF • longer spans
TilE SPINEGIRDERCONCEPT • varying vertical alignments between the 2 guideways

• skew spans

a. Based on our construction cost estimates, the spine

girder provides the most economical twin track Some of the techniques available are illustrated in Fig. 5
guideway concept. The cost per line-meter is about (a)-(c).
$5,400, excluding the steel rail track.

Beyond this, the guideway could ah,o be used for different

b. The durability of the spine concept will be high due to Maglev vehicles or other hybrid high speed transport systems
the fact that practically the entire concrete spine box Fig. 5 (d)-(f).
will be compressed by the post-tensioning system. As
a result, cracking and fatigue problems are controlled,
the service life increased, and maintenance efforts 9. CONCLUSION

reduced. The selection of spine girder satisfies the goals of the
project. It provides for both an efficient design and

c. The spine layout greatly enhances the ability to perform economical construction; combined with an aesthetically
maintenance operations on the guideway slab and pleasing guideway.
magnetic rail. The top of the spine can effectively be
used as a service road to provide access to the

guideway rails and/or disabled vehicles, lt will also 10. ACKNOWLEDGEMENTS
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e. In case of fire in a vehicle, the spine box will not be this paper and of Grumman Aerospace who were receptive at

subject to intense heat. Effectively, the only elements ali stages to the introduction o!"new ideas.
which will be subject to heat damage are the track slab
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Parametric Design and Cost Analysis far
an EMS Maglev Guideway

by Brenda Myers Bohlke (1) and Douglas B. Burg (2)

(1) Parsons Brinckerhoff Quade & Douglas, Inc.

460 Spring Park Place
Herndon, Virginia 22070

(2) Parsons Brinckerhoff Quade & Douglas, Inc.
4200 West Cypress Street

Tampa, Florida 33607

Introduction Only simply supported spans were considered for

The Federal Railroad Administration and the Army the baseline selection. The guideway concepts and
Corps of Engineers through the auspices of the their respective designations are listed in Table 1
National Maglev Initiative, awarded four teams with the comments from the initial screening.
contracts to design new conceptual level maglev
systems. Of the four concepts proposed, three are Five of the original nine configurations passed the
based on a superconducting electrodynamic initial screening by ranking highest in the criteria
suspension (EDS)system. The fourth team, led by categories listed above. These five are shown in
Grumman Aerospace Corporation, proposed a Figure1.
maglev system based on superconducting
electromagnetic suspension and propulsion (SEMS). Stntctural Evaluation
Parsons Brinckerho_s principal responsibility as a The five guideway configurations that passed the
member of this team was to design an innovative initial screening were analyzed to determine
and cost-effective guideway as the backbone of the strength and stiffness performance and to determine
system. This paper presents the alternative quantities to estimate the comparative construction
guideway configurations considered and the costs. The structural analyses included the
evaluation and ranking used Ln the selection of a following:
baseline design.

• Baseline vehicle loading (100 passenger vehicle)
The SEMS concept imposed some constraints on the • Vertical deflection criteria not to exceed + 25 mm
guideway design, such as the capability to support a (1 in)
continuous laminated iron rail and provide for tight • Loading combinations to account for dead load,
alignment and realignment; a nominal air gap of 40 live loads (single vehicle and passing vehicles),
mm that affects the total allowable deflection; wind loads, and seismic zone 2

emergency braking surfaces; and dynamic loading • Parametric analyses of varying span lengths
imposed by the high speed vehicle. Other demands • Pile and spread footing foundation support
for adaptability in construction were evaluated, such • Varying layout of column supports
as constr_cting elevated structure within existing • Varying columnheights
right -of- way with minimal impact on the existing
facility users facility, and erection efficiency The baseline configuration for ali alternatives was

defined as having a span length of 27 m (100 ft), dual

Guideway Alternatives Screening guideway, and vertical clearance of 10.7 m (35 ft) to
Nine twin guideway concepts were identified and the base of the superstructure. Based on the
evaluated during the initial screening. Each structural analyses, the spine girder ($4) affords the
configuration was ranked in each of the following best performance in terms of strength and stiffness.
categories: stiffness, structural efficiency on tangent
and curved sections, cost, durability, maintainability, Use of a central spine with secondary track beams
and aesthetics. Other considerations were given to requires only one load-carrying member, compared

operational considerations and emergency egress, with two main members where each members
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supim_rts one track. A single, deeper girder is more associated with the superstructure, and the
efficient than two shallow girders. The $4 concept substructure, as outlined below.
can accommodate a deeper girder without

increasing the track height by using the space Superstructure: Structural steel; concrete,
between the tracks. None of the other concepts have reinforcing steel, pre-
this capability, stressin_ bearings and

seismic isolation systems.
Table 1. Structure t3,pes ar, d evaluation Substructure: Column concrete or steel,

comments reinforcement, earthworks;
footings and piles

Structure Type Ref. Evaluation Comments
Twin Triangular Sl Passed initial sc_ening So as not to bias one element, a 10% mobil/zation
Concrete Box Beams and demobilization costs was assigned to each set.

Twin rectangular $2 Passed initial screening Other assumptions are documented at the top of the
concrete box beams page. No allowance was made for contingencies or

Single concretebox $3 Passed initial screening for site-specific items such as clearing, fencing,access roads, traffic control and the like, as these
girder
Single concrete spine $4 Passed initial screening items are common to ali concepts and do not affect
girder the cost comparisons.

Stiffened concrete $5 Passed irtiUal screening For the baseline configuration, the cost ofslab
construction of the concrete spine box girder was

Twin concreteI $6 Low torsionstrength; estimated to be $7.99 M/km ($12.9 M/mile)
girder low stiffness; poor including the cost of the iron raft. The estimate of

aesthetics the capital costs for the total system was $12.4
Twin trapezoidal $7 Wide top flange creates M/km ($20 M/mile). Figure 2 shows the results of
concrete box beams support of track slab the parametric analysis of the guideway costs versus

awkward span length for each of the five structural types. The
Twin steel box $8 More expensive to concrete box spine girder ($4) consistently has the
girders construct; more lowest costs and is less sensitive to changes in span

intensive maintenance length that may be required. A composite of the cost
Multiple steei plate $9 Low torsional strength; curves for the substructure costs, superstructure
girders low stiffness; more costs and total costs for the baseline spine box girder

expensive to construct; is shown in Figure 3.
higher maintenance

costs As a result of these comparison of the structural and
cost analyses, the concrete box spine girder ($4) was

The spine girder also provides more advantages selected as the baseline for the superconducting
over the others including: construction flexibility, electromagnetic suspension Maglev system. Figure 4
alignment and realignment after construction, is an isometric showing the box girder outrigger-
tolerances, low torsion and adequate strength, a layout and post-tensioning cables. An artist's
central platform to be used for maintenance access rendering of the spine girder guideway system,
or emergency egress, and adaptability for switching, illustrating the concept of the track slab supported

on the outriggers, is shown in Figure 5. Details of
Cost Comparison the design are presented in a companion paper
To assist in the selection of a basehne guideway entitled "Innovative spine girder guideway design
structure, cost estimates 1 were prepared for each of for a Superconducting Electromagnetic Suspension
the five twin-track concepts identified for a range of Maglev System".
span lengths (18, 27, 36, 45 and 49.5 meters). An
example of the breakdown of the quantities and
format used in the cost estimate is shown in Table 2.

For clarity, the costs were divided into costs

IThese estimates were consistent with the format for

Maglev Cost Estimation: Capital Cost Elements
prepared by Volpe National Transportation System
Center.
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$4 - Spine Beam - Piled Foundation- Dual Guideway
Span

Spine Beam Length : 26.3 Meters
Type : Simply Supported
Cent. to Cent. Column : 27 Meters

Superstructure
Depth : 1.8 Meters
X-Sectional Area : 3.013 Meters 2
Ground Clearance : 10.7 Meters

Column

Height : 11.3 Meters
Diameter : 1.524 Meters

Driven Pile

Length : 19 Meters
Quantity : 4

Total Preliminary Cost $7,833/M

Superstructm'e
Structural Steel kg 47,477 1.75 $83,084
Precast Concrete m 3 3,013.3 530.00 1,597,035
Cast-in-Piace Concrete m 3 150.7 625.00 94,165
Reinforcement kg 270,746 1.65 446,730
Prestressing Strands kg 104,520 4.75 496,470
Rail kg 1,173,732 2.10 2,464,837
Bearings & Seismic Isolation System Each 148.1 750.00 111,111
Mobilization/Demobilization % 8 423,475

Subtotal Superstructure $5,716,907
Substructure

Column Concrete (Precast) m3 - 400.00 $43
Column _oncrete (Cast-in-Piace) m3 935.4 400.00 374,176
Column Reinforcement kg 110,148 1.32 145,395
Footing Excavation (Earth) m3 523.7 5.00 2,618
Footing Excavation (Rock) m3 - 25.00 0
Footing Concrete m3 317.0 260.00 82,413
Footing Reinforcement kg 49,765 1.32 65,690
Driven Piles m 2,814.8 200.00 562,963
Mobilization/Demobilization % 8 98,660
Subtotal Substructure $1,331,916

Civil/Site (Indicative - Specific Site Costs Will Vary)
Clearing & Grubbing m 2 3,520.0 0.90 $3,168
Earth Excavation, Cut & Fill, Haul m 3 8,430.0 9.57 80,702
Rock Excavation, Removal & Haul m 3 920.0 119.01 109,489
Surveying m.d. 37 300.00 11,187
Column Protection Each 37.0 2,460.00 91,111
Testing & Calibration m.d. 6 2,200.00 13,673
Vegetation Control m 1,000.0 6.50 6,500
Mobilization/Demobilization % 8 25,266

Maintenance of Traffic % 6 $443,395

Subtotal Civi]_ite $784,492

TOTAL $7,833,315

Table 2 Guideway cost break down for spine beam with pile foundation
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Figure 4. Isometric Showing the Box Gir(ier Outrigger-Layout
and Post-tensioning Cables

Figure 5. An artist rendering showing relationship of track slab
and outriggers to the central concrete box girder guideway.
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Guldeway and Infrastructure In JR Maglev

Katuya OKADA
General Manager of Civil Engineering Department,

Maglev System Development Division,
Railway Technical Research Institute

Akl r a TAKANO
Deputy Director, Planning Department

Japan Railway Construction Public Corporation

Mlkio YAMAZAKI
Senior Engineer, Linear Express Development Division,

Central Japan Railway Company

<Introduction>
Thispapergivesan introductionto thesetechnical

Wearenownewlyconstructinga testllneinYamanashlpoints.
Prefectureforascertainingthepracticaluseofthesuper-
conductingmagneticallylevitatedtrain,whichisexpected 1.Role and Structure of Guldeway
tobe anepoch-making,ultra-highspeedaass-transportatlon
systeminthe21stcentury. (1)Role of Guldeway
ThefundamentalresearchanddevelopmentforthisJR-tpe

HaglevwerestartedbyJapanNationalRailways(JHR)atthe TheguidewayofJRHaglevconsistsof PropulsionCoils,
beginningof1960's.Andtheyhavefairlyadvanced.For LevitationandGuidanceCoilsandWheelPaths(forsupport
example,in 1979,anunmannedvehicleattaineda maximum andforguidance).Thesectionof guidewayis U-shape.
speedof517ka/honMiyazakiTestLine.Anda mannedvehi- ThreetypesofguldewayareshowninFig.l.
cleattaineda speedof4991_/hin1987. PropulsionCoilsand Super-ConductlngMagnet(SeM)on
Withthedivision_ndprivatlzationofJNRin1987,Rail- boardcomposea LinearSynchronousMotor(LSM),whichpropels

wayTechnicalResearchInstitute(RTRI)tookoverJNR's thevehicleby itselectro-magneticpower.So theprecise
businessandcontinuesrunningtestsofvehiclesonMiyazakIarrangementofPropulsionCoilsisveryimportantinorder
TestLine.However,MiyazaklTestLineisnotsuitablefor tomaintaina harmoniouspropulslonpower.
testingthepracticaluseofJRHaglev,becauseitisonly LevitationandGuidanceCoilslevitateandguidethe
7ksinlengthwitha singletrackanditincludesnotunnel vehicleowingtotheattractionandrepulsionactingbetween
section.Soa newtestllnewhichhasanoveralllengthof theInducedcurrentonthecoilsandmagneticforceofSCM
some40ksorsohasbeenneeded, onboard.So theprecisionoftheiralignmenthasdirect
In1990,underguidanceofMinisterofTransportandwith influenceo_tthelateralandverticalvibrationsofvehicle,

a statesubsidy,RTRI,CentralJapanRailwayCompanyand thatisridingquality.
JapanRailwayConstructionPublicCorporationformeda con-
sortiumandstartedtheconstructionofthenewtestflue. (2)Structureand Size of Guideway (Fig.2)
TheYaaanashlTestLinehasa lengthof 42.8lmIncluding
doubletracksectionsandabout3Skaoftunnelsections.On Theguidewayhasa widthof 3.3ianda heightof about
thenewtestline,weintendtoconfirmthestablerunning 1.4n,inaccordancewiththesizeofvehicle.
at 550ka/handothersto establishtheactualserviceat Themaxlauispeed(559k|/h),costsof constructionand
500ka/h. operation,ridingquality- allthingsconslde:ed,we set
In thisJRMaglev,theguidewayandtheinfrastructurethestandardofYatanashlTestLineasfollows;

havetosupportreliablyandguidesafelyvehicleswhichrun ,themaximumradiusofcurvature8,000t
atultra-highspeed,andhavetogivepassengersa comfort- ,thesteepestslope 40%.
ableridingquality.We researchedanddevelopedthe ,themaximumcant 10deg.
designofitsstructure,theprecisionofcoliarrangement +thedistancebetween morethanS.Sa
andthemethodof itsconstructionwithallourmight.We thecentersoftracks
obtainedgoodresultsfromourrichexperiencesin the Thesteeperslopecontributesto shorteningthelength
constructionandmaintenanceofShlnkansen. oftunnelsectionsandtoreducingthecostofconstruction,
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but it increases the propulsionpowerandenergyconsumption pitch andSCMpitch on board,whichdecreases the propulsion
to operate vehicles. So there Is a limit to its contribu- powerof linear-synchronousmotor.
tion. The minimumradius of curvature was determinedin Socoils andguldewayunits are set accordingLI)tile Real
order to restrict the lateral acceleration acting on passen- Distancewhichis obtained bycorrecting the errors in plans
gers belowan allowablevalue in a runat a speedof 506ki/h due to slope of track, height of site above sea level and
on a curve with cant lOdegrees, dlstortlon in projected map.

2.Types of Guldeway {2)In the Lateral Direction

Wehavethreetypesefguldeway.Theyareclassifiedin LevitationandGuidanceCoilshavetobesetpreciselyon
termsof structureandconstructionof theslde-wallon both side-wallsof guldewaymaintaininga fixed

whichcoilsarearranged, dlstance(3.3n)anda fixedlevel.An !sprecisesetting
causesvehiclevibrations(lateralandverticaldirecticq),

(1)Beau-typeGuldeway namelyuncomfortableridingqualityforpassengers.
Itsbasicconceptisasfolld_s; At ultra-hlghspeedof 590kl/h,a trackirregularity
mprestressedconcretebeamsaremadeat a beamproduct (especiallyoflongwave)influencesmoregreatlytherlding
yard. qualitythaninthecaseofconventionalrailway.InYana-
,coilsareattachedonthesidesurfaceofbeamsta coil nashlTestLine,wedeterminedtheprccisiol_ofsettingin
attachingyard. orderto maintaintheridingquatlt_as goodas thatof
,andbeamswithcoilsarecarrieduptotheslteonbeam- TokaldoShinkansen.Theallowableamplitudeofirregularity
carrierandarefixedtothefloorsiabbya beau-setter,isas slallas lessthanIeain theverticalandlaterc[
,beam'sstandardlength{ =g_Idewayunlt)of 12.6iis wavesshorterthan150=.
determinedin considerationof thecolisizeandthe
facilityofconstruction. (3)How to Assure the Precision

{2)Panel-typeGuldeway Inordertogeta high-precision_tldeway,weperformeda
hlgh-precislonskeleton-surveybeforetheconstructionof

econcretepanels(allttleprestressedtopreventcracks) infrastructure.Aftertheconstruction,weshallrepeatthe
aremadeata panelproductyard. high-preclslonsurveyon theinfrastructureto resetthe
,coilsareattachedonthesurfaceofpanelata coilat- plannedcenterlineonthefloorslab.Andwesettilebasic
tachingyard. pointson thetrackcenterof floorslabat intervalsof
,andpanelswithcoilsarecarrieduptothesiteandfixed 12.6a(equaltogutdewayunit'slength).
to thesurfaceof concreteslde-wallbuiltbeforehand Thuswecanbuildside-wallsorfixbeamsandpanelsvery
(usinga panelcarrler-setter), preciselyreferringtothesebasicpoints.
*panelhasa standardlengthof 12.6m,thesaleas the
beam. 4.Characterlstlcs in Plan and Deslgn of

Infrastructure
(3)Direct-Attaching-typeGt_Ideway

Inplananddesignofinfrastructure,wehavetoconsider
,concreteside-wallsarebuiltonthesite. sufficientlyJR Maglev'scharacteristics(its ultra-
,coilsareattacheddlrect!yonthesurfaceofslde-wall,highspeed,magneticdrag,etc.),uill]kethecaseofconven-

tionalrailway.
Eachtype_asitscharacteristicsconcerningtheassur-

anceofprecision,thefacilityofwork,costofconstrue- (1)AllowableDeflection of Bridge
tlonandfacilityofmaintenance.Wearrangedthemproperly
inYamanashiNewTestLineInorderto adaptthemto the We determinedthelimitofbridge'sverticaldeflection
conditionsofsiteandinfrastructure, byvehlcle'sloadinordertomaintaingoodridingquality.

Aftera dynamicresponseanalyslsofvehiclemodelsoper-
3.Assurance of Precise Setting of Gulde- atedona verticallydeflectedcurveofbridge,weobtained

way thecalculatedverticalaccelerationactingonthepassenger
seat. The limitwasdeterminedsuchthatthevertical

(1)In the Direction of Track accelerationalghtbelessthantheallowablevalue,ltis
abouthalfthevalue!athecaseofShlnkansen,reflecting

Propulsioncoilshavetobesetpreciselyatintervalsof thedifferenceofspeed.
l.Sn.An imprecisesettingcausesa phaselagbetweencoll
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(2)Allowable Unequal Displacement of So we fix the electric lamps and cables in dents of
Structures concrete lining, and prevent lids of cable-duct from float-

ing up by negative pressure.
A displaced block or a bent-angle of structure causes not

only an uncomfortableriding but also threaten the safety of 5.Turnout
running, especially in the case of a big displacement.

In order to restrain the acceleration of a vehicle and to As regards the turnout, a high-speed turnout for interme-
maintain the clearance between guideway and vehicle, we diate station and a lower-speed turnout for terminal or
determined its limit. Especially, the limit for bent-angle depot are needed.
is fairly less than in the case of Shinkansen.

For high-speed turnout, we developed a U-shapedtraverse
(3)Use of Low Magnetic Steel type whichhad already been tested inMiyazaklTest Line, as

shownin Fig.5. Weset bogies under the movableU-shaped
In a guidewayor infrastructure, normalsteel placed near beams(7 units, about 9emlong) to love gnldewayand turnout

SCMon board not only causes [he levitation force to drop track by hydraulic pressure jacks or an electric motor.
due to attraction, but also causes a magneticdrag to be The radius of curvature of 80Oi and the transition curve
generated due to eddy current or loop current, length of about 19t are determined to hold the acceleration

below the allowable value at a 701_/hrunning over curves.
In the construction of reinforced concrete slabs of

guidewayand reinforced concrete bridges or tunnels, because 6.Machlnes for Carrying and Setting Beams
the magnetic drag fairly decreases inversely to the distance and Panels
from SCM,we intend to use a low- magnetic steel (iron bar)
in the region 1.bi awayfrom SCM'selement coll (shownin A speedupof working is very important for the construc-
Fig.3). tlonof a commerciallinehundredskilometerslong. We

developedthemachinesforspeedycarryingandsettingof
(4)Tunnel Cross Section beamsandpanelsattachedwithcoils.

InthecaseofBeam-typeGuldeway,thebeatcarriercar-
ThetunneicrosssectionisshowninFig.4.ltisabout rlestwobeamswithcoilsat thesametlte(onebeamwith

20XlargerthanthatofShlnkansen.Wedesigneditincon- coilsweighsabout20tons)up to theworksitefromthe
siderationof thestructuralgauge,thespaceforsalute- yard,andthenthebeam-setter(showninFig.6)setsthemon
nanceandseveralthingsasfollows; thefloorslabwithhlghpreclslon.

,decreaseofthepressurefluctuationwhichiscausedby In thecaseof Panel-typeGuldeway,we use a machine
ultra-highspeed running at 5@Okn/hin tunnel shownin Fig.7, which carries two panels at the same time
(tomaintainthestrengthandair-tlghtnessofvehicle) (onepanelwithcoilsweighsabout14tons)andsetsthemon
,thesmallerthetunnelcrosssectionandinconsequencetheside-wallwithhighprecision.
thetargettheaerodynamicdraginthetunnel,themore
expensivebecomestheoperation <Conclusions>
,decreaseof themicro-pressurewavesradiatedfromthe
tunnelmouthwhena trainadvancesintothetunneiata Wedescribedbrieflythefeaturesindesignandconstruc-
speedof580kl/h. tlonofthegnldewayandinfrastructureofJRMaglev.
,costoftunnelconstruction Theyhavebeenbuiltup on thebroadtechnicalbaseof
Westudiedallthesethingsanddeterminedthearearatio railwayconstructionandmaintenancein Japan,andthey'll

ofvehicleandtunnelsectionas0.12(theeffectiveareaof becometorerefinedthroughtheconstructionofYamanashi
interioris74m2) TestLineandthetestrunsonit.

WehopethattheexcellenceofJRMaglevasa highspeed,
(5)Electrical Equipment in Tunnel mass transportationsystemwill be provedobjectively
The ultra-highspeed running in tunnel generates a very through the tests in Yamanashiand a big stride will be

big wind load and a large pressure fluctuation, taken towardits commercialization.
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Reduction of Guideway Residual Vibration through
Strategic Vehicle Pad Spacing Arrangements

R. Scott Phelan
J. Muller international

San Diego, California 92123 USA

Abstract - This paper focuses on the dynamic analysis of II. GOVERNING EQUATIONS

guideway beam behavior during high speed vertical maglev A. Forced Beam Response under a Traveling Load
vehicle loading. In addition to peak dynamic positive (lee. Transverse forced deflection response for an undamped
downward) beam deflection, the dynamic analyses of this paper beam having uniform mass and stiffness when subjected to a
focus on peak negative (i.e. upward), and resMual(i.e, free) beam traveling point load is given by the Iollowing equation [2].vibration response. Equations are presented which predict the
exact speeds a vehiclemhaving a particular loading pad . n/z:x

tconfiguration--can travel over a given beamand yet produce no 2P L nnv sin tent sin

residual vibration In the beam! These convergent vehicle u(x,t)=_ 2 co2 _ -velocities are shown to he determined by both beam properties mL n=i (nTt3_ _ Leon L
and vehicle loading configurations. The two beam properties _,-'-_) - n
which determine convergent velocities are fundamental
frequency fl, and span length L. For vehicles having a fully n = 1,2,3 ..... o,,; 0 < t < L/v (1)
distributed loading configuration, the vehicle length Lv where
determines additional convergent velocities. Similarly, for u(x,t) :transverse displacement at a distance x along
vehicles having discretely spaced loading pads, additional a beam of length L and uniform unit mass m
convergent velocities are determined based on a) the number of at time t (downward deflection is positive)
pads np, b) loading pad length Lp, and c) the spacing between P ' force of the load
loading pad centroids Sp (see Figure 6). Only the force of the v • velocity of the traveling load
traveling vehicle (i.e. not the mass), on a simply-supported, (.On ' nth mode beam angular frequency (rad/sec)
undamped, straight guideway beam is considered.

Equation (1) considers ali beam vibration modes. It is
I. INTRODUCTION valid when nnv/L _ con and for the time period that the

single concentrated load is on the beam, i.e. when
When a maglev vehicle travels over a supporting 0 < t <_L/v. The following notation is helpful in representing

guideway beam element, the dynamic beam response nor- beam transverse response.
really results in three maximum deflections critical to

guideway structural design. The three are maximum nx. o_= 2P. nv
downward, upward, and residual (i.e. free) beam deflections. A = ---_-, -_., fl = -_--; Ian = (nrl)2 _ co2 (2)
Concentrated vehicle loads relatively distant from one

another generally produce high positive and negative beam [: I') / /

deflections--which are not desirable---on elevated guideway un(t)l Icon-I sin co"t-(nfl)-I sin nfl'l

spans of 20 m or more. In contrast, more closely spaced (i.e. (t)/= _ nrl coscont-cosnflt (3)

distributed) vehicle loads result in less severe positive and (t)_ \,un j L -con sin cent + nflsinnfl/negative beam deflections. Beam deflections during residual

vibration are not directly influenced by the extent of vehicle Using the notation in (2) and (3), the transverse
load distribution. This paper shows, however, that design for deflection u(x,t), velocity ti(x,t), and acceleration /i(x,t),
complete cancellation of beam residual vibration at specific of the beam at time t and distance x along the beam due to a
vehicle speeds is possible using strategic vehicle loading pad single point load during forced vibration can be representedspacing arrangements

Since non-magnetic concrete reinforcing material is as shown in the following equation.

guideways [1], it is desirable to minimize negative and <4>residual beam vibrations in order to reduce the need for this =

type of reinforcement. In addition to resulting reduced IL/i(x,,)_I n=l[/i,,(t)_Imaterial costs, reduction of residual beam vibrations
decreases guideway fatigue Ioadings, which leads to longer
predicted guideway lifespan. B. Residual (Free) Beam Response due to a Traveling Load

Because linearly elastic beam behavior is assumed, a
distributed load can be modeled as a series of closely spaced
point loads using superposition. To completely model a
distributed load, the beam free vibration response is needed.

Manuscript received March 15, 1993, This work was supported in part by Free (i.e. residual) vibration initial conditions due to a single
theU.S.Department of Transportation undercontractDTFR53-91-C-00076. point load traveling across the beam are equal to the beam
Additional supportfrom the BechteiCorporation, Advanced Civil Divisionis deflection and velocity at the time the load leaves the
gratefully acknowledged,
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guideway, (i.e. when t - L/v). The following noultion is used response. The peak negative (i.e. upward) deflection during'
to describe these free vibration initial conditions, forced response occurs at t - 0.22 s, and is equal to 2.1 mm.

In Figure 2, the bold vertical line shown at t-0.44 s
lUnl= un(L/v); li_,l= u,,(L/v) (5) represents the time when the trailing edge of the vehicle exits

Time during beam residual vibration response is denoted the guideway beam. At this time, the beam shifts from forced
by T, where T= t-L/v. By definition, T is zero when to residual vibration response. The maximum residual
t = L/v. Also, by definition, residual vibration equations for a deflection of the beam in this example is 0.44 mm.
single given point load are valid only when T is greater than The positive dynamic amplification factor, DAF, is the
zero fox the given point load. ratio of the maximum positive beam deflection under

Beam residual vibration response equations are presented dynamic loading to the maximum static beam deflection
without derivation. The equations are based on a modal beam u,der d fully distributed load, as indicated in (7).
anaI ysis. Equation (6) indicates the free (or residual)
tran,.werse deflection u(x,T), velocity u(x,T), and DAF= Aayn'p°s (7)
acceleration id(x,T), of the guldeway beam at time T and Astal.pos

distance x along the beam for an undamped, simply- where
supported beam having uniform mass and stiffness [1], Aayn._s ' maximum positive (i.e. upward) dynamic

Iu ] ,__1[00 !II _ _lu ]1(o , ] I beam deflection

(x,T) ** 1 0 0 II Cn Sn Astat.pos "maximum static beam deflection under a
la(x,T)I= " sinnA fully distributed load

J I For the 60 tonne, 30 m maglev vehicle shown in FigureL,(=,r)J 0 -s.L - 1 {6>
where Cn - COS¢o,_T; Sn = sin o_nT[_ 1, an equivalent fully distributed load, wr, is 19.6 kN/m (seeFigure 3). Thus, for this example, Asta_.posis equal to 5 mm

(i.e. 5wvL4/3f,4El), and the DAF is 1.51. Both the time it
III. CONCENTRATED VS. DISTRIBUTED LOADINGS takes for a vehicle to cross a beam span and the fundamental

beam frequency play significant roles in determining the
A. Two.Point Concentrated Vehicle Load DAF for a beam subjected to a passing vehicle.

Figure I represent,." a 30 m maglev vehicle traveling at Also important in maglev guideway design are two
125 m/s. The mass of the vehicle is 2.0 tonne/m end is additional dynamic amplification measures. The maximum
transferred to tl"_, guideway by two 294.2 kN concer,trated negative dynamic amphfication factor NDAF is the ratio of
loads located at each end of the vehicle. For this example, the maximum upward, or "springback", beam deflection to
vehicle travels over a beam 25 m in length with a maximum static deflection. Similarly, the maximum residual
fundamental frequency, fl of 6.67 Hz, and a vertical bending vibration factor RDAF is the ratio of maximum beam
stiffness, El. of 1.9952 × 101o Nom2. deflection in residual, or free, vibration to Astar.pas. These

two amplification factors are represented in (8). For the two
v = 125 m/$ L=25 m; f, = 6.67 Hz point loadingcase shown in Figure 2, the NDAF and RDAF

twopoint vehicle loading! areequal to 0.41 and0.09, respectively.

_ P = 294,200 N (m = 30,OOOkg) _ p NDAF = Adyn.n,g . RDAF AaYn.,,s--' = (8)
,L"-.. tv= 30 m ..--"_I Astat.t,os Astat.pos

where
Figu;e 1. Two Point Vehicle Loading Adyn.n,g ' maximum negative (i.e. upward) dynamic

Figure 2 shows the dynamic response of the beam beam deflection
midspan when it is subjected to the moving two-point Aayn.,es " maximum beam deflection during residual
concentrated vehicle load shown in Figure 1. vibration

B. FullyDistributed VehicleLoad
-0.010 2 poin!load;Lvr30m:v=125m/s;L.25m:f1=6.67Hz Both positive and negative dynamic amplification

..........................• " _': .......J:':---_.............'-: ,-_.... factors, DAF and NDAF respectively, can be reduced
iii:!!:!!iii!i!!!iii!_'!iii!!!iiii!!i!iiii!i!.i!ili__ohiii!i!i! considerably using a distributed vehicle loading. Figure 3

_,_ ..0.005 " : _"__"'-_"_ ............ •........... i-"-_'---_........ _...... -S._:.,._..,

_!{!i!{!!i!i!!iOi_ shows a fully distributed vehicle loading, where a 2 tonne/m
_.o._ _::_ ......................................._..... vehicle mass produces a 19,613 N/m fully distributed force

_iii:i_i/iiiiiiiii_iiiiiii_ ::iiiiiiiiiiiiiitiii_i_)iiiii dynamic beam response when it is subjected to this fullyo._ _ : : ......:. : " ": ....:..-_r : ._::: traveling across a 25 m, 6_Hzbeam. Figure4 shows the

ii! _=i==: 1 i_it I! i distributed vehicle load at 125 m/s. The maximum dynamic::: ............................................ midspan deflection of 5.40 mm occurs at t = 0.18 s. Thus, the
o.o,o _ i fo/ce_,v/bi.ati_::.:t::=.:=::=:=:::=::::=:==:=::::::::=::::=:::maximum DAF for the fully distributed load case is 1.08. In
o.oys : : : J_": : ' :_"-t" .i:.i..::._.:::...:;_ this case,the maximum negative beam detection of 0.78 mm

is equal to the maximum residual vibration. The NDAF and
the RDAF in this example are both equal to 0.16.

Figure 2. 1_ .,ta Response (Two Point Load, v=125m/s) Thus, by fully distributing the vehicle load, the DAF is
reduced by 28% (i.e. from 1.51 to 1.08) and the NDAF is

The beam has a peak positive (i.e. downward) midspan reduced 61% (i.e. from 0.41 to 0.16). Though not true
deflection of 7.5 mm at t = 0.11 s during forced vibration generally, in this example the RDAF actually increases with a
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fully distributed vehicle load. Dynamic amplification factors velocities v', are determined according to the following four
for a range of loading distributions are shown in Figure 5. As equations derived in closed form by the author [1].

indicated in Figure 5, the NDAF is significant for vehicles 1. Beam Length (ali vehicles)
having large gaps between loading pads. As the gap between

loading pads decreases, the maximum negative beam v_ 22' +1 ideflection occurs during residual vibration. Thus, for closely = _ (2, = 1,2,3,.. ) (9)
spaced vehicle loading pads, NDAF is equal to RDAF.

2. Vehicle Length (fully distributed vehicle loads)
v = 125n'u'$ L=25m;f I = 6.67Hz

iillllllllllllli llllllllllli ii ll+
w= 19,613 N/m (m = 2OOOkg/m) l 3. Pad Length (vehicle pads)

Lv=30 m

Figure 3. Fully Distributed Vehicle Loading !v[p = Lpfl (,3,= 1,2,3,. (11)

fullydistributed loan Lv=30 m; v=125 mis; L=25 m; fl =6.67 Hz 4. Pad Spaci,',g (vehicle pads)
.O.OLO: ........................... ,. ...._...._..._.......................: Near-zero cancellation occurs at velocities according to

il :i:::iiii_i:iiii:(i'ii::ii:_:::!:::i:i:]iiiJii(_._.._._.".i_hiii (12) for vehicles having equally spaced loading pads of equal
-_ .o.aosOi_......:................ : ": ..... t ._...:..._.........._ _ _... length. Complete beam residual _/brat/on cancellation occurs
•.- _ii !..iii_ i..i_;_,__.:.._....,.....:_,:._ atmode n when n2 tinp where/= 1,2,3 ....._m 0.000 : i . _:...:.....,_....7... S......

= v_p = (2' = !,2,3 .... and _, _: inp; i = 1,2,3 .... (12)_, 0.005 ............_ ....................... ..............--..:..-!........ ;L

_ 0.010 -.-::.:::; .....': .............t-..i ..! ........

::( ::: i!(: iiliiiiiilli i i:: V. VEHICLE PAD DISTRIBUT_,,,ONEXAMPLE0.015

Figure 6 shows a vehicle with three 5 m loading pads
each separated by 7.5 m. The distance between pad centroids,

Figure 4. Beam Response (F',ally Distributed Load) Sp, is 12.5 m. The fundamental vertical bending frequency of
the beam is 6.67 Hz. Using (12), the set of convergent vehicle

Lv,30m;L.e5m fl,6.67Hz;v, leSm/s spacings for a 90m/s vehicle speed, is: Sp = ,,1,(4.5m),
where ,'1,= 1,2,4,5,7 ..... or 4.5 m, 9 m, 18 m, 22.5 m,

Concentrated(Point) Fully Olltdbuted 31.5 m, etc. Any of these pad spacings will result in near-zero
Loading Loidin_ beam residual vibrations. The 12.5 m vehicle pad spacing in

_.8 / Figure 6, however, does not match any of these 90 m/s
...J_.,.__...i.........t..._...:.._ii:i:i convergent pad spacings. As expected, Figure 7 shows

_5 _:::._:..:.. ...._,_r!..:.l...i...:...._ _ _ ........_ convergence is not reached as the maximum midspan.......... deflection in residual vibration is over 50% of Aayn.pos.
i........i......... i .i..........i...!i .............. .,;....... ,.:.... ,i.-..,_ .....

_.0.g • . , : , ..:
...:.._....,......:..:..,.......?......._......[.......i......1.......;.......ii._.._..2....._..........i...:.,,4-- v L,,25 m; f, ,, 6.67 Hz

.... _ :_"_;'_" (_:E7 "._ l'_ 0.6 r , : " __,7 t ..............1. magnet.. _/D_ ........... three pad vehicleo.s ..... -;"_"-
o.oi ", .....:.....i I.-..i. ........ !.,,--"::..t: .........';'1-_........_..... Lp=

O0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 o.g 1.0 ,_ Lv=30.0 m
LoadDistribution Factor(21.p/Lv)

Figure6. Three Pad Vehicle, Sp = 12.5m (Lr= 30rn)

Figure5. Dynamic Amp. Factor:.Point vs. Dist. Load/rigs When the same vehicle travels at 125 m/s, convergent
pad spacingsare: Sp* = 2(6.25m), where ,3.= 1,2,4,5,7,...,
or 6.25 m, 12.5 m, 25 m, 31.25 m, 43.75 m, etc. Sincethe Sp

IV. CONVERGENT VELOCITY EQUATIONS of thevehicle is equal to oneof theseconvergentspacings,no
In order to reduceguideway fatigue and the amountof beam residual vibration is expected at 125 m/s. This

non-magnetic reinforcementrequired, it is helpful to cancel expectation is confirmed in Figure 8, wherethe beamresidual
both negative and residual vibrations when possible. As deflection response to the given vehicle load traveling at
indicated in Figures 2 and 4, negative beam deflections can 125m/s is shown to be completelycanceled!
occur during forced and/or residual vibration response. In addition to analyzing beam response at any given
Adequate vehicle load distribution can essentially eliminate vehicle velocity, it is instructive to determine beam response
negative deflections during forcedvibration response, for a particular vehicle at ali expected vehicle velocities.

Residualvibrationsare dependenton 1)beam frequency, Figure 9 shows results of a sensitivity analysis which
2) beam length, 3) vehicle loading configuration, and 4) considers a guideway beam subjected to the three vehicle
vehicle speed. Vehicle speeds at which beam residual loading configurations(i.e. Figures l, 3, and6) for ali speeds
vibrations are completely canceled, termed convergent up to 160 m/s. The figure indicates the positive, negative, and
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resid),',! Jyn:lmic amplification factors (i.e. the DAF, NDAF, beam response impro-,ement is the resonant behavior that
and I<DAF, respectively) for tile given speed range, occurs in the 67 to 111 m/s speed range shown in Figure 9c.
Velocities for which zero RDAF values occur, correspond to ............
predicted convergent velocities found by using (9) thru (12). !,v23_.0_.""ve._.h!cle_2s.=2:Ot....c_....c/m,]..:=..Z..s_jL.tj_6:_7!!._..................................

........................................................ ,._oI:: :) ....-)......i _.....:i: _-.:! :/i;"i
3pad: Lp=Sm; Sp_.12gm. Lv=3o rr);L=25 m; fI=6.67 Hz; v=_X) m/s _ 1.50 l'-,_.-wq-_,_'-'-_ ..... I'DAF)--F-7-_-_:-w,, ........I"_

-0.005 ...... ':--7 :--7_---1-:,--"--:- +_ ....

o.ooo .................. -........... ,_ o._o

,0.005 . ._........_., 0 2o 40 ,0, 1,,,,,20 ,,,o 1,0
Two Point Loading velocity fm/s) ta)

0.010

_-,'- --77,-7:I-- --.-. -_"'° t!! iIti i !0.015 P> 1.50

, :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
31_d, LP=Sm," Sp=12.Sm," Lv,,aO m: L.,2S m," H,,6.6 7 Hz," v.125 _$ _ OJO _. ..... - - - .o.oo::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

-" : velocity (m/s)
_ r

E_''O'O05'IO O._Oi i:i:"o_O ! ' i _ FullyDistHbutedLoadin, (b)o.i _:" :_ . ':!i::iii!ib,_o:_.. !!!: ,o

• :::::::::::::::::::::::::::::::: _ 1.so

o.oo,ii ......:!ii !; :t iili !5!!!ii!!i!!iiiii! =.....

0.015 _ 0.30 _ : :'- -

0 20 40 60 80 100 120 140 160

Figure 8. Beam Responsefor Sp =]2.5 m (v=]25 ros) ThreePadLoading velocity(m/s) (c)
Beam response due to the two-point vehicle load is '

shown in Figure 9a. For most of the vehicle speeds (e.g. Figure 9. Beam Response and Conv. Velocities (3 cases)
100 m/s), NDAF is equal to RDAF. This indicates the
maximum negative deflection during forced vibration is equal
to or less than the maximum residual deflection. For VI. GUIDEWAYRESIDUAL VIBRATION REDUCTION

velocities where NDAF is greater than RDAF (e.g. 125 m/s), The following three sensitivity analyses illustrate the
the beam experiences higher negative deflection during benefits of matching vehicle loading configurations with
forced response than during residual response (see also guideway dynamic beam behavior.
Figure 2). In such situations, though the beam experiences
less fatigue loading, sufficient compressive reinforcement is A. Fully distributed vehicle
required to resist peak negative bending moments. In general, Figure 10 shows the effect that changes in fully
loading pad spacing reduction eliminates this effect, distributed vehicle length have on the DAF for expected

Figure 9b shows the beam response to the fully maglev vehicle velocities. The fully distributed vehicle length
distributed vehicle loading at ali speeds less than 160 m/s. L, varies from 37.5 m to 62.5 m. The surface curve in Figure
When compared with Figure %, Figure 9b shows beam 10 shows essentially no change in DAF for the beam as the
behavior under the fully distributed vehicle to be much more length of the vehicle varies. This plot agrees with earlier
stable across the speed range. The DAF remains less than studies on high speed vehicle/guideway interactions [3].
1.30 at ali speeds for the distributed vehicle. Similarly, both In contrast to the stability of the DAF to changes in
NDAF and RDAF remain less than 0.45 at ali speeds, vehicle length, Figure 11 shows the dramatic effect these

Figure 9c shows the beam dynamic behavior when changes in length have on the RDAF for the same speed
subjected to the three pad vehicle of Figure 6 for ali speeds range. As shown in Figure 11, each vehicle length produces a
up to 160 m/s. Under this loading, the DAF behavior of the different set of convergent and resonant velocities. Ali
beam is actually superior to that observed for the fully convergent velocities shown in Figure 11 are predicted by (9)
distributed vehicle case for speeds greater than 110 m/s. and (I0). None of the vehicle length cases produce either zero
Additionally, the high speed range at which near-zero or near-zero residual vibrations for ali speeds in the range.
residual vibrations occur shifts from a 100 to I 11 m/s range However, with maglev vehicle speeds expected to range from
for the fully distributed vehicle load, to a 111 to 125 m/s 0 to 150 m/s, the 45 m vehicle appears to offer the best
range for the three pad vehicle. The "cost" for this high speed compromise of vehicle lengths for ali speeds in this range.
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_ For ali speeds less than 150 m/s, the RDAF for the 45 m using a 5 to 7.5 m gap vehicle, as shown in Figure 13. The
vehicle remains less than 0.20. resonant beam behavior at mid-range speeds with this vehicle

is unfortunate, but not overly restrictive. Because maglev
operation is expected to occur at higher vehicle speeds, the 5

_ to 7.5 m gap vehicle is desirable. Operation at mid-range

-"--"i " I &agg_ with such a vehicle, however, should be minimized.: ! i 1.8

1.5 ..

• 1.2
i I , , 1.a

0.9 ta,
"" 1.5

62,5 0.6 1.2
tk

42.5 _, 140 160 0.3

"_ 37.5 0.0

Velocity(m/s) 12"_0"_ 5.0Figure 10. Fully Distributed Vehicle Length (DAF) L9( _ Velocity (m/s)
o.o "-_-__,

: Figure 12. Vehicle Loading Pad Length (DAF)

_ 0.a _ _
0.5 ta. ..

62.5 0.4

6ff_ 3 "_ _ 0.6
!ii o,

--52sr___i_-o., _ i o.4
_ SO_o.o u,-_:.',_ " /"' o.3 c_

-_....v..::. ___ '_o 76o 12":_0 " _:_-o.242.5 _'1oo '20 Io _":: o.,

40.0 -_'_\\\\_1._"*_ _ __. O0 -.. _0.0
37.5 40 60 7.5 __________________, ___

0 20 Velocity (ros) E_. 0 160

Figure ll. Fully Distributed Vehicle Length (RDAF) _r-aa 80 "--
0.0 4o--

B. Two pad vehicle 0 Velocity (m/s)

To evaluate the influence of vehicle pad length and
spacing on dynamic guideway beam behavior, sensitivity Figure 13.Vehicle Loading Pad Length (RDAF)
analyses were performed for a variety of vehicle pad loading

- configurations. Figures 12and 13 illustrate a two pad, 52.5 m C.Sixpad vehicle
_ vehicle analysis. The two vehicle loading pads are positioned The third and final dynamic beam behavior sensitivity

at each end of the vehicle, with a gap length, Lg, between the analysis performed in this section is shown in Figures 14 and
two pads. Spacing between the centroids of the pads, St,, is 15. The vehicle is modeled to represent the six pad, 29 m
equal to Lp + Lg. Thus, the 0.0 m Lg represents a fully vehicle proposed by the Bechtel/MIT maglev team for the

- distributed 52.5 m vehicle. The DAF shown in Figure 12 U.S. National Maglev Initiative's system concept definition
remains below 1.50 in the speed range for gap lengths less study [4]. The Bechtel/MIT vehicle has six 4 m pads, each
than 5 m. In contrast to changes in fully distributed vehicle separated by a 1 m gap. Beam behavior caused by the
lengths, Figure 12 shows that changes in loading pad traveling vehicle for a number of beam lengths and
configurationsdo indeed influence the DAF of the beam. frequencies is analyzed.

Figure 13 shows beam RDAF for the 52.5 m, two pad As shown in Figure 14, the DAF is less than 1.20 for
vehicles. Ali convergent velocities shown in Figure 13 are speeds less than approximately 150 m/s when beam length is
predictcd by (9), (11), and (12). None of the gap length cases 25 m and less. However, Figure 15 shows that the RDAF

_ result in a beam RDAF less than 0.20 for ali speeds in the behavior for the 25 m beam is extreme at high speeds. In
range. Superior high speed beam behavior, however, occurs contrast, the RDAF for a 20 m beam is less than 0.20 for ali

_
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speeds in the given range. Thus, this 29 m vehicle appears expected maglev vehicle speeds. The second example shows
well suited for the 20 m beam span, but not for the other that though the DAF increases with increased vehicle gap
spans, length and with the use of discrete loading pads, the RDAF of

the bemn becomes more controllable under such conditions.

-Ii Figure 13 indicates that specific vehicle loading
.'T configurations can be designed to complement beam dynamic

,--...-i-"""" f _ _ behavior at particular operating speed ranges. The third

example demonstrates that individual beam segments can be
" -l.s designed to match a particular vehicle loading configuration

' T.s for a given speed range at specific locations along the
i" - 1.2 guideway corridor.Lt.

o.9 c_ VII. CONCLUSIONS

o.6
o.a It is shown that a vehicle length and loading pad
o.o configuration can be adjusted for a particular beam to

produce convergent conditions_whereby ali beam residual
4o;2.5 vibration is canceled_at desired vehicle speed ranges! This

ability to cancel beam residual response is remarkable andao;_.o _'_,_,,,',>_ _ "
25io.r _--_,."._ ,= ,- potentially has a number of important maglev design

2o;_o.o _'y,c_ ° implications including benefits such as a) increased
L(m): is; la.o_"y_ _ Velocity(ros) guideway lifespan b) reduced non-magnetic concrete04

fl (Hz) ¢_ reinforcement requirements, and c) potentially shorter
operatio;ml vehicle headway allowances.

Figure 14. Beam Length and Frequency (DAF) This paper presents equations describing the transverse
vibrations of a simply-supported beam due to a traveling load
during both forced and residu',d vibration modes---(4) and (6).
Equations representing convergent velocity conditions,
solved in closed form by the author, are also shown--(9) thru
(12). These convergent velocity equations will assist in
ensuring future compatible maglev guideway beam and
vehicle loading configuration designs.
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Abstract- This report will detail thesteps requiredfor thealignment

andsurveying of a Tran_apid applicationroute. The system parame- I Requirements, I
ters which need to be considerea during the planning of the route are I BoundaryConditionsI
listed andinnovative solutions arepresentedto accomplish the stfin- [gend requirementsof thesurveyingprocess. _ _

"-1 CorridorSelection ]
I. Introduction ]

I RoughAlignment, ]
Ali of the activites involved in the geometric processing of a Phase 1 ' Rework/ I horizontal, vertical

Transrapid guideway are summarized under the heading, align- Ch_ag_ I [

ment and surveying. I ]_ General [

The essential requirement of the alignment is to create an eco- Planning Proems

logically and economically balanced route for the Transrapid No
system. The non--contact magnetic levitation technology allows
an extremely economical choice of alignment parameters, and
therefore opens up the possibility of a route choice which well
matches the topographical features of the landscape. CreationofFixed IPointField,

Through the use of computer-aided manufacturing processes LocationandHeight I
in the fabrication of the guideway beams, e.g. numerically con- [ ,
trolled cutting equipment for the steel components, robotic fit- GroundSurvey, I_
upand firtishwelding of the steel beams, adjustable beam forms Define Co,mtrai.nts ,]i_

for the concrete beams, and highly automated equipping of the Piu_ 2 I.......
beams with stator packs, the guideway beam costs are not in- I Fine Alignment ]

by anoo, noo, ' l ]
has a maximum amount of creative freedom in laying out the ba- 1" PublicApproval, [ _ Changessic route. [ Hearing

In accordance with the current planning legal conditions valid _..._

for the Federal Republic of Germany, the planning, alignment, _ No
and surveying activities can be divided into three general
phases. These are shown in Fig. 1.

I Planning,Conatruc"], tionDocumentationII. Rough Alignment
Plume3 [

Construction,Manufacturing,
Based on the traffic volume prognoses, the general boundary Quality, Operation Associated

conditions for aTransrapidapplication route can be determined. Surveying
The number of tracks, the revenue speed, and the location of the
stops axe of importance here.

The firstactivity for the rough alignment is theselection of the Fig.1. Planning, Alignment and Surveying Activities
corridor. Using small scale maps (topographical overview
1:100 000), the possible corridors between the stop points are In the next activity, the plan and elevation views of the rough
defined"Using value analysis' the °ptimal c°rrid°r can be deter" alignment are executed. The basis for these are scale 1:25 000
mined. The appropriate state development programs and state topographical maps. In this phase of the planning, the following
planning laws can already he accounted for in this phase. Glob- objectives are of particular importance:
ally applied to ali route decisions, as already mentioned, are the
consideration of the ecological and economical aspects. - colocation with existing traffic routes, within limits of the
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aligmnent parameters (see Table I) III. Fine Alignment
- accounting for ecological restrictions, possibly by detouring

around problem areas To form the basis for the fine alignment, exact planning mate-
- avoidance of separating effects on the existing infrastructure rials are required along the approximate route. A local position
- fitting into or adapting to the landscape and height fixed point field will be established for this and used

for the polygon generation along the route. The exact location
The alignment calculation will be carried out in this phase in determination of the fixed point field can be accomplished using

accordance with the guideway alignment data shown in the one of two methods, the traditional surveying with angle and
Table I, but to simplify the situation, only the straight and pure distance measurement (polygon method) or using satellite loca-
circular elements are taking into account. The initial constraint tion equipment (GPS: global positioning system).
diagnosis, cost, and trip time calculations can be made. Through "Ilaemain differences between these two methods are shown
fulltime data processing support of this process, different varia- in Table II. The GPS method is favored today in heavily popu-
tions can be investigated without great expense, lated areas and in wilderness areas due to its enormous advan-

Furthemaore, the environmental compatibility check would tages.
occur in this phase. The vertical determination of the fixed point field is accom-

During the subsequent public approval process, the authori- plished using precision levelling. The fixed height points are
ties will examine the route and if problems arise, an additional normally attached to the existing fixed location points since they
iteration in the corridor or rough alignment determination will are robustly built and firmly anchored in the ground.
be carried out. With this approval, the rough alignment will he Based on this location and height fixed surveying network, the
released tbr the next planning phase, topographical documentation of the landscape near the route can

occur. Well-known terrestrial and also photogrammetric sur-
veying methods are available to accomplish this. The constraint
points with their X, Y, and Z coordinates will also be cataloged

TABLE I during this landscape mapping.
The digitally collected landscape data can then be assembled

Guideway Alignment Data into a digital landscape model.

The plan representations can subsequently be made in scale
Lateral Acceleration _< 1.5 m/s 2 1:1 000. Based on these planning materials, the fine alignment

VerticalAcceleration can he calculated in plan and elevation views according to the

- Crest _< 0.6 m/sx alignment parameters shown in Table I. The progression of the
- Trough < 1.2 m/s2 alignment through space, which results from a combination of

the plan and elevation parameters, will be exactly determined
Omnkllrectional Jerk mathematically.
- Nomaai track _< 1.0 m/s 3

- Singular points _< 2.0 rn/s3

TABLE II
Lateral Inclination _ 16 o

Comparison of the Traditional Surveying Process (Polygon Method)
Torsion (change of cant) _< 0.1 °/m with Global Positioning System (GPS)

Longitudinal Inclination < lO % Activities Polygon Method GPS

Horizontal Curvature

Minimum 350 m Reconnaissance of long
200 km/h 705 m traverse leg points with Yes No
300 kna/la 1,590 m sighting of neighboring
400 kna/h 2,825 m fixed points
Y_)0km/h 4,415 na

Clearance of sight :_nes Yes No
The sinusoidai transition curves and superelevation
ramps are of equal length. Procurement of reference

points for the determination No Yes
Vertical Curvature Crest lm] Trough [m] of the compressed polygon
Minimum 500 500 and for determination of

200 km/h 5,145 2,575 constrained points
300 km_ i 1,575 5,790

400 km/h 20,575 10,290 Execution of the angle and
500 km/h 32, i 50 16,075 distance measurcnaent Yes No

2O2



The specially developed computer program used to generate After the rough positioning of the beams on the substructure
this space alignment, also has the ability to generate the sinusoi- piers, the beams have to be positioned as in step 4, i.e. referenced
dal forms for the transition elements in the planview and the cit- to the space curve. The fine positioning accuracy is specified
thoidal forms for the elevation view, and thereby produce an ex- with the following tolerances:
act geometric 3-D space alignment. Another important aspect
of this calculation is the examination of the allowed overlapping X--direction ± 2.0 mm
of the alignment parameters in the plan and elevation views, in Y-direction ± 0.5 mm
order to evaluate whether the allowed acceleration values have Z-direction ± 0.3 mm
been maintained.

The progression of the guideway functional surfaces (stator Here too, the specified tolerances are to be regarded as limits,
pack, guidance rail, glide plane) in space are a result of this fine though not as absolute values against a general reference point
alignment, The data will be digitally processed for subsequent (polygon point), rather relative to the relevant reference points
use in the guideway activities, in particular for the beam fabrica- of the neighbouring beams.
tion and equipping. A concept has been worked out for the fine positioning which

The detailed representation of the route forms the basis forthe makes itpossible to set the displacement dimensions for achier-
subsequent public planning approval process. In this process, ing the design position directly on the support- and guidance
the chosen alignment will be publicly displayed, in order to al- components.
low the affected citizens the possibility to comment. Eventual To establish the reference forthe alignment space curve in the
objections from the examining authorities or the citizens may immediate neighbourhood of the beams to be positioned, adapt-
lead to another iteration in the fine alignment process. At the end er bolts are mounted onto the foundation plates and their exact
of this public approval process, the certification for the realiza- location and vertical position determined.
tion of the chosen maglev route will be given. This specially developed surveying method for the fine posi-

tioning, consists of three geodetic surveys:
IV. Construction Site Activities and Surveying

- polygonization of the adapter points on the foundation (mea-
The construction site materials will be created according to sured from the fixed bearing locations)

the alignment materials. The technical surveying calculations - execution of an alignment using the adapter points on the
required to transfer the guideway to the actual topography are foundations

based on these construction materials. - double polarpoint determination, whereby the adapter points
The next step in the local surveying work, is to expand on the are over-determined

fixed point field described in section 3, i.e. fixed points need to

be added inbetween the existing ones. The experience at the Ali surveying results are electronically stored, evaluated, and
Transrapid Test Facility in Emsland has shown that point inter- computed in coordinates. The points can be assessed in relation
vals of approximately 200 m are appropriate, to their neighbouring points through the use of error ellipses pro-

The surveying work associated with the erection of an ele- duced by a compensating calculation.
vated guidew ay requires in addition to the rough marking of the The beams are positioned for height and cant using suspended
construction road, a maximum of four operating steps: invar steel bands attached magnetically to defined positions on

the stator packs. Immediately prior to the fine positioning opera-
Step 1: Marking the locations of the substructure founda- tion, the adapter bolts on the foundation plates are measured

tions from the vertical fixed point field using precision levelling tech-
Step 2: Marking the locations of the support piers niques.
Step 3: Marking the locations on the pier caps of the required Lead screws or hydraulic presses are temporarily intalled on

recesses and bearing fixtures the supports for the physical positioning of the beams on the
Step 4: Fine positioning of the guideway beams on tdhesub- piers.

structure piers Special templates, precision plumb-lines, and a portable
computer are used to generate the displacement values for the

According to the construction specifications, step I has to bc erection personnel in order to fine position the beams longitudi-
achieved with a tolerance of+ 30 mm, step 2 with a tolerance of nally and laterally. A precision leveler with deflecting prism is
± 10 mm, and step 3 with a tolerance of ± 5 mm. used for the plumb measurements, which eliminates the need tbr

The toler:mces are not to be considered in the geodetic sense, the centering required with conventional optical plumb mea-
rather they represent absolute error limits. To confirm that the surements. The horizontal and vertical positioning of the beam
tolerances have been maintained for the polar measured and has to take into account the longitudinal thermal expansion of
marked points, the points will be polar surveyed a second time the beam.

from an independent standpoint and a design value / actual value A single-span beam is first positioned at the fixed bearing,
comparison camed out.
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then at the loose bearing. A double-span beam is positioned at ometry. An integrated data flow is accomplished using comput-
the fixed middle bearing, then at the two loose end bearings. The ers to transform the space curve geometry into the data required
beam ispositioned in the areaoftheloose bearings, using special for cutting the individual steel sheets. For the calculation of the
templates attached to the beam at the fixed bearing point. After components cut with NC controlled machines (e.g. the deck
the fine positioning of the beam, the measurements are repeated plates), the transformation of the spat/ally curved plates (3-D

: and the displacements recalculated to check the position of the space) into a plane (2-D space) has to be taken into account.
beam. The tolerance limits specified are approximately 0.5 mm Beam fabrication assembly fixtures will be constructed in the
for the horizontal position and 0.3 mm for the height. If these various factories for the fit-up of the components to be welded.
values are exceeded, then repositioning is necessary. Only then The required set-up values for the fixtures as a function of the
is the beam released for grouting of the bearings, space curve geometry, are also calculated and transferred using

Since the surveying procedure and the beam erection work computers. Inclt_ded in these data calculations is structural in-
are not decoupled, dependencies occur in the course of the work. formation, such as beam camber.
A concept to separate these activities is being worked on as part After its fabrication, the beam must be equipped with the
of the current development program, longstator propulsion components. During this stage, the ap-

proximately one meter long stator pack is assembled with high
V. Measurement Activities during Beam Production precision to the underside of the beam according to the predeter-

mined space curve geometry. This is accomplished using sta-
Depending on their application and the height of the guide- tionary, NC controlled machining and assembly equipment in a

way above the ground, beams can be produced from steel, con- temperature stabilized plant.
crete, or composite (steel + concrete) for the following situa- The set-up of the beam on the machining equipment is ac-
tions: complished by using the technical measurement concept of"ac-

tual position determination". In the machining program are spe-
- at-grade cific beam reference points. The machine will then be manually
- low lying (or semi-automatically) taught these points (actual position).
- elevated On the basis of these reference points, the original machining
- at-grade in a tunnel program in the NC controller will be transformed to correspond
- bridge / special construction to the current beam position.

This concept allows the rows of stator packs to be assemblied
At the Transrapid Test Facility in Emsland (TVE), the guide- with high precision to the beam, which contributes significantly

way includes at-grade and elevated sections of both steel and to the excellent ride comfort of the Transrapid system.
concrete beams for testing and demonstration purposes. The so-
lution used for the at-grade guideway at Emsland involves sub- B. Concrete Beams
structure piers resting on individual foundations with fixed and
loose hearings. The geometries of the concrete beams are calculated accord-

From the statics viewpoint, two different types of beam exist ing to their structural requirements by their manufacturers,
at the TVE: largely independant of the space curve geometry. The concrete

beam is equipped with the support and guidance components
- single-span with one fixed and one loose bearing (guidance rails, stator packs) generally at a later stage. Only the
- double-span with one fixed and two loose bearings attachment points for the support and guidance components

have to be according to the requirements from the alignment
In par'diel to the construction associated surveying activities space curve geometry. This infom_ation is calculated and trans-

described in the previous sections, manufacturing associated ferred to the production equipment at the appropriate stage. The
measurement activites also occur. These concentrate them- mounting of the guidance rails is accomplished using a special
selves on the fabrication of the beams and their equipment with assembly fixture. The machining and assembly of the stator
the stator packs for the longstator propulsion system, packs proceeds in a fashion similar to the steel beam.

A. Steel Beams VI. Quality Assurance

The alignment and measurement work required for the steel As part of the quality assurance program, geodetic surveys
beam manufacture is described below, will be performed during ali phases of the guideway manufac-

The crdculation and production of the steel guideway beams, ture. The results of these measurements together with the con-
due to the integration of the lateral guidance mils and the glide struction materials and the specific tolerances allowed, form the
surface into the welded construction, is derived directly from the design / actual comparison. Using this method, the adherence to
,'alignmentspace curve geometry. The individual structural com- the required geometric quality can be guaranteed.
portents of the steel beam are of sheet metal and their geometric
shape must correspond directly to the specified space curve ge- The geometric quality assurance focuses on the three essen-
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tial functional levels of the guideway: alignment parameters have been greatly improved, especially
when the allowed guideway cant (superelevation) of 16° and the

- geometric progression of the underside of the stator packs maximum gradient of 10% are considered.
- geometric progression of the lateral guidance rail surfaces Through the computer-based data flow in the alignment pro-
- geometric progression of the emergency glide plane (deck cess and guideway beam manufacturing process, the type of

plate of the beam) guideway has become virtually cost neutral. That means that a
straight steel guideway beam costs virtually the same as a curved

After completion of the guideway, as the first step, an opera- steel beam. The alignment engineer therefore has a maximum
tion associated reference measurement will be performed. Mea- amount of creative freedom in laying out the guideway route.
surements are taken at definite points on the structures and these The new surveying processes specially created for the mag-
are used primarily as a reference to monitor the long term netic levitation train guideway and perfected at the Transrapid
changes in the guideway (deformation, settling). Test Facility in Emsland, guarantee that the specified tolerances

Periodic guideway inspections are included in the operation can be maintained with a minimum expenditure.
plans for a magnetic levitation train route and among other
things, the geodetic inspection of the points contained in the ref- VIII. References
erence measurement is performed.

The comparison between the actual measurements and the [1] H.-J. Marx and R. Stoeckl, "Guideway Alignment and
reference measurement allows conclusions about the geometric Surveying", TRANSRAPID MAGLEV SYSTEM,
changes occurring in the Transrapid guideway. Hestra-Vedag, ISBN 3-7771-0208-3.
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tire survey intervals are oriented on the geologic conditions Heft 11/12 1992.
present and are only performed at long time intervals. [3] O. Breitenbach, R. Stoeckl and M. Wcislo, "The Guide-

way Equipment", TRANSRAPID MAGLEV SYS-
VII. Summary TEM, Hestra-Veflag, ISBN 3-7771-0208-3.

[4] R. Stoecld and G. Schwindt, "Manufacturing Process
Through the system specific advantages of the magnetic levi- and Assembling Line of Guideway and its components
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Aerodynamic Drag of Maglev Vehicles

Frank A. Balow IIIt and Kenneth R. Sivier *

Department of Aeronautical and Astronautical Engineering
University of Illinois at Urbana-Champaign

Urbana, IL 61820

Abstract speed rail car can require 80% of the traction power [1].
With the absence of wheel/rail drag, Maglev vehicles

This paper presents an approach for making a preliminary require a proportionately higher percentage of this
estimate of the aerodynamic drag of Maglev vehicles. The power to balance the aerodynamic retarding force.
method involves combining traditional methods of drag There are few first order approaches to
estimation for aircraft at subsonic speeds with estimates estimating the drag of Maglev vehicles. Most
based on data reported in literature for the drag breakdown traditional methods are based on wind tunnel or field
of Maglev-type vehicles. An example is presented for a
generic, single car Maglev vehicle wiih an operational testing of multi-car wheel/rail trains. Current Maglev
speed of 500 km/hr, design, however, focuses on single car configurations.

This makes many of the previous approaches
I. Introduction inapplicable for proper evaluation of the important

aerodynamic features of current and future systems.
A. Nomenclature lt is clear, then, that there is a need for a quick

and relatively accurate method for estimating the drag

Cf skin friction coefficient of Maglev vehicles during the design process, lt is
important that this be a generalized method that relates

CPt skin friction drag coefficient the effect of each vehicle component to the result.
Cap form drag coefficient This paper presents such a method. This method builds
d hydraulic diameter the total answer by summing the drag of the individual
Dt skin frictiondragforce components. This is done by using traditional
L characteristic dimension, estimation methods from the aerospace industry

overall length combined with experimental data from Maglev testing.
M Mach number In this way, a first-order estimate of the aerodynamic
q dynamic pressure drag and its components can be produced.
Re Reynolds Number

S cross-sectional reference area C. Literature Review and Discussion
V fluid velocity

p fluid density Although there is a considerable amount of
fluid viscosity literature on the aerodynamics of trains ( trains passing,

k hydraulic skinfrictioncoefficient train-in-tunnel effect, etc. ), there are very few
published methods for determining the aerodynamic

B. Problem Definition drag of Maglev vehicles. However, extensive
experimental work has been done on the problem by

As the operational speeds of high-speed rail both the Japanese and the Germans. General papers
and Maglev vehicles are increased, a larger and larger reporting on this work form part of the basis for the
percentage of the vehicles' total traction power is method presented here.
needed to overcome the aerodynamic drag. At speeds Matsunuma, Nagayama, and Kobayashi [2] of
in excess of 4rX)km/hr, the aerodynamic drag of a high- the West Japan Railway Company, address many

aerodynamic aspects of the Maglev problem.

Manuscript submitted March 15, 1993 to Maglev '93 Conference. This Unfortunately, they touch only briefly on the subject of
work was supported by the General Motors Electro-Motive Division under aerodynamic drag and present a drag coefficient
Research Agreement No. 92-PR1-S-0378 as part of the National Maglev estimating procedure in the form of ( 1_) below.Initiative.

Graduate Research Assistant

" Ac,_K'ia)eProfessor CD = Cdp + kl'___ ( 1 )
d

2()6



TABLE I

where d = 2(_--)2 i'ercentage Com_,nent Drag Breakdown of SeveralExistingMaglevSystems

Their study is of the Series 100N Shinkansen, a Drag Percentage of Total
multi-car vehicle. Therefore their analysis is only Component Aerodynamic Dra_
partially applicable to present single-car designs. Bogie(s) 38-66
Matsunuma et. al. do make one important point: when Skin Friction 27 - 30
increasing the internal volume of a slender vehicle, less Roof Equipment * 8 - 20
drag is generated by increasing the cross-sectional area Pressure Dra_ t 8 - 13

• Includes pantograph
than by increasing the length, t Noseandtait eCfects

A paper by Barrows [3] gives general

guidelines for developing a streamlined shape for D. Adjustment of Empirical Drag Percentages
Maglev vehicles. Barrows, who has worked on many
such ground based transportation systems, does not Table I above presents experimentally
present a formula for calculating drag. He instead determined drag data for existing Maglev systems.
looks at present multi-car designs anu modifies the However, current designs differ from these vehicles
drag coefficient as if the vehicle were a single car primarily in that they:
configuration. He does this by first using ( 1 ) to predict
the drag of a single vehicle of the same length as the • are single car configurations
multi-car operational vehicle, and then scaling that • lack pantograph equipment
value to the length of the vehicle under consideration. • have greater operational velocities

There are, at the present time, no commercially

operational single car Maglev vehicles. The closest Clearly, then, the values from Table I must be adjusted
configurations are the Transrapid TR06 and TR07. The in order to represent the systems under consideration.
TR06 has open bogies while the TR07 has its magnets The most obvious change Rat must be made is
enclosed. Thus, the TR07 is a better test subject for the the deletion of the roof equipment term. Ali guidance
fully enclosed systems under consideration. According controls and power pick-ups are taken care of by on-
to [3], the reported value for the total CD for the TR07 is board systems. Secondly, Peters [1] reports that up to
0.45. Using the procedure described above, Barrows 2/3 of the total aerodynamic drag of Maglev vehicles
arrives at a Co value of 0.3 for a single car of about half may be caused by bogie drag. This would indicate that
the length of the TR07. the lower bound of the bogie drag should be increased.

Peters [1] provides no method for calculating Taking these two adjustments into account, a
the drag of Maglev vehicles, but does give a component redistribution of drag percentages is done using bogie
by component breakdown of the total aerodynamic drag as the independent variant. This is done because
drag for several operational systems. Peters divides the bogie drag is felt to have the largest contribution to
aerodynamic drag into four major categories: bogie overall drag. By keeping the skin friction and roof
drag, skin friction drag, roof equipment drag, and equipment drag values ( not percentages ) constant,
pressure drag. These breakdowns are given in Table I. four example scenarios listed in Table II are generated.

Bogie drag is the sum total of both the bogie
aerodynamic drag and the associated guideway TABLE II
interference drag. Guideway interference drag is Various Adjusted Percentage Component Drag
caused by the turbulent flow between the guideway Breakdowns for Current Maglev System Designs
and the vehicle. Skin friction drag is the retarding force
resulting from viscous shearing stresses over the wetted Drag Percentage of Total
area of the vehicle. Roof equipment drag includes the Component Aerodynamic Dra_
drag from air conditioners, generators and pantographs Bogie(s) 51 55 60 66
that appear unfaired ( i.e. unblended ) anywhere on the Skin Friction 35 32 28 24
surface of the vehicle ( excluding surfaces in close Roof Equipment 0 0 0 0

Pressure Dral_ _ 14 13 12 10proximity to the guideway ). Pressure drag is due Nose and tail effects

mainly to contributions from the shape of the nose and

tail. The first and last scenarios represent a lower
and upper bound for the calculations. The cases in
Table II with bogie drag totaling 50-60% of the total=
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aerodynamic drag are felt to be the most accurate based compared well ( within 1'7o) with those calculated from
on current literature. Roskam's approach for an equivalent vehicle.

The skin friction drag coefficient is related to
II. Discussion of Drag Components the drag force by ( 4 ).

The method presented below for estimating the Dr = qSCDf ( 4 )
components of aerodynamic drag for Maglev vehicles
assumes that the Maglev vehicle in question is a single, C. Pressure Drag
semi-ellipsoidal car. The single car assumption permits
the use of documented methods to predict aircraft The pressure drag of a cylindrical body ( such
fuselage drag. The second assumption precludes as an aircraft fuselage or Maglev vehicle ) is mainly due
vortex-shedding comers along the vehicle's length, to the shape of the nose and tail. The nose geometry is

the smaller of the two contributors. A properly shaped
B. Skin Friction Drag nose will contribute almost no pressure drag to the

total. For example, Ref. [3] shows very little difference
Skin friction drag can be estimated from the in drag between a large variety of slender nose shapes.

vehicle geometry, the operating speed, and the type of The key requirement is that vortex-shedding surfaces
vehicle boundary layer ( i.e. laminar or turbulent ). The be avoided. If this is done, the contribution of the nose

boundary layer type depends on the Reynolds Number to the pressure drag term may be neglected.
characteristics of the vehicle. The tail, however, is a potential source of large

pressure drag. If the base is simply cutoff as in Fig. la,
1) Reynolds Number: Reynolds Number is a a large amount of bluff-body vortex shedding will

ratio of the dynamic and viscous forces in a fluid and is occur. This will cause a significant increase in pressure
defined as drag. Tapering the tail can produce two different

Re = _ ( 2 ) results. Figure lb shows the effect of tapering the base
la too quickly. The result of this is, again, boundary layer

separation and a large pressure drag. Figure lc shows a
Transition from laminar to turbulent flow usually base that is tapered so gradually that the flow remains
occurs at Reynolds Numbers from 2 x l0 s to 2 x 106. attached, but the increase in skin friction drag ( due to
The boundary layer type is thus dependent upon the the large base wetted area ) is larger than the decrease
characteristic dimension of the vehicle and the in pressure drag.
operating speed.

The skin friction coefficient ( not to be confused .............

with the skin friction drag coefficient ) is determined ____,,,_

from either ( 3 ) or ( 4 ) depending on whether the flow /_
is laminar or turbulent, respectively. ( A )

Cr = 1.328 (3)

(13)
Cf = 0.455 ( 4 )

(log I0Rc)2'ss(1+0.144M2) 0"65

2) Skin Friction Drag Coeffic'ent: Tw() different

methods are used to predict the skin friction drag
coefficient. The first is from Raymer [4]. This method (C)
allows for a wide variation of fuselage parameters
including a choice of laminar, turbulent, or mixed
boundary layer flow. The second method is from Fig. 1. TheEffect of Base Tapering on Separation
Roskam [5]. lt is less flexible in its range of parameters
and allows for only turbulent flow on the body. As a
check of the compatibility ()f the methods, the analysis A compromise to the mutually exclusive
from Raymer was run for a fully turbulent flow. The problems in lb and lc is reached by finding the
values calculated for the skin friction drag coefficient minimum for a set constrained by both skin friction and
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pressure drag. The solution to this is shown graphically guideway and the vehicle plus a generic cross section.
in Fig. 2. The figure was generated from material in [6]. For this analysis, the separation was 0.1 m and the
Notice that the optimum answer occurs at a fineness cross-section was 15 m 2. Also, this value may only be
ratio of approximately 5.0. Fineness ratio is defined as used for vehicle operating in the 500 km/hr range.
the body length divided by the body diameter. As
Matsunuma et. al. [2] show, making a body wider will III. Example Application of the Method
cause less drag than making it longer. This applies, of
course, only for fineness ratios greater than the fineness A. Outline of Steps
ratio for the minimum drag coefficient. This fact then
may be used to evaluate the savings in total 1. Determine the relevant physical parameters of the
aerodynamic drag that may be achieved by proper base system.
boat-tailing. 2. Determine the Reynolds Number and therefore the

boundary layer type.
3. Calculate the skin friction drag coefficient.
4. Calculate the bogie/interference drag coefficient

using an appropriate scaling factor.
_;_.._i._..._-.'`--'`..-_.'`.._e..b_.'`_.'b.w`..4_'`..'`-._.._`._.b.'_._'_..b'.l.-_._._.._.-

o.4 :!::!:!1/`_::-:_`.._::-:`-_`.._!:_:-_:._.`.._::-::-::;_:_;:`;_`_:';:_:_!_:_:!::_::_::_::5. With this figure, determine the proper drag_::::: ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: percentage breakdown.
o.x_ -:::::i_::;:;:::.-.;_..-:=_-.-..--.--;:,.-.:,.-.::::;::,.-.:,.-.:,.-.:_ 6. Determine if the pressure drag of the base has been

_::-".:_.I:'T.:Z:_:I Total Drag [7-_::.v.:_::_-'_:_:__-F'_
0.3 -_.-_-._-i-_.-_.-44 _ ,f. • I'_"_'-_"_-'_--_":tJPr4"'_-'_"_"_f _:_.:_:_:1_::::::t,.oe, ,,,_,* _._..-_-:: optimized and modify if necessary.

o25 -:iii_i_"_i_i_i_i__i:: 7. Sum the pressure, bogie and skin friction drag
02 ::::_:_i]_ coefficients.

-_:!ii_:;::_[: :. 8. Add 10% of the of the pressure and skin friction
0is __::_:__%_,_L,!?_ [_ drag to the total to account for leakage and

o.,-'i;_ protuberance drag. [410.06

0 _::M::-z" ::::::::::::::::::::::::::::::::::: B. Geometry
0.0 5.0 10 15 20 25 30

Lensth toDiameterRatio The example configuration shown in Fig. 3 is a
single, streamlined system with physical parameters

Fig. 2. Base, Skin Friction, and Total Drag as a listed in Table III. Ali of the bogies are externally faired
Function of Length-to-Diameter Ratio and there is no equipment on any exposed surface. The

undercarriage adjacent to the guideway is typically
irregular and assumed to be subject to turbulent

D. Guideway Interaction Drag interaction.

The effect of the interaction between the bogies

and the guideway is a large part of the overall Top View
aerodynamics of Maglev vehicles. Unfortunately, there

is no simple way to estimate this effect from _(_]
fundamental principles. Therefore, to select a "
percentage range from Table II, a guideway interaction Side View
scaling factor was derived.

This factor is basically an area scaled value
taken from existing designs. By first calculating the
drag of the vehicle without the presence of the

guideway ( i.e. as if it were flying through the air ) and Guideway_")_/
then subtracting this value from the measured value of
the system with the guideway, a value for the combined
bogie/interference drag can be estimated. This area Cross-Section
based ACD turns out to be about 8.4 x 10-4 per square
meter. The generality of this value should not be Fig. 3. Schematic of Example Maglev System
overestimated. This scaling factor is dependent on
some nominal separation distance between the
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TABLE III

Relevant Physical Parameters for Example Maglev System
0.06 ..._...!..._...[....L...!..._...I..._...!...L...I..._...!..._...I...2....!...._ ....

&..._,..._....:...;....:....L..._....L...L..2...A....L...'....k...I. .L...:. "...

=======================================================================Physical Parameter Value _ o._
Overall Length 34.78 m "r, ...4,...i-.i..'_.._i ._....;..._....i...i....i..._....i..._...i_.i.i ....

Operational Speed 134 m/s _ ..-............... ......._......._....8.......,.._....,..,...,.._...._........
Cross-Sectional Area' 147 m2 _ 0.04 _i!i!::[!!::ii::![_::![..._....i..._,...i..._...._..._,..._..._...._.._..._

Wetted Area_ 503 m2 _ 0.03 -._._..'._..._..._-"_.._....i..._...._..._...._........:..;...-t
Base Taper Angle 22° * = ""'"'""'""'"_........_'"""_'"'.... ""'_''"'__ ........_.......1o ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::Guideway Separation** 03 m :_: oo2 ._.._.._...i..,.'..

" 22 ° taper recommended by [71 _: o.01 _-*.-.*-.-_-...*..-_----_-.._----*-_-._---*...*..._....*.-.*..._.._.'.-._.-_
" Included for bogie/guide.way interaction _c_ling factor ..._..._...-..._..._-..._..._-...'..._-..._...-......._......._-..._..._- '...:...0

0.00 20.00 40.00 60.00 80.00 100.00

Percent of Fuselage in laminar Flow

Fig. 5. Effect of Laminar Flow on Skin Friction
Drag Coefficient

C. Evaluation of Pressure Drag Coefficient

Cr_ss- Wettted Cross-Sectional
Section Area Area To see the effects of a _,roperly shaped tail, the

data in Table IV are presented. Also note the drag
reduction possible with an optimized tail shape. Note

Fig. 4. Wetted and Cross-Sectional Area Convention that the vehicle being analyzed does not have an
efficient base. It would be possible to lower the total
aerodynamic drag of the base to 50% the drag of the

B. Evaluation of Reynolds Number and Skin Friction Drag present design.
Coefficient

TABLE IV

For the skin friction drag calculations, it is BaseDrag Coefficient Cor-.parison
important, to determine how much ( if any ) of the

fuselage is in laminar flow. Obviously the more wetted Base Geometry Base Dra_ Coefficient
area that has laminar flow over it, the lower the skin Blunt .1609

friction drag. For this vehicle, the effect of laminar flow 22° Taper _ .0537
on the skin fricti:m drag coefficient can be seen in Optimized .0277
Figure 5. • Base is taperedand then cut as shown in Fig, 3.

The Reynolds Number for this vehicle, at
D. Evaluation of Guiqeway Interaction Dragoperational speeds, is on the order of 108. The Reynolds

Number ,",f25% of the overall length is on the order of
The total undercarriage area adjacent to the107, an order oi" magnitude greater than the maximum

transition Reynolds Number. This would indicate that guideway is approximately 170m 2. Using the scaling
factor from Section 2.D above, this gives a bogie drageven though [5] predicts that up to 30% of an aircraft
coefficient of 0.143. With this value, one can select a

iuselage may be in laminar flow, this is not the case
here. A fully turbulent boundarylayer is assumed here. range of values from Table II which seem . ost

accurate. A bogie drag coefficient of 0.143 wouldFrom ( 3 ) then, the skin friction coefficient is found to

be0.001789. Following the method outlined in [4], the correspond ( for this vehicle ) to a bogie drag
skin friction drag coefficient is found to be 0.057. component of about 52% for this base geometry and

about 63% for an optimized base.
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E. Summary of Example drag of Maglev vehicles, lt includes procedures,
commonly used in subsonic aircraft studies, to estimate

Table V gives final values for this configuration and skin friction and pressure drag. It also includes,
the results for an optimized base configuration. Notice however, estimates for the bogie/guideway interaction
that the optimized base results in an almost 8% savings drag that are based on empirical data that do not reflect
in total aerodynamic drag design details. The overall results appear reasonable

when compared with the results of other reported
TABLE V methods.

Summary of Example Drag Coefficients The advantages of the component buildup method
are:

Percentage of total

Drag Aerodynamic Drell/Value 1. It provides reliable methods for estimating both
Component Present Optimized skin friction and pressure drag. The methods

Desi_n Desi[_n explicitly reflect the configuration and operational
Bogie(s) Drag 52 .143 63 .143 characteristics of the vehicle.

Skin Friction Drag 21 .057 27 .057

Pressure Drag 27 .053 10 .028 2. lt demonstrates that the bogie/guideway
L and P Drag +10_ .0253 +10t ..009 interaction produces the largest drag component.

Total Dra_ Coefficient .264 .237
ofiheskinfrictionand pressure drag Since this is the least well understood component,

the method identifies this as the area where the

IV. Comparison of Results greatest effort is required to (a) establish a reliable
method of drag estimation and (b) to control,

A comparison of the drag example vehicle's drag through design, the total vehicle aerodynamic drag.
coefficient ( as estimated by the abov? component
buildup method ) with estimates using the methods of 3. lt shows the potential reduction in drag that can be

obtained through proper design of the vehicle tail.
[2] and [3], is presented in Table VI. The result, using lt also shows that through proper design, the
( 1 ) from [2], is 8.9% greater than the component vehicles nose pressure drag is negligible.buildup result. The Barrows result, which is for a
single-car version of the TR07, is 5.7% greater than the
component buildup result. VI. References

TABLE VI [1] J.L. Peters, "Aerodynamics of very high speed trains and Maglevvehicles: State of the Art and Future Potential " Int. ]. of Vehicle
Summary of Results from Various Methods Design,TechnologicalAdvancesin VehicleDesignSeries,SP'3,

ImpactofAerodynamicson VehicleDesign,1953.

Method Total CDfor Example [2] S.Matsunuma,Y. Nagayama,S.Kobayashi,"A Studyon the
Vehicle Characteristicsof the Aerodynamicsof theMagnetically

Component Buildup 0.278 LevitatedTransportationSystem",WestJapanRailwayCo.,
Matsunuma et. al. 0.290 Osaka,Japan,1989.

Barrows 0.280 [3] T. Barrows, "Vehicle Aerodynamic Drag ", unpublL_hed.

Average 0.282
[4] D.P. Raymer, Aircraft D_ign: A Conceptual Approach.. AIAA

Education Serit.'s, Washington, D.C., 1989.Two comments can be made about the results

presented in Table VI. First, the major weakness of the i51 J. Roskam,Airplane l)_i_,n: PartVI. RoskamAviati,m a.ld
component buildup method is the uncertainty in the Engineering Corp., Lawrence,KS,1990.

bogie and the bogie/guideway interaction drag. lt is [6] A.G. Hammit, The Aerodyiaamicsoflqigh Speed Ground

also the largest of the three components. Second, the Xr__ WesternPeriodicalsCo.,CA,1973.
uncertainties of the results based on [2] and [3] are
unk,_own and hence a comparison cannot be used to [7] W.A.Malt, " Reductionof BaseDrag by Boat-tailedAfterbodiesin Low-Speed Flow " The Aeronautical Quarterly, Vol. XX, 1969.
vahdate the component buildup method.

V. Conclusions

The component buildup method was formulated to
provide a quick, reliable approach to estimating the

211



MAGLEV SECONDARY SUSPENSION
USING ELECTROACTIVE FLUIDS

Dilip K. Bhadra and C. Ross Harder
General Atomics, San Diego, California 92186-9784

and
George Mansfield

San Diego State University, San Diego, California 92121

Abstract- The feasibility of a semi-active secondary suspension intermittent power from an external source, are able to
for a Maglev has been studied in the contextof electrorheological provide improved isolation of the passenger and freight
fluids (ER-fluids) providing the necessary performance. Such compartment from external force and guideway disturbances.

fluids exhibit enhanced shear-stress-bearing capacity, in the The major disadvantages of such active suspensions are
presence of an external electric field and such response is fast their need for an external power source, their increasedand reversible.

Analytical models havebeen developed to study the dynamics complexity, decreased reliability., increased maintenance
of Maglev vehicles both in two-degree-of-freedom and multiple- level and finally, relatively high cost.
degree-of-freedom conf'_gurations together with appropriate A semi-active suspension system, for example, one using
modeling of ER-fluids underthe dynamicconditions relevant for an electrically-controlled fluid (electrorheological fluid or
vehicle performance. The question of ride-comfort has been ERF) as discussed in this paper, may provide the necessary
addressed in the presence of both periodic and stochastic control forces under ride environment conditions for a high
disturbances. Our studies indicate that a semi-active system for speed vehicle (like Maglev) without involving the level of
the secondary, suspension with switching between passive and complexity and cost of a fully active suspension system.
active aig6rithms based on sensing frequency and acceleration The purpose of the secondary suspension study of Maglev
may be optimal for the range of frequencies appropriate to ride application is to explore the feasibility of using electroactive
comfort. Results froma computer-contronedsubscaleexperiment fluids as a means of vibration control so as to satisfy the ridecarried out on a motion control device using ER-fluid indicate

com/br, criteria for a variety of input disturbances.both sv_,::aficantenhancement of forces generatedin the device as
electric tieid is turned on together with fast response time of the
fluid. Such a device may provide the basis for an innovative and A. Passive Systems
rather inexpensive design for high-performance secondary
suspension for a Maglev. A typical passive system provides relatively good control

at low frequencies. However, in order to limit resonant
peaks in acceleration with high damping a price is paid in

I. INTRODUCTION terms of high transmissibilitv and harshness at higher
frequencies. This could be dealt with by sensing velocity

For most transportation systems, a major part of system (and implicitly guide deflection input frequency) and varying
capital cost is tbr guideway construction. This is particularly damping open loop as vehicle speed changes. The required
true tor Maglev with its high speeds and vehicle/guideway profile of damping versus frequency will vary depending on
interactive propulsion and levitation. Thus, improvements in basic system parameters such as natural frequencies and
vehicle suspension performance which allow increased speed, mass ratios. Reference [li has plots tbr the anticipated
increased construction tolerances and reduced guideway situations for maglev periodic inputs and resonances.
maintenance can have a significant impact upon transportation Exarmnation of these show the feasibility of a speed
system economic feasibility, lt is not clear whether passive scheduled damper scheme to meet ride comfort standards.

suspension svstems, which have been employed in the past Of course, for transient or random inputs, a single damping
lhr the majority oi ground transport vehicles, will be would be the only design solution and this has compromise
adequate tbr high-speed Maglev vehicles of the future, non-optimum results.
Active suspension systems, which may use continuous or

B. Active Systems
Manuscript submfftedMarch 15, 1993. This work was pnmanly supported
by U.S.D.O.T. under contract _¢DTFR53-91-C-(KR.hb3.

As opposed to passive systems, active suspensions are
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able to add energy to the system as required to reduce net such fluids exhibit non-Newtonian behavior in the sense that
vehicle acceleration and/or suspension displacement, When it can withstand a significant amount of shear > 1 psi) even
optimal schemes in the form of a "linear quadratic" under static conditions.
performance criterion have been applied to SDOF systems for For the most part, ER-fluids have been considered for
random guideway disturbances, the resulting control law is applications involving shear loading conditions. The typical
that of "skyhook" damping, i.e., proportional to the velocity constitutive behavior of an ER material in shear is shown in
of the sprung mass only. Figure l(a), ER material behavior can be divided into pre-

yield and post-yield regions, with these regions defined as
C. Semiactive Systems those in which the material is strained below and above a

critical yield strain (the value of this critical strain is about
"Semiactive" schemes are those in which complex control 1%, in general, for many ER formulations). In the post-

laws are employed but no "energy adding" hardware is yield state, the actual viscosity of the material _, remains
allowed. The result is a sort of "intelligent passive" relatively constant as the applied electric field is varied while
controller. These arrangements are ideal applications /'or the property that changed is T>,, the yield stress of the
electrically controllable, ER-fluid, passive dampers. Two Bingham plastic-like suspension. This idealized behavior is
examples of semiactive control laws are: shown in Figure l(b) and, if one assumes that the shear

stress exceeds the yield stress of the material, then the ER

1) Pseudo skvhook or semiactive damping: the damper is material behavior can be represented bv the equation:

not allowed to add energy to (i.e. accelerate) car body mass: T = Ty _-#2;'

Z,(Z_. - ZI) > 0" high damping on car mass where

Z,_(Z,.- Z,) <_0" low or zero damping on car mass

where the subscripts 1 and 2 refer to primary and secondary T r = dynamic yield stress
/_ = absolute viscosity

masses, respectively.
y = shear rate

2) Relative control: the damper force is set to cancel the

spring force at those times when suspension relative :ncrl,,,tn_F.l.ectrte
displacement and relative velocity act in opposition to each t_ | _ l%,¢-¥ield _1 1 F/.eld

other: ]an:_Yi ,t'71l.,

II F I | £1eeeric

FD =-K(Z,-Z,)when(Z,-Z,)<0 Sh,,r / / ' _, --,,_d _

- '<"'"I /f,'t--O, or near O, when (Z., - Z,) (2;: Z 1) > 0 i' ' '
,_,._,

D. Adaptive Systems T, sh,_ _t,
ShMr $tr=_n

These are special "real time" versions of active or
semiactive controllers. Here the suspension parameters are Fig. 1. Typical rheologmal behavmr of an ER matenal denoting the pre-

continuously vaned ('adapted") in time to provide optimum and post-yield matenalbehavior.
performance irrespective of inputs or changes in system At near zero shear rates the static yield stress dictates
character, such as change in vehicle payload. The most

behavior. Typically, static yield stress is greater than
popular adaptive scheme is the "model reference adaptive dynamic yield stress. For the design of devices
control" or MRAC [2]. incorporating ER material in the post-yield state, the

In the ioliowing sections, we first discuss the necessary
properties of ER-fluids, and then the dynamical models for a principal material properties of interest are the idealized
multiple-degree-of-freedom system and the results from the Bingham plastic or dynamic yield stress, the static yieldstress and the viscosity. The dynamic yield stress is a strong
scale-model experiment on ER-fluid dampers, function of electric field as obtained from experimental

results for various fluids.

II. BASICPROPERTIESOF ER FLUIDS

ER-fluids are basically combinations of electrically III. VEHICLEANDGt'IDEWAY DYNAMICMODELS
polarizable solids in a non-conducting oil-like medium (e.g.,
corn starch in silicone oil or lithium polymethacrylate in The secondary suspension approach studied here is
paraffin oil). In the presence of an external electric field, employed in a two-degree-of-freedom (TDOF) model and
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Z
A

also a multiple-degree-of-freedom model (MDOF), the T
excitations for each of which are provided by random and _ - ,._,__ _j c._

periodic inputs representing guideway irregularities. _ / I " L _ 'r°'#w,*, /

A. Guide,var Model ._.. L_ LI t'- Z t. •

For the TDOF model the only inputs are guideway Ll___, L_t¢ i-3_k r-_,ir-,a=a=_-_ _,,_t'l';_ Bl__a_,__c • roll

deflections and irregularities. The guideway deflections are _,LII, • LLLZ_ .
periodic due to the weight of the constant speed vehicle _'_-,-'LI " I _' / _'-l--_ -L-j'k'

loading the guideway at and between supports over time. [..1. t_.J _.l. t__._Guideway roughness input Zo is assumed stochastic with the z_ t= z ,t, z_
power spectral density (PSD) of Z o given by

NOTI_:
Av

_(_) = ---r , ,. CA. ut,_,S. 4 - u2
_" 2. K2a,b,c,d ALL EQUAL

3. K1e.b.c.d ALL EQUAL
where 4. AU.D,_PmS t-OUAt

5. ALL SPIIINGII, DAMIqBII8 AT
EACH CI_INER _ COUNEA_

A = roughness parameter Fig. 3. Final MDOF model of rigid body maglev suspension system.
V = vehicle ,.elocity (m/see)

= frequency (rad/see)

C. Numerical Modeling
B. Vehicle Model

A multipurpose TDOF computer model was developed
The lumped-parameter, linear, "quarter-car" model of Fig. using TUTSIM software 13]. This software was selected for

2 is employed for linear analysis and nonlinear computer its compact code, ease of parameter input, multi-variable

simulation. A MDOF model, as shown in Figure 3, was plotting and built-in optimization routines. In this software.

selected both for MDOF analysis and simulations of the the approach is very similar to analog computer simulations
heave, pitch and roll modes. We assume a 4-corner, point of the past.
mass bogie setup. Neglecting sway and yaw motions on the

ground that they are relatively decoupled from other modes, III. RESULTS FROM ANALYSIS
one can write bogie and car body equations based on the

parameters shown in Fig. 3. In terms of degrees of freedom, ,4. Periodic Disturbance
the MDOF model includes vertical motion of individual

bogies and of the car body plus pitch and roll of the car For deterministic periodic inputs due to guideway
body. Pitch inputs are via heave input with longitudinal deflections under load, the secondary, suspension must
eccentricity of car CG and/or front to rear time difference in effectively damp resonances and maintain accelerations

suspension heave inputs. In order to simulate the actual ER- below comfort standard litmts (e g., ISO standards). Results

fluid damping characteristics of the secondary suspension, have been obtained for three types of primary suspensions

damping ratios used now become function of the electric field (viz., sheet guideway and null-flux system and EMS system_

strength and relative velocity, with various damping settings and a wide range of

A z_ disturbance input frequencies /br passive, active and sem_-I
- active secondary suspensions. Figure 4 shows a typical case

L t for the acceleration response of a null-flux primary
suspension system. An ISO 1 hour reduced-comfort limit

i _ i At ,t _ _ ¢. _ normalized for the maximum disturbance amplitude of Z,, =,' ,tr , & 1 cm was superimposed over the actual acceleration plots.

'_ _,t _,_,t _ F,_T_z _lL.....,_a A For this amplitude of disturbance, none of the dampers
"" <. _t"-_ A,0 % _2, ; _ totally satisfied the ISO standard. On balance, in the critical

2 to 7 Hz band, the semiactive system produced the best

a. Bogie masa .f._ee body b. Car uuts_ free body vibration isolation when compared to the passive system.
Low frequency amplitudes of ali the three schemes were

Fig. 2. Free tx)dy diagrams tor ta) bogie mass and lh) car body mass m relatively equal whereas the high frequency "harshness" was

bounce mode tgravttam)nal effects cancelled by mmal spnng lowest tor the active case and highest for the passive caseforces). _ '
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0.1 .I

,.-ii.LI]] _ -- -_

i .-,_,,,,i -_-.) ¢,o

1,10 " 20 40
W,

......... Fig.5. AccelerationPSDfor the secondarymass(for an EDSsystem
0.! 1 10 100 with Null-fluxguideway)¢2 = 1.2 and A - l0sm. (UTACV

! I II ' Ii I -' [[I standardandacuveresponseAa)andpassiveresponse(P)........ ; It],,,.-,,,j III

...."" '"li _ " TDOF system. Results were obtained for a variety of

.ro i I1! secondary damping settings and the roughness parameter A
II for ali three primary suspension systems. Figure 5 presentsrb) ) t] "

I II a typical example for a null-flux system and compares the

tIlili11 ride quality in terms of the USDOT Urban Tr acked Airi j Cushion Vehicle standards. The active system response![!] _\t stays well below the UTACV limit except around the

,,_ primary suspension frequency of - 4 Hz while the passive
system exhibits marginal behavior.

...... As an example of the MDOF modeling results, Fig. 6

o 1 to _ presents comparative response to a pulse, simultaneously at
..... '; ..... _: : :'' all four bogies, for CG displacement (Z,) and accelerations

pitch and roll accelerations at the sides and ends of the car.

(c) Here, the semi-active damping damps Z_ very. well but L,Op
has some sharp spikes prior to settling. A pulse input, in
addition to being a classic "transfer function identifier",

i lll_._ i i !Ii I_] i1tI[ roughly simulates guideway disturbances such as f°reign
0.1 1 10 100

Frequency (Hz) i

- O.OS {glctnllDiv

passzve damping, b. acuve damping c. senuacuve damping. ISO

standard ts normalized for an assumed 2.0 cm peak to peak __ %a_c/.o "
r l 0.05 (_fft)/ON

guideway input amplitude.

The quantity _'2 denotes the non-dimensional damping
coefficient tor the secondary suspension. --_

w,*cz, .i
0.05 (g/Cml/ON j

B. Stochastic Disturbance [

The PSD for the acceleration of the secondary, mass can be 0.o0o0 tt_ (see)

shown to be given by"
Fig. 6. Guideway pulse input response for semtacuvely damped, sheet

G(w) = w_ _(w) T(_0)T "fw), gutdeway system. Plotsot CGdisplacement andacceleratmnplus
p_tch and roll acceleration conmbut,ons. CG eccenmctues =

where T(w) is the displacement transfer function for the 20%(x andy).
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object build-up, guideway distortion, etc. This particular
example does not consider the time difference of front/rear F, ao E °

bogie inputs. Howevel, we have studied the effect of such where n - 1 (for electric fields in the range of 1-2
time differences in the more realistic sinusoidal guideway kV/mm). To generate a damping force proportional to V..
disturbance simulations, one then adjusts the electric field proportional to V,, the

coefficient of proportionality being determined by the
IV. a SUBSCALE EXPERIMENT maximum electric field strength to be superimposed on the

system. The results of these data runs are illustrated in

The subscale test device is illustrated in Figure 7. The Figure 8 along with data sets representing soft passive
device consists of two masses m_ and m., (where m., > m_) damping (no ER voltage applied) and stiff passive damping
arranged in a coaxial configuration allowing for one degree (constant ER voltage applied). The soft passive damping
of freedom in bounce mode. The mass m_ (hereafter called example is of course the baseline which illustrates the system
assembly #I or driven mass) is attached to a Ling Dynamics resonance. The stiff passive damping example indicates
model 411 vibration generator. The mass m,. (or sprung good attenuation of the resonance peak, but poor attenuation
mass) is attached to assembly 1 with a suitable spring and a of higher frequency inputs.
,.. lindrical ER-fluid damper. Each mass assembly is fitted The semiactive control algorithm allows the damper to act
with sensors for acceleration, velocity and displacement as a force generator when the relative velocities are such that

sensing. The signals received from each sensor are routed to the desired force dissipates energy. Under ali other
a computer via A/D convener channels, conditions, the voltage command is zero and the svstem

behaves in a soft passive mode. As illustrated in the figure.
t/2,, Di,,. s_,,t sh,ft the use of this control algorithm allows tor excellent

---',¢_J=_ _ "_/2" Tlaomplorl _'lanlle lt_tmted

LLne-rn,,_xns, c2P_> attenuation of the resonant peak and somewhat improvedperformance at high frequency inputs.
_-7__-_... /--_.5o" _t-. ,, 0. rs" .'rote,Pt,,_ _t._,-.,_ The relative control algorithm was tested in a similar

_'"'-'__,,_'_7""" g fashion c'.,:ept the voltage command was scaled to the
!Y_-_)' IJ......_._s_,_t,g c,,_._,_ o,-,,t_, .s_,,_> relative displacement ot the driven and sprung masses. Data

*.,_----_!.&l.fl" O.D. × 3.353" i.D. alu,'_,tnu,'_ mns were conducted over the same frequency range after a
• _,,_,,1. . Jvl tnder

• ,_..._..:.-.----".-_s'r sp_t,_ ¢K- :0.2 :b/_n) baseline was established. The results are illustrated in

t !_!_" "_ '_ Figure 9.•.. .-. ;. :50" _.a. ,, _._5,," :.D. a_,,,,,.,_ As illustrated in the figure, the relative control algorithm
, .,;. _-"'_cr_t,_d,,_- is less effective in attenuating the system resonance but

_-,.,-.,_,"_d,,-,__-.'S"-_>.:',r' ,:.a. ,, _._se" :.._. a:_=_..= demonstrates improved performance at high frequencies
•"::;,_,aa_//_,_,;/7,'.._ ,-,__,,a,_. when compared to the semmcuve damping algorithm.
...... "'"_.7 .... --"'----!" O.D. x 3.825" 7h_.ck. A_um_.num il.amz_

>_":;_ " PEAK TO PEAK
__"'_"_ _'°_"_'_'°"'"_ DISPLACEMENT RATIO (Z2/Z1)

F,g. 7 Engmeenng drawing oi the subscale test device. "'& _ ! _ _ |.,_'z2rzl No I_ vot'r_ ,_Bam
t. _ lr , ]ta,==...._ ...........q..e-za_ _c'm_com_. p..,

The dynamic ER fluid damper tests consisted of the .2o.., ..,-z.vz,_ .'_
tollowing experiments: _ t.a ........
Ii} Vibrauon tests with ER fluid loaded in the gap without E t._

g.llvoltage applied. ,,,
_iil Vibratmn tests with the ER fluid energized at a constant _ _._

voltage.
_, g.(

(iii_ Vibration tests with an active control algorithm imposed _ i i /
as discussed earlier (two algonthms were tested which _'_

vary. the applied electric field). _._ - -

According to the semi-acuve scheme employed, the Frequency (Hz)
damping force generated during the proper phase of the

Fig. 8. Expenmental transm_ss_hd_rv curves for soil and ,,rdf passive dlld

oscl[latiorl IS proportional to the absolute velocity of the upper sem_acuve _ontrol concepts using ER tlmds.

mass, _.e., F:, oc V,. In an ER-llmd system, the shearing

force developed is proportional to some power of the electric el. Simulation of Sem_acttve Damper
field E

The eft'ect of increased yield stress due to an applied lield
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PEAK TO PEAK

DISPLACEMENT RATIO (Z2/Zl) acceleration data. This can be implemented inexpensively
using state-of-the-art computer hardware and software.

l._ ,.e-zar_lNOeaVOLTAOe
•.e-zarzl_m.Anvioam'Aot-p - .1 V. CONCLUSIONS1.4

o

1.2 i _ The feasibility of a semi-active secondary suspension for
ma_lev vehicles in consideration of passenger ride comtbrt

has been studied, centered on the exploring the utility of
,., _ i electrorheological fluids in a suspension to provide the

_. _.l _ _ necessary performance. Some significant conclusions are:
ra i i

0.4 : m

i _ (i) In general, an active or a semi-active system is superior
0.2 to a passive system, except in some narrow frequency

2 3 4 _ 6 7 8

Frequent: (hUz) domains.

Fig. 9. Experunentaltransmissibilitycurvesforsoft passiveandrelauve (ii) A semi-active system with the capability of switching
dampingcontrolalgonthm, between passive and semi-active control algorithms

based on frequency sensing and acceleration may be

was included vi,_ a model were for the ER effect. This is optimal for the range of frequencies relevant to ride
given by comfort.

FE : ICE" (iii) With its fast fluid response time, the ER-fluid, incombination with computer-controlled power

for E = K_ Z,. In the "damper" on state: amplifiers, exhibits the possibility of its usage in a
" variety of "adjustable passive" and semi-active control

FF= _ (K,P._.)"= K t (Z,_)" schemes.

where K_ = K," K, = 0.7, n = 2.0. The potential benefits for such a secondary suspension for

Figure l0 shows the best TUTSIM fit for this model of maglev application are:
semiactive damping. The TUTSIM model is not as "harsh"
at high frequencies as the physical model. One possible (i) Provide the necessary ride-comfort with a "rougher"
explanation for this is that when the field is turned off (zero guideway without the complications and expense of alully active system
ER effect), a residual yield stress in the fluid produces (ii) Derive overall savings in system cost as a result of
incremental shear transmissibility from Z, to Z, via the- reduced guideway construction costs.
relative velocity Z, - Z,. The test data suggests that an
effective solution for the real maglev suspensions is to design NOTE: Detailed results related to this paper is in Ref. [41.
the semiactive algorithm to be frequency-dependent, reverting
to deenergized, passive damping at high frequencies. This REFERENCES
might be achieved by real time spectrum analysis of car

EXPERIMENT/SIMULATION COMPARISON [1] D. N. Wormley et al., "Magnetic Levitation Vehicle-
DISPLACEMENT RATIO Suspension Guideway Interaction", Technical

SEMIACTIVE DAMPER ALGORITHM Memorandum, FRA Contract DIFR53-91-C0062, 1992.
t.t ,. '_,,_.AL - [2] V. V. Chalam, "Adaptive Control Systems", Marcel

: L,_'_z.vzl s,_t.A'no, Dekker (1987).
t.4 (. -"'"-'-" . "• : .. zaal,o ,, ,au,,,votrAa,

.,: " ".. _....... __ [3] W. Reynolds and J. Wolf, "TUTSIM Block Diagrami i

7.°t.2 _-. :.... _ Simulation Language", TUTSIM Products, Palo Alto,
,,- t.a '. i CA, 1991.
z _.s [ _ - [4] D. K. Bhadra et al., "Adaptive Suspension using ER-
:_ : -,_ .- '_---_ Fluid Dampers", General Atomics Report #GA-C21052
•_ : __., prepared under DOT Contract DTFR53-91-C-0063.
r_ a.4 i:-

.

a.i C

FREQUENCY (Hz)

t-_, lO. Expenmenml/slmulauoncompanson.
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Abstract - This paper presents dynamic interactions between 70 ..........................................................

vehicles and aerial structures under high speed operations. [_, p.,J_m_...,,_,. _The results focus on important design parameters for aerial 60 ...........................
structures under high speed operations.

Is0
I. INTRODUCTION "- ,o [ t_Rr. _,_ _ _t_,_ ,_,-**_, ,_ .... m-, ,, t_,

_ _t --,,. _-_.,, _.._._ _,.,./ .; ,,c_
Many maglev concepts have design operating speeds "]0 _-- - ....

in excess of' 200 km/h which is the current upper limit of __2o1s-,,,. ,_.,__
US. engineering experience. The lack of experience
above 200 km/h is reflected by restrictions in US. lo [,_,,o.,_,-,,3,,,,_r,
structural design codes and guidelines for railroad and
transit aerial structures and bridges to operating speeds o0............._0 20 _0 4o 50 60 zo ao
less than 200 km/h. A comparison of impact factors for s_o_t,,_,, (.i)

speeds less than 160 km/h (Figure l) shows a wide range 70
of values reflecting the industry's uncertainty concerning
impact factors even at moderate speeds. 60

Since the late 1960s, investigators have explored the
dynamic implications of high speed vehicle-guideway _5o

interactions 121 through [121. These studies identify the _4o.--_ _/_ .............................mass ratio and the crossing frequency, ratio as parameters _ ..
_30.

that relate dynamic response to beam properties. • ........ --_-.._.......... [[;-_[_i_!"__'"''.----,

These studies suggest that live load dynamic _2o. _.......
amplification will be negligible for the ft,llowing criteria: ...........................10- " ...................

• mass ratios less than 0.30 o.................................................................
• Crossing frequency ratios less than 0.20 [11] or o ,0 2o s0 40 50 60 70 Bo_ t_¢h (m)

0.2 5 [ 4 ] Fig. 1. Comparison of Impact Factors. AAS t H'O _=American Association

of State Highway and Transportation Officials; ACI-443 /uncrican

However, the validity of these values and the relation Conc-r_ Institute committee 443; AREA ;_ American Railroad
of these ratios to a design impact factor remain to be EngineeringAssociation;BART:- Bay Area Rapid Transit;llS-116 ....

British Standards Institute; CSA-SI _ Canadian Standards Association;

est_tblished for specific types of systems. Many of the CTA --.-Chicage Transit Association;MARTA-: Melropolitan Atlanta
cited studies do not address nlaglev suspensions and are Rapid Transit Authority; "I'I'C ._ Toronto Transit Cornmi_sitm; WMATA

limited by ignoring one or more of the load elements _:WashingtonMetropolitanArca'l'ransitAuthority.lll

(aerodynamic effects, etc.) that contribute to an impact
factor. The results in this paper include the important properties representative of maglcv structural designs.
load influences for the maglev configurations currently The approach includes the structural parameters of the
available, steel V-shaped guideway by Transrapid as a rcfercncc.

The beam designs are to US structural codes

II. APPROACtl andguidelines (except the German Transrapid guideway)
The approach develops 5 guideway designs with provide for several reasons:
a rcprcsentative range of beam parameters that

1Manuscript received March 15, 1993. The original study [13] was supported by the U.S. Federal Railroad Administration and the New York State
Energy Research & Development Administration.
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• The designs and the parameters that come from , a,_
the designs are credible reflections of current wl__

practice;• The structures have a common base of comparison
to structures that are designed for contemporary

rail transportation;• The analysis will illustrate the dynamic
pcrfornmnce of beams that are designed to US '%-r_;_i_-

standards and practices; _ _,_
• The analysis will illustrate the dynamic

performance differences between foreign and US .._rv"_'_-

standards; onum _t9• The maglev system (Vehicle, propulsion, controls) _<1
used in this country could be a foreign design,
but it must operate on a guideway conforming to _.v.

frr_u_a_ V
US standards.

The study team accepted the following criteria for the "r_-ne-,,_,,_

development of the beam designs: ' _ _,_
Iiii

• Maximum mid-span deflection of the beam .....................................................i
is less than the span length divided by 1000. Fig. 2. Selected Guideway Structures

• The Impact Factor is 30% of the live load
(i.e. of the vehicle weight). (simple or continuous), in each of the three principle

planes of motion. The EMS vehicle model has 22 degrees

Representative span lengths are chosen as 21 m and of freedom and the EDS vehicle model is represented by
39 m. 14 degrees of freedom. These models are shown

Ali analysis is conducted using one vehicle schematically in Figure 3.
configuration for both EMS- and EDS-type vehicles. The The different vehicle/guideway structure
vehicle parameters are based on capacity, requirements, combinations were evaluated by three basic criteria:
vehicle structural requirements, clearance requirements
and on-board equipment housing requirements[13]. The -Passenger ride comfort
primary vehicle parameters are: - Loads and bending moments on the beam.

- Peak acceleration response of the beam.

• Vehicle weight (full capacity): 45,360 kg
• Overall length: 18 m Ride comfort limits were based on the International
• Body width: 3.5 m Standards Organization (ISO 2681) one-hour reduced
• Body natural frequency: 8 Hz comfort hmits in the most sensitive frequency range.

These are summarized as:

The guideways were chosen to provide practical
designs over a range of materials and guideway - Vertical -- 0.036 g rms (4 to 8 Hz)
properties. The beams selected are illustrated in figure - Lateral -- 0.025 g rms (1 to 2 Hz)
2. The maglev types are the electromagnetic system
(EMS). or "attractive" type, and the electrodynamic These values refer to one-third octave band rms
system (EDS), or "repulsive" type. The guideway choices values of random vibration. If the response is relatively
accommodate either type. discrete sinusoids, as it indeed appears to be. it is

reasonable to increase these levels to the following peak

III. ANAI.YSIS values:

The dynamic analysis entailed development of - Vertical -- 0.051 g peak (4 to 8 HZ)
computer models for each of the maglev types including - Lateral -- 0.036 g peak (1 to 2 Hz)
the parameters for multi-vehicle trains, and multiple [Reference [13] fully describes the vehicle, the guideway
spans and the analysis.l
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ride of the EDS-type vehicle has a vertical characteristic('nu .k,-_-uu ..-.4. ¥

•. resonance between 200 and 300 km/h with amplitudes
_-,-_x,\_ t -'Z-- _ f'_"'_''"_ higher than the one-hour ride comfort limit oftl.51g peak.

.."x{ "-_ _._-_ =j.. In contrast, the EMS-type vehicle remains below the
.....

_ r_ r_ _-l_'t__,_ "" desired ride comfort limit up to about 40(, knWh. above_- '_ '_*- _ _"["-_ i'_.- '_. -'_*-_ which the acceleration levels increase monotonically withC---'-qff?,-..... "_" - '.I......._ speed.

"..o....,,. On,ho,wo Ou,.,oway4,,,,,
o,.,_,,,.,.,...,._ 6 and 7, the 200 to 300 km/h vertical accelerationS**,t'l'm,.rIll.Writ)

resonance is evident for Guideway 4 in the EUS system
but more than twice the desired cornlbrt amplitude, while

Model ofEMS-TypeVehicleon Guideway Guideway 5's response is broader and at higher speed,
peaking at 350 km/h and slightly exceeding the comfort
limit at the peak resonance. On both Guideways 4 and 5

c,-,..,, (particularly Guideway 5), the EMS-type vehicle
c.,,,,,-,_ -.--v c.,a**_tv.,,,,., generates vertical acceleration levels well above the

x_ ._ _ n,..,,) desired limit over the whole speed range of 200 to 600.... "_ sa,_-, km/h.

_a- _- q"a_""__..=,,,,_, The comparison highlights two separate responses( ....... t .. ,rv_,'_''_m'" between EMS and EDS system dynamics for ali

-_-_{_,.-X',,-GL Sp,, dm_v" guideways: The EDS system produces a resonance in the., . 200 to 400 km/h speed range but has generally much
_v,,.,_,,,,_,.,,, lower response outside the resonance range; the EMS_, Surface
1,-,,._,,,t_,,1 system responds with increasing accelerations with

Modelof EDS-Type Vehicle on Guidcway increasing speeds, but largely without the EDS 200 - 400
km/h resonance. The slope of the curves steepens at a

Figure3.MaglevVclficleModels speed between 400 and 500 km/h for the EMS-type
vehicle depending on the configuration.

IV. RESUI.TS

b) Snraply Supported Spans, 40 m Span Length: Figure 9 shows
•q. Comparlson of EAtS and EDS Maglev Dynamw Responses similar results for longer span lengths, except the

maximum acceleration levels are higher than the shorter
The two fundamental maglev system approaches, span lengths and the resonance conditions occur at

EMS and EDS, have completely different suspension significantly lower speeds.
geometries as well as suspension characteristics. The

EMS guideway gap is smaller than the EDS gap which
¢) Two-Span Continuous Structures." Continuous spans

produces a much higher electromagnetic suspension reduce the car body accelerations considerably, illustrated
stiffness, resulting in much closer dynamic coupling than in Figures 10 and 11. The resonance speed shifts slightly
the EDS approach.. The EMS design approximates a for the EDS system; the increase in EMS slopes at speeds
uniform suspension along the full vehicle length to above 400 km/h is mitigated from simple spans. While
achieve levitation, while the EDS design is closer to not ali configurations are analyzed, it is expected that the
discrete load points on the quideway similar to continuous .span approach to design provides favorable
conventional rail wheel loading, dynamic performance over simple span treatments.

These differences in configuration and in coupling

stiffness prod,ce quite different vehicle and guideway 2) BeamAccelerauons
interactive responses between the two different maglev

systems. Ride quality of the two vehicle types is compared a) Stmply Supported Spans, 21 m Span Length: As for the

in Figurcs 4 through 12. guideway accelerations are carbody response, the mid-span beam response to the
compared in Figures 13 through 19. EDS-type vehicle is typified by a pronounced rcsonancc in

the 250 to 400 km/h speed range. For standard guidcway
lJ ('ar/_od),,.Iccelerattons configurations (Figure 12, Guideway 1 Figurc 13.

Guideway 2, which is representative of Guideway 3. also;
a) Stmply SupportedSpans, 21 mS panl.ength: On the more Figure 16, Guidewav 6), peak accelerations of 0.5 to

standard guideway designs (Guideways 1, 2, 3, and 6), the
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-. 0.2 ............................................. 0.8 are developed at those resonant speeds. The light-
,.3' dJid;J;,;_--_,__L,_,--s_-E_,_,_,a,o_j....] weight guideways (Guideway 4 and 5) are simply_o.,8 .............................................
,- " overwhelmed by the more massive vehicle, and peak mid
0.16 ]/"

'" ¥,_sL-iy_0-vohi_i,;- -"/ span acceleration levels over 1 g (Figure 14, Guideway 4)_o.,, [.................. }... .................

o o.__ ,,-, "ii>.," and over 2 g (Figure 15, Guideway 5) are predicted... /. The EMS-type vehicle, with its distributed load,
o._ -_-_--J'--------" produces much lower levels of guideway vertical

o.os ___ _ acceleration. In general, the mid span response remains at

o.o6 _ "_,._....__......._ or below the desired impact factor levels for the EMS-typeg
,_o.o4 / vehicle.

V
o.o2

_- O ...... b) Simply Supported Spans. 40 m Span Length." The response of
2o( 25o 300 sso ,_oo 4so 5oo ss0 e0o the longer (40 meter) simply-supported beam, Guideway

Vi:NELlsPEtO(KPH) 6P, is shown in Figure 17. Here the response for both
Figure 10. Steel "V" Guideway (Transrapid), Two-Span Continuous vehicles remains within normal impact factor limits of

Guideway, Carbody Vertical Accelerations 0.3g up to 400 km/h. Above this speed, the EMS-type
vehicle generates progressively higher response levels, lt

;o._ a,_d_,,,_y_60O,,o-Sp_Co,,;,_,_)] must be noted, however, that higher modal resonsances of
0.09 the beam not included in the current model (4 th bending
o.o_ mode and higher) may come into play at these higher
• - ..............L.

0.06

o.o5[.../_--_____--J c) Two.SpanContinuous Stn, ctures." The effects of two-span

o.o, 1 _ _ continuous beams ( a 43-meter beam with a center column
°'°31 r ::_--_-- --:-- ,/" _ _ support) on guideway beam response are shown in Figures

o l [_b--s-Siy-_-,v_-_,_,I/ 18 and 19 for Guideways 5D and 6D. In both cases,0.02
,-, l reductions in response level are achieved over the simply-

0.o_ supported spans. On light-weight Guideway 5D, the EDS-
o.
_5o _oo _so SOD sso _oo ,tso SOD sso _oo type vehicle develops mid-span acceleration levels weU

vE_CLESPftD(KPH) above the desired 0.3g limit. The beam accelerations for
the EMS-type vehicle increases with speed while staying

igure 11. AASHTOConcrete Girders, below the 0.3g limit up to about 450 km/h. On Guideway
6D, both vehicles stay below the limit, although lhc EDS-

Two-Span Continuous Guideway, Carbody Vertical Accelerations
type vehicle again produces generally higher response

I

____.____'_L___] levels and the EMS vehicle demonstrates increased
o.q accelerations above 450 kndh.9
0.8

,j

 o.o
Zo.3

./,,,........._, ._..........______.I---- _o.sQ0.2 .................

_0. I =,
_ o._

0_00...................................................................250 300 350VEHICLE,tOOspEED(KI_)450500 550 600 _ 0.2 L.-'_-/_ ....".........._i_--......................

Figure ! 2. Steel Girder Beams with Concrete Deck, _ 01-- ..... -.......... -, ...... , ...... , ........ ,..:....__. ,. " .
21 m Span, Mid-Span Vertical Beam Accelerations 20o 250 5oo 350 400 450 bOO bbo 60_

VCIIICLCSPEED(KPII)

Figure 13. Concrete l_)x Guideway, 21 m Span,

Mid-span Vertical lhaam Accelerations
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Figure ! 4. AASHTO Concrete Girders, 40 m Span, 21 m Span, Mid-Span Vertical Beam Accelerations

Mid-Span Vertical Beam Acceleratiom ,-, o.7
C,_deway#6 (StandordAASHTO) ]

1.2 _ 0.6

,... Guideway ] IypeVeNda

EDS-TypeVehicle 1

_0.8

o._ ,5o.z _"

0.4
) I o200 2so soo sso 400 4so soo sso 6o0

VEHICLESPEED(KPH)

o ..... "- Figure 17. AASHTO Concrete Girder, 21 m Span,oo 2so SOD sso ,_o 4_o s6o s_o 600
VEHICtESPEED(KPH) Mid span Vertical Beam Accolerations

1.s

Figure 15. Twin Concrete Box Beam Guideway (HSST), _ [ CMdewoy#SD(Two-SportContinuous) ]

21 m Span, Mid-Span Vertical Beam Accelerations _ 1.4
<

5 1.z

V. DISCUSSION _
_0.a

The rest,Its show the trade-off between the two
maglev system types where the stiffer suspension of the _>o.s,
EMS-type levitation creates a more severe ride quality but _ 0.,
a benign beam dynamic response. In contrast, the "softer" lj 0.2 ----'-"

EDS-type levitation suspension produces generally =._
acceptable ride quality at the expense of severe, and in 1¢ o2oo 2so 300 3_o 4oo 4so soo s_o 600

some cases unacceptable, beam responses, vEneErSPI_ED(KPH)

The figures in the foregoing plots indicate there may Figure 18. Steel"V" Ouideway (Transrapid).

be two types of dynamic responses: The first is a Two-SpanContinuousGuideway,

resonance that peaks between speeds of 100 km/h and 400 Mid-Span Vertical Beam Aceeleratiom.
knv'h, with significantly lower responses at
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0.__ 7 suspension types. Acceptable beam designs and vehicle

/[a_,,,, m60(r,,o-sp_c_,_,-)] | configurations are those systems producing guideway
_0254 r'--- _ ----a /

" / it0s-r_, v,,_, k _ I accelerations below the desired value of 0.3g (for these

 o.,y jo.,
,_._, !o.0.5

I_ oi ........ ,o.,
150 ZOO 2,_0 300 ,_50 400 450 500 550 SO0 ,t

VDtlCLE_ (KiWi) lt 0.3. _r,i,-._L_ i_;i tm

Figure 19. AASttTO _m_rete Girders,

Two-Span Continuous Guideway, 0.I.

Mid-Span Vertical Beam Accelerations 0
o' o:2 0:4 0:6 0:8 i ,:2 1:4 _.6

other speeds; the second is an increase in response with _ss RA.O
speed that appears to have a critical change in Figure 20. Maximum Accelerations vs. Mass Ratio for

acceleration/speed slope around 450 km/h for many of the R_ bctw_-n100to 400km/h
configurationsanalyzed.

The indicatorfortheresonancebetweenI00and 400 The crossingfrequencyratio(CFR) statesthatbeam
deflectionsincreasewiththe coincidenceofspeed,span

km/h isthemass ratio,Rmass,ofthevehicle,mVehicle, lengthand beam naturalfrequency.Wormley,inseveral
andtheguidewaybeam,mBeam: papers,suggeststhatdeflectionamplitudesincreaseas

CFR approachesavalueofI,butthepeakamplitudesmay

Rmass -CaVehicle [1] not necessarily occur at that value, rather the peak
mBeam deflections occur between CFR = 1.2 ,and 1.4.

Table B (Appendix) lists the values of CFR at the
The indicator for the general increased response with allowable impact factor, 0.3g, and the speed at which that

increasing speed is the crossing frequency ratio, CFR., value of CFR occurs. The purpose of this table is '.o
using the span's fundamental natural frequency, f_,,, determine if there are designs which create an excessive
speed, V, and span length, lengthspan: acceleration due to crossing frequency resonance. The

results in Table B show that the CFR at 0.3g beam
v acceleration are above a value of one, generally

c__t'"gt%,, [2] confirming Wormley's statements, and the crossing
ft,¢,_ frequency resonance increased significantly above speeds

of 450 km/h. For ali beams except beam design 5, it
appears that the designer may use beam designs that have

Table A (Appendix) provides the simple-span mass a CFR equal or less than I if the mass ratio is below an
ratio for each of the beams used in this study where the appropriate value for impact factor criteria.vehicle mass is the sprung mass and the beam mass is the

For the configurations analyzed in this work, themass of the span excluding its support (piers, etc.). The
design parameters for an Impact Factor of 1.3 (30% oftable lists the maximum acceleration between 100 to 400

km/h for each configuration, assuming the resonance in sprung mass)are:

this range is associated with the mass ratio parameter. • CFR equal to or less than 1
The maximum beam accelerations in Table A generally • Mass Ratios less than the Table C values
increase with mass ratio, illustrated in Figure 20. and the
impact ratio must be stated separately for the different
maglev
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Table C Advances in Civil Engineering, Raleigh, N.C., 5/19/77, ASCE NY
Mass Ratio Limits for 30% Impact Factor 1977, pp 150-154.

Span [ Maglev System TLtpe [10] D.N. Wormlty, M.L. Naqurka, G. Isaacs, "Rail transit train/elevated
Length I EMS I EDS structure dynamic interactions," December 1981, prepared for

UMTA/DOT (report number not available), 98 pgs.
(m) ..... , ,[., ,..(Mass. Ratio) , , I (Mass Ratio)a [11] D.U. Maotoh, "Investigation of structural design criteria for

21 [ 0.60 [ 0.30[Note 1] automated transit aerial guideways," U.S. DOT/UMTA Report
39 [ 0.30 {Note 2] ] 0.18 UMTA-IT-06-0311-84-1, April, 1984 (available through NTIS as

Notes fbr "Fable C: report number PB 4196419).

!. The maximum mass ratio value available in the study is 0.26 and [12] J.F. Wilson, "Optimum design methodology for elevated transit
did not generate 0.3g atw,elerations below CFR = 1.0 _'uctares," October 198 ! (publication int bm_ation unknown).

2. The minimum mass ratio value available in the study is 0.35 with [13] LE. Daniels, D,R. Ahlbock, Z.J. Stekly, G.M. Gregorek, "lnJluenceofgnideway flexibility on maglev vehicle/guideway dynamic forces,"
ali beams including the one with a 0.35 value exceeded the 0.3g U.S. Department of Transportation, Federal Railroad Administration"
acceleration limit. Therefore some lower value is needed than 0.35. National Maglev Initiative, R_-_ort DOT/FRA/NMI-92/09, July

1992.

VI. CONCLUSIONS

Based on analysis of 6 guideway beams and two
separate levi,3tion methods, two general types of
resonance occur at the speeds contemplated for maglev
operations. These two resonance types are related to (1)
the mass ratio of the vehicle and the guideway, and (2) the
crossing frequency ratio. The paper discusses how these
resonance mechanics may be associated with the design
criteria for guideway structural design. The paper offers
candidate parameter values for these ratios, based on the
configurations studied.

REFERENCES

ill R.A. Dorton" H.N. Gtouni, "Review of guideway design criteria in
existing transit system codes," ACI Journal, April 1978, pp. 134 -

"II 144.

[2] W.S. Cbiu, D.N. Wormley, R.C. Smith, H.H. Richardsc¢, "Coupled
dynamic Interactions between high speed ground transport vehicles
and discretely supported guideways," U,S. DOT, Report PB 199
i 36, 7/70, 117 pgs.

[3] W.S. Chiu, ILG. Smith, D.N. Wormley, "Influence of vehicle and
distributed guideway param_ers on high speed vehicie-guideway
dynamic interactions," ASME Journal of Dynamic Systems,
Measurement and Control, March 197 i, pp. 25-34.

[4] !1.1t. Richardson, D.N. Wormley, "Coupled dynamics of
transportation vehicles and beam-type elevated guideways," AMD
I%1.5, American Society of Mechanical Engineers, NX, 1973, pp 1-
30.

[5] H.H. Richardson, D.N. Wormley, "Transportation vehicle/beam.
elevated guideway dynamics interactions: A state-of-the-art review,"
ASME Journal of Dynamic Systems and Control, June 1974, pp.
169-179.

[6] C.C. Smith, et al, "Multiple continuous span elevated guideway.
vehicle dynamic performance," ASIvtE Journal of Dynamic Systems,
Measurement, and Control, March 1975, pp 30-40.

[7] D.N. Wonnley, C.C. Smith, A.J. Gilchrist, "Mu_span elevated
guideway design for passenger transport vehicles," U.S. DOT, two
volumes: Report PB 253 008 (Volume I) and Report PB 253 009
(Volume II), April 1975.

[8] J.K. lte(kick, R.J. Ravera, J.R. Anderes, "The effect of elevated
guideway construction tolerances on vehicle ride quality," ,d_,/E
.Journal of Dynamic Systems, Measurements, and Control,
lk,ccmh:r. 1975, pp. 408-416.

lgl I) N Wormley, J.K. Hedrick, et al, "Elevated guideway cosl-ride
qualily sludies." l'roceed/ngs. .4SCE Npeclalty Conference on

8 225



APPENDIX

TABLE A

MASS RATIO va. MAXIMUM BEAM ACCELERATION

Guideway Description Span Guidaway Mm Maximum Beam Acceleratiom
Length Mass Ratio

per Span EMS EDS
(m) (kg) (mv/n_ (g) (8)

! SteelGirders 21 63,500 0.56 0.25 '" 0.73

w/concrete deck 39 136r208 0.26 * 0.40
2 Concrete Box 21 101,918 0.35 0.14 0.40

39 218r760 0.16 NA 0.26
3 Trapezoidal Box 21 88,583 0.40 0.15 0.49

39 !99r891 0.18 0.47 NA
4 Twin Box 21 59,056 0.60 0.31 !.00

(HSST) 39 153r309 0.23 NA 0.47
5 Steel "V" _Tramr_id) 2_1 25fl01 .... 1.43 0.50 NR

6 AASHTO _ 21 98,107 0.36 0.15 0.48
Girders 39 218,760 0.16 * 0.27

NA = Not Analyzed
NR -- Not Relevant

• = Not meaningful, no significant resonant peak between 100 and 400 km/h.
Vehicle Sprung Mass for mass ratio = 35,700 k8

Table B
CROSSING FREQUENCY RATIOS

at Beam Aceeleratiom of 0.3_ and Speeds over 400 km/h

Guideway Dmmption Span Span [ CFR & Speed at which 0.38 exceeded
t_th N_ I EMS I EDS

Frequency [Speed CFR [Speed CFR
(m) (hz) [(km/h) [(km/h)

1. Steel Girder 21 7.4 [600 1.07 [550 0.98
39 2.9 [440 1.08 [500 1.22

2. Concrete Box 21 6.8 [600 1.17 [550 i.07
39 3 [NA 1500 1.19

3. Trapezoidal 21 7.2 [600 1.1 [550 1.01
Box 39 3.1 [NA [500 I. 15

4. Twin Box 21 5.3 [475 1.18 [550 !.37
(HSST) 39 2.2 INA [500 1.62

5. Steel "V" (Tramrapid) 24 7 [250 0.41 [NA

6. AASHTO 21 6.4 [600 1.24 [550 !.14
Girder 39 2.5 [420 1.2 [500 1.42

NA = Not Analyzed
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Modeling and Control of Maglev Vehicles with Aerodynamic and Guideway
Disturbances

K. Flueckiger, S. Mark, and D. McCallum
The Charles Stark Draper Laboratory, Inc.

555 Technology Square
Cambridge, MA 02139-3563

Ahstrat't - A modeling, analysis, and control design methodology is This allows design alternatives to be examined before
presented for maglev vehicle ride quality performance improvement building either an actual system or scale model.
as measured by the Pepler Index. Ride quality enhancement is Unfortunately, the scaling properties associated with
considered through active control of secondary suspension elements magnetic systems precludes construction of accurate maglev
and active aerodynamic surfaces mounted on the train, vehicle scale models.

To analyze and quantify the benefits of active control, the In this paper we describe a modeling, analysis, and
authors have developed a 6 degree-of-freedom lumped parameter control design methodology specifically for ride quality
model suitable for describing a large class of maglev vehicles,
including both channel and box-beam guideway configurations, improvement as measured by the Pepler Index. We consider
Elements of this rnodeling capability have been recently employed a generic EDS type of maglev vehicle having a null flux
in studies sponsored by the U.S. Department of Transportation primary suspension and bogies. This is a variation of the
(DO'F). vehicle proposed by the Bechtel consortium's Systern

A perturbation analysis about an operating point, defined by Concept Definition study li I. The model incorporates front
vehicle and average crosswind velocities, yieids a suitable linearized and rear bogies, each having roll but no pitch or yaw
state space model for multivariable control system analysis and dynamics. The guideway disturbance is modeled in three
synthesis. Neglecting passenger compartment noise, the ride quality directions (vertical, lateral, and roll) as linear systems driven
as quantified by the Pepler Index is readily computed from the by white noise. A crosswind disturbance, which acts against
system states. A statistical analysis is performed by modeling the the side of the vehicle, is also modeled in this fashion. We
crosswind disturbances and guideway variations as filtered white

consider control authority produced by an active secondarynoise, whereby the Pepler Index is established in closed form
through the solution to a matrix Lyapunov equation. Data is suspension consisting of actively controlled elements
presented which indicates the anticipated ride quality achieved (hydraulic or electro-mechanical actuators) that exert forces
thrtmgh various control arrangements, between the vehicle and its suspension bogies. We also

analyze the potential benefits of actively controlled
1, Introduction aerodynamic surfaces implemented in conjunction with the

conventional secondary suspension. The aerodynamic

A maglev vehicle's suspension system is required to control surfaces considered here are winglets that exert forces
maintain the primary suspension ltir gap while minimizing directly on the vehicle body, which, due to high vehicle
passenger compartment vibrations in the presence of operating speeds, can produce reasonably large forces when
guidcway irregularities and aerodynamic disturbances, lt modestly sized. Aerodynamic control surfaces have the
must meet these requirements while: (!) minimizing the size advantage of exerting lbrces directly on the vehicle without
of the required air gap so that more efficient lift magnets can reaction forces on the bogies.
be employed; (2) minimizing the stroke length of the Wormley and Young developed a heave and pitch model
secondary suspension so that vehicle frontal area and drag are of a vehicle subjected to simultaneous guideway and external
as small as possible; (3) minimizing the size, weight, and (such as wind) disturbances 121. A methodology for
required power of active suspension elements, optimizing the perlk_rmance of passive suspension in the
Unfortunately, these design goals costlier with the desire to presence of these simultaneous disturbances was derived and
increase lhc allowable guideway roughness (to reduce the results evaluated. Guenther and Leonidcs developed a
guideway cost) and maximize the crosswind disturbance multiple degree-of-freedom model for a maglev vehicle that
rejection. Active control offers great potential to improve includes front and rear bogies, with a time-delayed guideway
suspension performance. Constructing a maglev disturbance to the rear bogie [3]. A control system was
transportation system, or even a short test section, is a very developed based on the solution to the stochastic optimal
expensive venture. Therefore, it is cost effective to develop control problem. Gottzein, Lange, and Franzes developed a
analytic tools that can predict trade-offs between the various secondary suspension model with an active ctmtrt_l syslem
conflicting system requirements and performance metrics, for a Transrapid type EMS vehicle 141. A Linear Quadratic

Gaussian (LQG) controller was developed for the vertical

Manu,,cript received 18 March 1993. This work was supported direction.
in part by i)rapcr Independent Research and Development project The research presented here is a natural extension of the
#463. works cited above to provide an incorporated 6 degree-of-
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freedom model thai includes guideway irregularities and bogies are permitted Io move in the verlical and lateral
aerodynamic effects. The remainder of this paper is directions, and also lo roll. The vehicle body has lhc
organized as follows: §2 contains an overview of lhc model additional freedonl lo yaw and pitch. Variations aboul lhc
employed in our analysis: §3 hosts a discussion of the control vehicle's forward velocity are not included in the model. The
syslenl analysis and design methodology employed by the allowable directions of nlotion are sketched in l:igures 2 and
authors lo oblain results given in §4:§5 concludes with 3, where: the variable y represents the lateral direction, z
sumnlary remarks about and consequences of our findings, vertical, _ roll, 0 pitch, and _ yaw. The lack of bogie yaw

and pitch dynamics is not seen to be a major analytic
2. Analysis Model Overview deficiency. The torque on the vehicle body due to bogie

yawing is expected to be small compared to lhc torque on lhc
Key elements of the analytic model developed for ride vehicle due to the lateral displacement of tile bogie. This is

quality analysis and control system synthesis are presented due to the significantly larger moment arm aboul the vehicle
within this section. Assumptions imbued in the modeling body's center of gravity (CO). A similar argument applies lo
process are stated explicitly. However, for the sake of bogie pitch. In conjunction with this restriction, there is no
brevity, a rigorous treatment of vehicle dynamics is not finite magnet length filtering of the guideway disturbances.
developed here. The interested reader is referred to [i] and as might be the case for an actual vehicle. The Iollowing
[,5] for a nlore lengthy discussion, additional assumptions are made: the CGs of the vehicle

A depiction of the maglev system under discussion is body and bogies are in the geometlic center of the respective
given in Fig. l, which shows the vehicle body suspended on bodies, both laterally and longitudinally: the vehicle body
two bogies. The bogies contain superconducting magnets and bogies are completely rigid; the passengers and their
required for the primary suspension that suspends the bogies baggage are fixed to the vehicle body: both bogies have
relative lo Ihe guideway. Tile secondary suspension is identical dimensions, mass properlies, and primary
composed of passive spring and danlper elements as well as suspension stiffnesses; small angle approximations arc valid
active conlponents Ihal exert forces belween tile bogies and throughout the linear suspension nlodel whenever relating
tile vehicle body. We assume Illal lile prinlary and secondary linear to angular displacements.
suspension elements exert forces in the vertical and lateral The maglev vehicle's physical parameter values in our
directions, as well as roll torque. Additional control authority analyses are similar to a box-beam guideway design
is provided by six active aerosurfaces mounted on the train, developed by the Bechtel consortium for the U.S.

Disturbances to the system are guideway irregularities and Department of Transportation i 1 ]. Representative gross
aerodynamic forces due to crosswinds. The guideway is physical properties are summarized in Table I. The
assumed to be perfectly rigid, but with an irregular surface remainder of this section consists of a brief overview of tile
that can be described by three sets of independent statistics: suspension force models followed by a discussion of tile
one each for vertical, lateral, and roll disturbances. For active aerodynamic surfaces considered. The section is
analysis purposes, we assume a worst case scenario where concluded with a description of the guideway and crosswind
crosswind disturbances act in the lateral direction, disturbance models employed.

We assume that the vehicle fl_rward velocity, V, is
constant and that there is no coupling between the magnetic
propulsion and levitation syslems. The vehicle body and

AERODYNAMIC ACTUATORS

" 4,,"_ .... PASSENGER COMPARTMENT " V

Figure I. maglev Vehicle Concept.
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A.._'II._IgUIISI'OII Fol'('('s "|ABI.I- I

Representative Physical Dimensions
"1"c,obtain a suitable linear system description, we model ....

Parameter Valuethe system in a lumped mass fashion. Ali suspension .....
elements ;ire modeled as massless generalized springs. For Vehicle Height 4.9m
cxarnplc, the suspension force, F, due to the displacement Vehicl e Len_zth 36.1m"
belwcen the front bogie and the guideway is determined by Vehicle Width ........ 3.7m
lhc relalionship below: .Total Mass , 64400k_

Passenger Compartment Mass 4(1830kg

F = Kr + D/" ( I ) Distance Between Bogies 17. lm
Bogie Height 0.75m

where K is the spring stiffnes:, matrix, D is the damping, and Bo_ie Width 1.5m
r is the equilibrium displacement vector. The spring Guideway.Width 1.2m
constants for the primary suspension system are dependent Top Winglet CP to Train CG (vertical) 2.3m
upon forward velocity; representative values are given in Side Win_let CP to Train cG (horiz'0ntal) -I.0m
Table 2. I)amping for this type of magnetic suspension is
believed to be very low 161 and therefore is assumed zero tor r,u_u_ 2
rnodeling purposes. Passive secondary suspension spring Primary Suspension Stiffness

constants and damping ratios are selected to improve ride Vehicle Speed Lateral Stiffness ] Vertical Stiffness,, ,,' ,

quality while simultaneously preventing touchdown and "50:"0Km/s -2.73e6N/m -8'it)6e6 N/m
limiting the active secondary suspension stroke. This IO0.0Km/s -3.11e6 N/m -9.61e6 N/rn

procedure is discussed in §3. 134.0Km/s -3.38e6 N/m -9"93e6 N/m
lt is assumed that ali suspension forces act in equal and .150.0Km/s -3.24e6 Nim -I[).()e6 N/m

opD_site directions across the gap between the elements
under consideration. For simplicity, we model these forces

as ht:ing applied lo fixed points relative to the guideway's, (, 41k_
hog ies', and passenger compartment's centers of gravity. | Zvehicle L(,(;LB. Aerodynamic At'tttation

Six active aerodynamic surfaces, as shown in Figure !, Zrear bogie Zfront bogie
,,rc avaih, ble to the control system for in, proving ride quality. (C,;.._ _ _ C,;.6. "1
We assume that these actuators operate in "free-stream" and k.Rear BoeieJ kFrontYBo_iO

_.__) Z I(t)gu_

are modeled as winglets with one degree of freedom. Four guideway
winglcts are mounted on the sides of the train and produce
vertical forces at the surfaces' centers of pressure: two in
Irolll 011opposite sides, and two in back on opposite sides, guideway guideway
Two u,'inglets are mounted on tile top of the train (in "rudder- Figure 2. Degrees of Freedom: Side Vic_,.
like'" arrangements) to provide lateral forces.

• tt/ '_c

The lift force for a flap in free-stream is given by: vehl lc

I -_
Vehicle Body _

FL=2PIVairI'ACL(Ot) (2) / Zvehicle L . " / _
wherc p is air density, A is area, Vair is the velocity of the air \ t---'qlt'C(; / %chicle
mass relalive to the winglet, and _ represents angle of attack.
We consider only the lift component of the flap forces. The
induced drag of the flaps is calculated to determine the e
drawbacks of aerodynamic control in 15l, but its effect on

ride quality is not considered here. Since induced drag acts fZbogie _ Bogie 3_....._......__..1
parallel to the velocity vector, drag forces lie in a direction ,..-..-._.- C(;

not included in our model. The lift coefficient is obtained L _hagictrorn conventional aerodynamic theory [71 and is nearly

line:tr l'_r sn, ali angles of attack. A linear equation for CL(Ct) Zguideway Yguideway %uidewav

results: CL((t.)= CL_., where C L = 0.0264/°. We assume that -- I _v i,,,, I l
air __ i.,, equal to the train's velocity and ignore the

Guidcwayof let:Is t)f t'rosswintl and vehicle rol;.ltion. Also, we use a

Figure 3. I)cgrccstfli:rce_hull: I:ronl \'wr,.
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small angle approximation for tj. to modKI thK lift force as 3. Analysis
perpendicular to the undellected winglet surface.

in the¢)ry, a very large aem(.iymlmic force can be Analysis oi" tile system model bKgins wilh ch¢)(_sing lhc
obtainKd for relatively h)w aero-actuator torque. Since the passive secondary xuspensi(m'x sliffnes.s and (lallll)in _
flaps n'ol;.nlKabout their centers of pressure, tile aerotlynamic paran_eters. The function (_t' tile secondar_ slnspellsi_m
iortlUKS across fhlp rotation joints arc small when compared system is t() improve ride quality while sinnullanc(mnly
to the f()rces generated by the flaps, ttowever, tile actual prevKnting vehicle contact (t(_uchdownl on the guitluwav.
I'c_rce required in a hydraulic system thai drives a winglet can The active SKcondary suspension stroke must also be kept
still bK large, due t()physical constraints and practical within practical limits. Typically, thtr pa.,,sivc ntlnl'_t:llnJ(m
considKrations. The dynamics of tile closed-loop system may parameters cannot bK selKcted to optimize ali ()1 IhesK criteria
dictatK a high actuator bandwidth resulting in large actuator simultaneously, and hence, lhc parameters are determined
power requirements, through trade-off analyses. ()nec tile suspensi_m ¢ICllIKnl',

have been definKd, a force balance condition is cxphfitcd to
C. Sv.s'tem Disturbances detKrmine nominal operating equilibrium valucs l()r lhc

vchicle's center of prcssurc and sideslip angle, given1 h)rward
Guidcway irregularities are captured by the stochastic and average cro.,+swind velocities. Finally, tilt' linear

rnodcl: perturbation model is assembled and a candidate c(mtml law

A rV synthesized. The resulting eh)seal-loop system in analyzed in
(I>guideway((O) = ,_ (3) a statistical framework. The remainder of this section

0)-

presents further details of these procedures.

where tl)guidcway is the guideway Power Spectral Density A. Secondary Sllspen.sion Ptlr_lnleter Optimizatimt
(PSD), A r is the Roughness Parameter, and V in the train's

forward velocity. A roughness parameter, A r, corresponding The primary suspension design involves an inherent
to welded steel rail (gage 4-6) is used to define the guideway conflict between ride quality and guideway tracking. A stiff
PSD, which in then used to form a linear system driven by primary suspension provides improved guidcway tracking at
white noise to describe the guideway position variations, the expense of significant guideway and wind di,,turbance
While a typical guideway will not be welded steel rail, its transmission to the passenger compartment. Additi(mally, a
roughness its seen by the train will be dominated by the stiff magnetic suspension generally exhibits efficiKnt pi)wtr
alignment of guideway coils. Roughness parameters are consumption. Power considerations, rather than ride tluality
given in Table 3. factors, generally dictate primary suspcnsi(m dc,,ign. With

The crosswind description usKd in our analysis consists of tile primary suspension parameters assumed given, lhc
lhc stniln ()l" tw() terms: in c(inslanll, steady-state mean value an(t secondary suspKnsion l)aralllelKrs tire chosen !() a(htrcss IJl¢

a lime vau'iant rand(ml i)n)ccss. The mc:m crosswind velocity trade-off between lhc syslcnl perl'ormancc illCil,..nllL',,,(II'

in ctlital I() half ()1'the peak cro.,,swind velocity, asnUUllinl_ a interest, with tile overall goal of achieving lhc best nitlc
maximum three sigma variation from the mean. In (ltir quality.
anal+vnt', wt: a.,,sume 26.SKm/s (6()nnph)cmsswind peak. ThK System performance can hK evaluated with the i()ol lineal1
PSI) of the time varying crosswiml componKnt in given by: squared (RMS) values of relevant quantities in ()inn m()dcl.

RMS acceleration levels can hK usKd I(_ c(mlpule the l)cpler
"3

20_v index. The primary air gap and secondary sunpensi(mntrokc
q_v, ind ((t)) - ._ (4) requirements can als(i be Kstirnatcd l'r_lm the RMS _,tliali_m.,,

(0- + v 2 (if these variables, which pr(irides a nncthod ()f spccilying the
primary and secondary suspcnsi(in sir(iko limil,, Ilnr()ugh

where the break frequency, v, in I.()rad/see. tl)wJll d in ,.t()chastic c(introl techniques. The m()tivali(,n bvllin(I Ihi,,
impIcllnentcd hy a linear ny',tcm driven by whitK n(lisc. Wc treatment storms l'r()m lhc Buitlcway itlltl wind (li,,lunbltllCC,,
assume that the cr(isswind is perpendicuhlr t(i the guideway, being characterized by linear systems driven b) v, hite n(li,,e.
Thi,, maxinlizes vehicle ,,ideslip, cMcctivKly softening the whereby it is natural t() determine lhc system (mll_Ut,, f()r
lateral su,,pcnsi()n ntiftncss anltl thcrcb._ degrading system analysis in ii similar t()rm.
pcrf()rnlancc.

I \BI I .1

I'a_,,,ivcScc()ntlar) Stl'q)cn',i()n I)i|l;llllt.'lcrx
I \IIl.l

)
(;uidcv, ay R()ughlw,,s I aranlclcrs 'Vertical Nanural l:rcqtlCllC 2 ()._ It1

I)araint'lttr 1%,;ilut' Vertical l)ampinu Rail() (1.I(1
l.ancral Nilturill I._utjucnc2 1.5 it/

,'\r (vcrni_.al) I .2c-5 a,idA2/', l,ancral l)ai'nping Rail() 0.5
q S ' ^",

.Ik r (lalerill) I._t.'.. l,ld _/ R(_IISniflnc,,,, ().() N-Itl/littl

,\u +'rtdl._ 5,7c-6 r;l(t"._,/tll-n Roll l)imlpin_ 2()c6 N-m-,,/ta_l
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Details of the trade-off studies used for characterizing the P.I. = 1.0 + 0, 5 o+ + 17 o_ + ! 7 o 9 + 0. ! (dB( N ) - 65) (6)
passive secondary suspension system are beyond the scope of
thin paper, but can be found in Iii and [5],. The design
parameter values are listed in Table 4. where o_ is the passenger RMS roll rate, 0 2 is tile

passenger RMS vertical acceleration, _9 is the passenger

tl. Olu,rati,._P_intFm'ceBalance RMS lateral acceleration, and dB(N) is the passenger

compartment noise level (decibels). In our analysis, we
'!'o obtain a linear state space perturbation analysis model, ignore the compartment noise level. Hence, P.]. is a scalar

,,re need to determine vehicle steady-state sideslip angle, [3, sum of system statistics, which can be denoted z = Cx + Du
and the Iocmion of the center of pressure (CP) relative to the (ignoring the constant term, 1.0). By defining our analysis
CG. This is performed through a force balance analysis, variables in this manner, we proceed to design a controller
where forces and moments arising from the constant using Linear Quadratic Regulator (LQR) theory, which
component of crosswind velocity are canceled by the prirnary synthesizes a state feedback control law of form: u = -(;x.
and passive suspension systems (Equation (!)). Crosswind The gain matrix, (;, is selected to minimize a qttadratic cost
forces on the train are modeled as a side force acting functional that includes weighted terms containing

perpendicular to forward velocity at the CP. The performance variables of interest and control energy
aerodynamic side force is given by: required. The cost functional, J, provides an optimal

[Fy]aero = _9 Vair AtCy([3) (5) trade-off between actuator effort and closed-loop system_ performance:

{!i,-,I ; >}where At is the train's cross-sectional area and Cy([3) is the J = iim E _.(t Qz(t)+u(t Ru(t) dt (`7)
co,efficient of side force. The air-relative train velocity, Vair, T--._
is the vector sum of the train's earth-relative and crosswind

velocities. The aerodynamic coefficient, Cy([3), is non- The matrices Q and R are used to vary the relative
linearly dependent on the sideslip angle and is described by a importance of the system outputs and control effort
third order polynomial fit to data generated in [5]. respectively (E denotes the expectation operator). The gain

Thus, given forward vehicle velocity and steady-state matrix G minimizing this cost functional is given by:
crosswind speed, the aerodynamic forces on the vehicle are

A setof G = R-I/D"QC + B"K[ (8)
f 1

co+laptlted as a function of _ and CP location via (5).
nonlinear equations is solved numerically to determine [3 and

t J

CP by balancing [Fy]aero against the nonaerodynamic forces where K is the solution to an algebraic Riccati equation [9]"
contained in the model, where ali time-varying zero mean
disturbances and actuator displacements are nulled. For the
data presented in §4, the vehicle and mean wind velocities KA+ATK+CTQC-[Ki_+CiQD}R-I[B'FK+DFQCI =0
arc 134km/s (300mph) and 13.4Km/s (30mph) respectively. (9)
The renulling steady-state sideslip, [3, is 0.102rad (5.73°),
which corresponds to a 0.0023rad (0.134 °) vehicle yaw We calculate the closed-loop system steady-state stale
angle, tc. covariances analytically. If Acl is the closed-loop system

matrix (Acl- A-BG), then the state covariance matrix

C. (',variam'e analysis steady-state solution, Y'-xx, is the solution to the Lyapunov

"]'o c'tmslruct our linear perturbation model, we further equation [10]:
assume that the passenger compartment and bogie angular
rolalion rates are small, and we neglect nonlinear coupling AclYxx + Yxx Acl T+ FFT= 0 (1())
ternl,, title 1o Coriolis accelerations and gyroscopic effects.

The resulting linear equations of motion are placed in state A system outpul for analysis, denoted y, is defined a.', a linear
space l'cwm, x = Ax + Bu + Fw, where: the system state, x, combination oi" system states: y = CoutX. The output

contains train and bogie positions and velocities, and covariancematrix, Zyy, isgivenby:
guideway positions (constrained to appropriate degrees of
freedom ):lhc system actuator input vector, u, contains active --
sec(mtlury suspension force and aerosurface deflection Y-YY- C°ut Zxx ('°utr ( ! I)
c_,mmalltls" aild the disturbance input vector, d, is (Gaussian)
whitcn_fise. The RMS component t)l the output vecl(_r, y. is the

A mea,,urc of ride quality are cornmonly used for maglev square-root of the terms along the diagonal of Y'-yy. This
,,,ehiL'le,, in the Pepler ride quality criteria 181. Although both
mea,,ures arc dependent on train accelerations, the Pepler analysis methodology permits us lo compute analytically the
Index also includes the effects of roll and noise. The Pepler statistics of important system properties, such as lhc Pepler

ride qualit) index, P.I., is given by"
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Index.bogietlisl_lacements,and actuatorcommands, without model description,fhi,,can b¢ exploitedt_asccrlain_q_lilnal

havingtoresorttoMonte Carloschemes, system design parameters,lhrough paramelri_.'Iradc-off

analyses. (We appreciate thal specific pcrI_rmancc
4. Results predictionsgeneratedby linearanalyses,,houldultimatcl,,,hk

verifiedthrough high fidelitynonlinear sin_ulali_,l.)A

Results obtained using the analysis rnodel described in §2 natural extension to our work includes appendili.L_' additional
are presented here. We assume a forward vehicle velocity oi" modeling capabilities, e..q.: curved and rolling guidcway,,.
134Km/s (3(lOrnph) and a peak crosswind Ithree-sigma) vehicle bending modes, actuator and sensor dynautic,, and
velocity of 26.SKm/s [60rnph). Control algorithms are noise, and, oi'course, morc sophisticatedcontrolt¢_.'hniquc_,.

developed and lhc resulting closed-loop systems analyzed as
per §3. We select the weighting matrices, Q and R in (7), to References
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...... i .... i ,i ii i , i ....

_None . 5.6 4.5 4.4 i.2cm t).5t)cm 0.64Cm (1.(_5c111
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_,,\ctive Sccondar 5,.and Aero 1.6 ....1.5 1.5 I. Icru ! (i.3 l_.m ().94cm '(IX'h.m -
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Rail Irregularity and Module Response
in HSST-100 System

Mituru Iwaya

Engineering Department, HSST Corporation

Abstract - This paper shows the relation between The guideway disturbance can be represented by ramp
rail irregularities and magnet responses on rolling input and step input. Other types of disturbance can be
stock. The chosen irregularities can cover almost artificially synthesized with these. Therefore, I would like
ali the modes which can arise during practical op- to make a close inquiry on these items at first.eration of the vehicle. The test run data are also

confirmed by theoretical study.

I. Introduction III. Behaviour against Girder Deflection

The test run of the HSST-100 system in Nagoya was al- The standard span length in the test site is 20m. Assuming
most completed in 1992 [1]. Among others, we have ac- a deflection ratio of 1/1500, we put down the midspan of

cumlated a lot of data with regard to the relation between the girders as far as 13mm (Fig.l). Therefore,when the ve-
guideway displacement and vehicle behaviour from August hicle comes to the pier position, the attack angle between
to September last year. the two adjacent girders comes equal to that of 1/1500

As for maglev vehicles, magnet levitation height gives
decisive weight to the overall design. Magnet gap fluctua- deflection ratio. It means that the girder deflection ratio

comes to nearly 1/1100 when the vehicle is running on the
tion comes mainly from the guideway rail irregularity. The middle of the girder. This fact necessitates our attention
guideway side claims large tolerance on rail accuracy, on especially when we evaluate vehicle body acceleration.
the other hand, the vehicle side demands precisely aligned
rail profile. The balance between them can be obtained Fig.2 left shows average gap fluctuation of the mag-

nets in this test. It can be noted that the gap fluctua-
from repetitive experiments, tion value increases in accordance with vehicle speed.The

maximum gap deviation occurs at the girder conjunction

II. Test Facility point. Therefore, it can be easily presumed that the value
can be reduced with some modification of the rail pro-

The test data aquisition was made on the 800m area from file at the both extreme of the girder. Fig.2 right shows
Ooe station, where steel tie bars are installed[II,J2]. Vari- the result of this modification which is about 20 to 30
ous rail displacements were intentionally incorporated by percent reduction in magnet gap fluctuation. Our calcu-
moving tie bars. The offered vehicle is the HSST-100 type lation predicted 50 percent reduction in this case. The
with full cabin load. It ran on the subject guideway in difference may be caused by other irregularities originally

various speed and the measured data are the magnet gap, incorporated in the rail system. The allowable fluctuation
car body acceleration and others, is :t:4mm in HSST-100 system. Such a slight modification

is desirable in this meaning.

P39 P40

Fi_.I Rail Profile in Girder Deflection Test
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without Girder End Modification with Girder End Modificatioa
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The same analysis is made on vehicle body acceleration 2.0mm as in Fig.4. The result of magnet gap fluctuation

as shown in Fig.3. The coupler side acceleration seems with 2mm step is shown in Fig.5. The calculated result
to exceed 0.2G, however, this value must be undercut by is also shown on the same figure. Those two lines deviate

nearly 30% for the reason stated above. The motorman from each other in the higher speed range. It is assumably

side value can be considered to be showing right acceler- caused by other rail irregularities originally incorporated

ation on 1/1500 girder. In any case, the rail profile mod- in the system.
ification on girder ends will give an improvement also in The calculated gap fluctuation is based on one dimen-
this case. sional model. Therefore, the value has simple relation with

Same test was carried out on 40m span girder which de- vehicle speed. Actually, the vehicle has three dimensional

flection ratio is designed and confirmed as 1/1300. Both expanse, which causes rather complicated response with
magnet gap fluctuation and car body acceleration indi- regard to vehicle speed. Such a complexity is omitted

cated no particular increase compared with that of the here.

standard 20m girder of 1/2800 up to the running speed of

100km/h.

p

IV. Module Responce against Rail Step 3 G zt 0
9

Another fundamental response is that in step disturbance.
The running test was carried out on railstep of 1.5mm and Fig.4 Rail Profile in Vertical Step Test
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V. Collation with Theiretical Analysis VI. Conclusion

We have also conducted other irregularity test such as rail

Every rail profile can be expressed in Fourier series. For level, lateral step, guage, tilt and so on. In these cases
we could hardly find any evil effect on vehicle behaviour.

example, ramp shape y such as girder deflection is a rune- Thus we are convinced that the major attention lies on rail

tion of dimension x as; vertical alignment and the influence of its defect appears
cos x cos 3x cos 5z less than that of a ramp disturbance.

y = l-- T- + _ + _ +... (1) The results and data obtained here will believably help
us much when we consider a design ofguideway and vehicle

Here, the dimensional parameter of z can be replaced by in future.
time parameter t as;

cosvt cos3vt cos5vr

y- 1_ + 3_+ 5_ +... (2) VII. Additional Note

When the vehicle speed comes up by twice, then the equa-

tion becomes; Note 1. Girder End Modification__

cos2vt cos6vt cos lOvt The girder bends down with active load. When the

y - 1-----5--+ 3_ + 5_ + ... (3) rails are installed on the girder in a straight line, two ad-

jacent rails make an attack angle of 4.2mrad with 1/1500Comparing equation (3) with equation (2), we can confirm
that twice the speed we get twice the frequency. Orig- of girder deflection. When the rails are installed on the

inally, from equation (1) or (2), twice the frequency we girder previously with 2.1mrad of inverse attack angle,

will get 1/4 of the amplitude. This means that the ampli- then the arising angles with girder deflection are dis-tude becoms 4 times higer than that of the original. On

the other hand, spectral density becomes half in (3). In tributed to two positions and the absolute values are re-
this way we can conclude that the external disturbance duced into half. Such a girder end modification can be

becomes twice when a car passes ramp conjunction point easily obtained by moving the end tie bars a little down-

with twice the speed, ward. This modification gives an advantage in maguetSame discussion is valid when a car passes step distur-
bance point where; gap fluctuation, and also car body acceleration decreases

are confirmed with various test data.
sin z sin 3z sin 5z

y= --y- + --V- +...

In this case, we can conclude that twice the speed a car _ Straight Rail Modified Rail
gets the same disturbance as in the original. -- _ f-

Above stated is the discussion which was made in draw- -- Ii _ _ li'- --7 Jt- _--_- __t11- _ -11- - -II__
ing the calculated line in Fig.2 and Fig.5. lt is generally /said that random irregularity usually found in a rail align-
ment has a spectrum of y':_sin kz/k,¢_. In this case, twice
the speed we get square root twice of disturbance from the
rail[2].
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Note 2. Dynamic Difference between Motorman Side Note 3. Step Response_of the Masnet(Fi_.:5 )

and Coupler Side(Fig.3) The calculated response with rail 1.Srnm step upward is

Fig.3 shows obvious difference in the acceleration mea- shown below. In this c_e, the magnet deviation from the

sured at the motorman side and coupler side. The test rail reachs its climax(-2mm) when the after side passes the

train consists of two cars. When the coupler side comes to step point. Here the rninus value means lowering of the

the midpoint of the girder, the deflection reachs its climax magnet. The plus value does not represent its climax and.

(shown as di). On the other hand, when the motorman therefore, is omitted frorn Fig.5. In this figure, forward

side cornes to the midpoint, the girder springs back in e. cruise means downward step, and backward cruise means

considerable amount(shown as d2). As the results, the upward step. The measured lines show both maximum

coupler side car body vibrates with the amplitude of dl, plus value and maximum minus value.

whih: t.he motorman side car body does with the ampli-

tude of d2. That results in 30% difference. -..................................................................................4-

o la

__. _ HSST-100 SYSTEM EXPERIMENTS IN
T NAGOYA TEST SITE, WCTR 1992, Lyon

[2] M. Fujino, OUTLINE OF HSST-100 AND TEST LINE IN
NAGOYA, Maglev Conference 1993, Argonne
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Five Degree of Freedom Analysis of the Grumman Superconducting

Electromagnetic Maglev Vehicle, Control and Guideway Interaction

Dr. Richard J. Gran

Director, Advanced Concepts, Grumman Corporation, Bethpage, NY 11714

Michael Proise

Maglev Program Manager, Grumman Aerospace and Electronics Group

Abstract-This paper describes thecontrol system and I. FIVE DEGREEOF FREEDOMMODEL
the five degree of freedom (5 DOF - heave, sway, pitch, yaw, and
rolDmodel of the Grumman Maglev Vehicle described In [1]. The A. ServoModel
simulation model has 12 magnet modules (4 magnets per module)

mounted along the vehicle canted at the appropriate angle to give The starting point for this analysis is the Grumman
both lateral and lift forces acting through the vehicle's center of supeconductingEMS concept described in [1]. Additional infor-
gravity (cg). The model also includes the effect of the distributed mation on the magnet designs is described in [2] and theforces that are creat_a as a consequence of the magnet gecJmetry.
Because the control system at each magnet modui_.Isa tt,trd order levitation and guidance control servo is discussed in [3]. The
system, the complete 5 DOF model has 42 coupk_ differential linear model of the servo is shown in the block diagram of Fig.
equations (3 each for the magnet modules times 12modules plus2 1. The differential equation that describes this model are also
eachfor piteh, yaw, androil). Themodel that wedeveloped is linear shown in the figure. The forces that are applied to the magnet
in the magnet servos, but the results were compared to a nonlinear module are added at the summing junction denoted Sum I in the
single magnet control simulation and we are confident that the diagram. The forces at the sum are those created by linearizing
linear model predicts the behavior of the nondnear system, the magnet force. Themagnetis nonlinear in both thecurrentand

The guldeway was modeled as a simple pinned beam in the position. The force needed to balance the weight of the
both bending and torsion to determine the guldeway motions as a vehicle is assumed to be provided continuously, and the penur-
consequence of the vehkle moving over the beam. This motion is

bations around that operating point define the linear modelcombined with stochastic models for the guideway camber, step
and rampdiscontinuity created by thepillar heightvariations, and shown. The perturbation force caused by the motion of the
the irregularities caused by the random roughnessof the rail. The magnet is denoted by K1. K1 is really the partialof the magnet
combined effectof ali ofthese motions was used to excite the$ DOF force due to guideway gap error around the nominal gap clear-
vehicle simulation model, ance c. 4 cm (1.6 in). It is fed back with a positive sign which

The model was also used to compare the effect of various i representative of the unstable characteristics of the magnets
suspensionsystems. The flrstassumeda four pointforce suspenslon beins attracted towards the ironrail. For the simulation, KI was
at each corner of the vehicle using a conventional spring/damper 281,000pounds per foot. The other force at Suml is cau._d by
system, the second was a similar four point suspension using
magnetic forces such as would be used in an electrodynamlc changes in force due to current variations in the magnet coils.
suspension (EDS) system and the third was uniformly distributed For the simulation this term, denoted by dfdi, is933.3 poundsper
load along both sides of the vehicle as in an electromagnet suspen- kilo-ampere turn. Since each of these force terms were devel-
slon (EMS) system. The comparison of these three different oped by assuming that a single magnet servo was lifting the
suspensions allows an understanding of those aspects of the entire vehicle, dividing the force over the 12 independent
Grumman EMS design [1] that permits the eiimhtatlon of a sec- modules of four magnets each, requires that these constants be
ondary suspension system, divided by 12. This is also true of the mass- for the analysis the

lt was also determined that a uniformly dk_tributedload mass is assumed to be 1/12 of the complete vehicle mass which
significantly alters the gukleway deflections, and the rule of thumb is 61 kN (4192 slugs).
of using twice the static deflection to determine the dynamic The control system uses gap error, vehicle rate and
deflection is not valid, acceleration as feedback controls. The rate is determined by

integration of the accelerometer. The gains for the acceleration

Manuscript received Mach 15, 1993. This work was are also used (with Kf) to set the servo bandwidth and damping.
performed in part for the Maglev System Concept Definition The feedback control gain in the forward loop is de-
study support_ by the U. S. Army Corps of Engineers under noted by Kf. The servo design selects this gain, the gain on the
contract No. DTFR53-92-C-000 04. accelerometer, and the gain on the rate feedback so that the root
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Fig. 1. Block Diagram of Magnet Servo Linear Model

locus shown in Fig. 2 results. The rate, and accelemmeter gains A. Effect of Distributed Forces
(with Kf) are selected to give a closed loop bandwidth (co,,)of l0
Hz., and a damping (_) of.707. The value of Kf that achieves this Since the magnet modules are distributed along the
is 3650.3 kilo-ampere turns per unit input (note in the figure that boaom of the vehicle, the forces applied to the guideway gap
the formula for Kfis denoted by "Gain"). variations are also distributed. To show the effect of the

The proportional plus integral (PPI) control that pre-
cedes Sum2,isincludedtocausethesystemtohavezero

steady state error to steps (without this feature, guide- IntegralPole

way step irregularities would _dways result in a steady J
state error). The gain Ki in the integral compensation is We Feedback Ilmagr_
selected to piace the closed loop zero introduced by the
compensator on top of the open loop left half plane pole
caused by the positive force feedback K I. With this
strategy, the resulting closed loop system is second MagnetUnstable
order. Note that the unstable plant poles are at +28.36 Pm
rad/see for the nominal design, so the integral gain is
selected to be 28.36. +28.36 rad/see _

To simplify the complexity of the model twelve
independent magnet modules where assumed in the
design analyzed, but the base-line design [1] actually
will have 24 modules of two magnets each. In this base-

line configuration, up to twelve magnets (5 modules)
may fail with enough lifting power still remaining to
support the entire vehicle. Thus the combination of Gain= _*m
redundantmagnetmodulesandmagnetsthatareinherent Llr-+.l_ +*u_.+2r i (1. )

in this design makethe.overall control systeminnately z;+== Providesservoresponsewithdamping
robust to failures and _,xtremely reliable. _ andlrequeney=d

Fig. 2. Root Locus for ServoDesign
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distributed forces and measurements, a frequency response transfer function for the gap error with a sinusoidal guideway
analysis was developed that assumes that the guideway is a input is the product of (3) and the transfer function for the gap
single sine wave with wavelength Z,.Thus the input to the control servo. The resulting transfer function is given by:

system gap sensor is sin (2n v t/Z,) where v is the vehicle speed. Gap Error
Since the sensors and control forces are distributed over the ((0)=

module mean that the displacement used to control the position Guideway Temporal Motion (4)
of the magnet module is given (to a Iu'st approximation) by: - jto (jto + 23.5) ( j to+ 89.68)

( jta +42.42 + j 42.42) ( j to+ 42.2- j 42.2) ( j to+28.36)

'*_ The transfer function (4) has the magnitude and phasey(t) = 1 sin(2xvt) dt plot shown in Fig. 3. As can be seen, the magnitude of the
_-],._ is .707 and the bandwidth of thefrequency response damped to

2 (1) servo is 10 Hz (62.8 rad/sec). These are the design parameters

where: t=the time it takes to traverse a module (i.e. we used for the servo design previously discussed. The result of
combining the servo transfer function with the frequency re-

tm- lm/V; 1,_is the module length), sponse from (3) is shown in Fig. 4. These figures include the

The integral iseasily computed, and the result is that the effect of the sin x/x curve (from (3)) and the effect of the locatio,
of the magnet modules. There are 6 magnet modules on each side

gap input y(t) becomes: of the vehicle and each module is 5.8 m (19.2 feet) long. The

y(t)= 1---__sin (_lrn.___)sin (2_.._2Lt) (2) forces that are applied by these magnets are delayed in time by
_, tmas defined above. The effect of this time delay is to alter the

This expression shows exactly how the amplitude of a phase of the transfer function at each of the module locations by
sinusoidal input is reduced as a consequence of the averaging co t. Thus the phase is different for the different speeds and

over the time t in (1). The amplitude reduction in the temporal different locations, as shown in Fig. 4, but the magnitude curves
frequency domain can be obtained from the fact that 2xv/'A,= ¢0 are the same at each of the magnet locations. Note that no

When this is substituted into (2) the Frequency (tempo- attempt was made to subtract 360 degrees from these phase
ral) response is given by: curves so that the phase angles become very large in the plots.

C. Dynamic Model
H(c0)=sin(C01m/2V)/(tOlm/2V) (3)

Each of the magnets along the bouom of the vehicle
which is a sin x/x curve in the frequency domain. The final cause a force to be applied to the vehicle at a particular location.

These forces cause both transla-
frequency Kgs_I_nse o! Magnet _¢ .rvo.__AlOn¢.....lo .... -.-.-.- ................... tion and rotational motions that

.... . . . .. . . . . ....

............. :..._..:..:. :.:. :: ....... :... :._.'0:':':':':_'_""--'_':""'<'-'_'" :. :.: :.:.: depend upon the location and the

_ -lo ....... i .... i'"!" an angle 13with respect to the
_ _[_.S_ .... ."'"?":"!'!'?!':'! ....... :.... !'":":':': :':': vertical. The angle _-35 degrees

,,. : : : : :::: : : : : ::::: . : : : .::: combined forces through theve-
-301oo lot lth lo3 hicle cg. The nomenclature that is

r:requc._y(rad/see) used for these forces, and the way

- 1.5 Phase Response of Gap Error from Magnet Scrvo in which the various forces enter
: : : ::---,,-_::: : :::::-"................... into the system are shown in Fig-

-2 111iii i!iiii!iii! i iiii!iiiii_,...il iiiiii ill ii iiii!ilil ill ilili__i beforeUre5"llN°te that a signappearSthrough13 to indicate

-2.5 the direction of the resulting mo-
_" ment, with a negative sign indi--3:

........................ cating that the moment is nega-
-3.51 ...................... tive. When the equations of mo-

IO2 103 104 lOS

Frequency(rad/gee) tion are developed these three
moment arms are converted into

Fig. 3. Frequency Response Plot of the Position to Gap Error Transfer 12 different values so that the

Function for the Magnet Servo moments can be obtained by a
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Fig. 4. TransferFunctionsforDifferentSpeeds andMagnetModuleLocations

summationoverthemagnets1through12. Thusthe 12moment
armsaredefinedas follows: Notice that with these def'mitions,ali of the moment

armsmatchthe forces asdef'medin the figure,andfurthermore

_.,= -13, _.a= -13, _ = -12, _._= -12, _'s = -11,_._ = -11 the oddnumbersareassociatedwith forces on the rightand the
= 11,_._= 11,_ = 12,_.1o=12,_._1= 13,_.ta=13 (5) even numbcrswith forces on theleft side of the vehicle. The

CG of vehicle

Roll

Y Pilx:h w x

fl

t"7

t9 Magnet Module

fl 1
MagnetCantAnglel_

Fig. 5. Forces and Moments Created by 12 Magnet Modules
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nominal values for 11, 12, and 13are 5.76 m (18.9 ft.), 11.52 m the train speed. With these definitions, the matrix B issimply the
(37.8 ft.), and 17.29m (56.7 ft.) respectively, concatenation of the magnet state equations and terms that cause

With these definitions, the forces and moments created the pitch and yaw motions from guideway motions. Thus Bis the
are as follows: 40 by 12 matrix given by (9).

Heave: cos(l]) y-Ii; where the summation is over ali i 0 0 ... 0
Lateral: sin(II) {Z fi (over even i)- Z f, (over odd i)} X1o_cos l] X2ot cos 13 ... Xi2 ot cos 1_

Pitch: cos_) Z 7qfi ; where the summation is over ali i 0 0 0
Yaw: sin(li) Y-Z.,f, ; where the summation is over ali "'" (9)

Roll: cgshift {Z f, (over even i) - E f, (over odd i) } (6) B= Z.Iotsin 13 X2ot sin l] ... X12ot sin 13
b 0 ...0

In the roll expression, "cgshift" denotes the shift in the i i

cg along the y and zaxes from the nominal position. This cg shift 0 0 ... b
is the only way that roll disturbances are induced since the _

nominal force vectors of ali of the magnets is through the cg. The full five DOF simulation uses (8) and (9) to
The state equations are created using a state vector (of calculate the combined heave, sway, pitch and yaw. The roll

size 40xi) that is defined by: uses (6) to determine the torques applied about the z axis,
x= [0 d0/dt _ d_/dt x i x2 ... xn] T (7) combined with the equation I d2O/dt2= torques applied -K,O. The

where: xt, x2.... .x u = the 12different magnet servos ali constant K, is the effective restoring spring force in roll caused
modeled with the mass and other terms divided by 12 as was by the staggered geometry of the magnets in each module. This

discussed previously. If we use the subscript i to denote the i'_ spring constant with a rate feedback term in roll provides the
magnet module, the forces and moments in (6) can be deter- required roll damping and restoring force.The results of the simulation with these equations of
mined from the acceleration of each module. Since the accelera- motion are discussed in section IV. The next two sections are

tion is the 2nd element in the state vector x, the force from the devoted to describing the inputs u that are caused by the
i'_module is given by [0m0]x which is written in aconsise form guideway vibration and the guideway irregularities. Each of

by using the fact that x =Ax+bu. The resulting state space model these cause an effective temporal variation in the gap that is a
of the complete coupled dynamics is given by (8) below. In (8), function of the speed of the vehicle and the spatial distribution
the vector u is the guideway motions at the 12magnet locations, of the guideway displacements.
s = [0 m 0lA and ct = [0 m 0lb. The inputs u are calculated as
averaged motions that are shifted in time by d/v where d is the II - GUIDEWAY VIBRATION
magnet location with respect to the front of the vehicle, and v is Details of the baseline "spline girder" guideway design

g

o 1 o o 1ooo] toool
._ot ki2 0 . _ ct ki2e_t [_ 0 kl CO4I] | T "'" _'12 c°s li JT
_=lqT- i--l ly _ xy

= 0 0 0 1 [0001 ... iO00l x+ Bu (8)

XI "
o _ o "'"

i=l-"W_ i=1"_

_o,_ m---"_" A [OhlOb... [oh

-¢--_- -_%--ff- [Oh A IO13... [ob

_o,_ a,_ [013 [Ob[ ob... A
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identified for the Grumman design is given in [4]. The vibration _

of the guideway is broken into two independent parts: heave and 0 1 ... 0 0

torsion. The model used to simulate the guideway dynamics as [!:]

a simple beam that is pinned at each of the support pillars. The •
pillars are assumed to be rigid, and there are no interactions q = = -co_ -2 _ c01 ... 0 0 q
between the guideway and the pilings, and soil ....

A.B,,dmgOyn mi. _ _o _o ....col-2;co5_
0 0o..

The underlying equation of motion that describes a simple o_ 0
pinned beam (the Bernoulli-Euler beam) is:

+ : : _(xn) f(xn,t) (15)

E Iy04z(x't) + c 0z(x,t) + pa 0½(x,0_ f(x,t) (10)
Ox4 Ot Ot2 0 ... 0

where: z(x,0 =vertical displacement as a function of time _ 0 c0] _

(t) and distance along the beam (x) with z(0,t) (10) and then multiplying by ¢_n (x) and integrating from x=0
= 0 and z(guideway length, t) = 0 (i.e. there is to x=guideway length. Where the forcing function f(x,,t) is
no motion at the beam ends) developed as follows. When the vehicle moves across the

E =modulus of elasticity of the beam material guideway, the force applied is distributed over the magnet
I = cross sectional inertia of the beam about the modules. Wehave assumed thatthis force is continuous over the

axis of bending (pitch) length of the vehicle, so that f(x,t) has the form shown in Fig. 6.
pa =mass density times the cross sectional area In the simulation the guideway is divided into 100 grid elements

of the beam - i.e. the mass per unit length of the (so that Ax is 0.27 m), and the time grid and space grid are made
beam consistent by assuming that At = Ax/speed. With this assump-

f(x,t) =loading (force) on the beam as a function of tion, the vehicle moves one Ax in one time At. The simulation
time and distance is for 1 second, so thatat the nominal speed of 134 m/s (300 mph)

c =viscous damping coefficient. At is 0.002 seconds. With these quantizations, and the assump-
tion that only the first 5 modes are significant, the discrete force

To determine the solution of (10), we assume that the isa 100by 500 matrix. In this form thefirst5 modes are modeled
displacement z is the product of a function of time and a function using (15), where the state vector q is the mode amplitudes and

of distance. Thus: their derivatives, and the matrix _,(x,) is a 5 by 100 matrix
n

z(x,t) = 2 An(t) _n (x). (11) [sin(0) sin( 7r Ax .) _ 1t30 Ax

i= 1 [ guide_v_y length .... sin ( )

• guideway length
When(11) is substituted into(10),themodeshapes _ (xn) = (16)

(_n (x) are the solutions of the differential equation: [sin (0) sin ( guideway_rAXlength) sin (guideway_1(30 AXlength)

d4_n (x)
rn_.o_ n (x) = 0 (12) created from the mode shapes as follows:

dx4 LI A structural damping ratio _ = 0.02 was assumed tbr 'aliof the
which, with the initial conditions given in (10), has a solution modes.

given by: The simulation of the guideway motion from (15)

(x) = sin i nxx I results in the individual mode amplitudes, and the actual dis-
[guideway length] (13) placements of the guideway are obtained from q by using

equation (11). Since this equation can be viewed as a matrix
The solutions for (_n (x) are called the mode shapes of product, the physical motions may be written as:

the beam. In (12) the frequency 0_ is given by:
10 00 ...00

( }4EI (14) z (x,t) = _(x,) a" (17)o_= guiden--_ylength _ oo 10 ...00 q

The resulting differential equation (15) for the time • • •

varying modal amplitudes q, is obtained by substituting ( l l ) into 0 0 0 0 ... 1 0 _
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1lF°rce f(x,t) Obs./fc) p Ix (_2{_(x't)ont_+ b al_(x,t)..+v. O J _x,t)ax"-I'_-- -
m(x,t) (18)

I_1_1_1_ where: ¢(x,t) = angle of twist per unit length
ilJ_l/_ p Ix = product of the mass density and the cross-

sectional inertia
G J = torsional stiffness where G is the shear

modulus, and for an isotropic material is
equal to E/2(l+v) and J is the polar moment
of inertia -v is the Poisson ratio for the

x = 0 material and E is Young's modulus

Time (t) m(x,t) =twisting moment applied to the guideway
x = guideway ieng t = 0 by the vehicle

b =viscous damping coefficient in torsion
Fig. 6. Force applied to guideway as vehicle moves across

Equation (18) is solved in exactly the same way as the
The resulting z(x,t) is a matrixwith 100rowsrepresent- bending equations. The mode shapes are slightly different since

ing the physical location along the guideway at increments Ax, (18) is second order in x whereas the bending equation is fourth
and 500 columns representing time at the interval At. A plot of order.

this displacement is shown in Fig. 7 (a). [ n _ x
The modes are:'/'2-sin _guideway length/and themode fre-

B. Torsional Vibration Dynamics
n 7g

The torsional vibration is modeled in the same way as quencies are:- = guideway length G_/__/J_.
bending.The torsionmodel is the"Saint-Venant"equation given

v p,,x

by: The resulting torsional vibrations multiplied by the
leverarm from the guidewaybeam center lineto thecenter of the

Maximum Displacement =

0.09 cm (0.035 Inches)[ FiveTorsionModeFrequenciesaxe:I
3.43, 6.86, 10.3, 13.72, 17.15 Hz.

_. _ time-t

position along
guidewa¥-x

(b) Tors,on Induced Displacement at Center of Rails

dis lacement z
5.3, 21.6, 48.5, 86.3, and 134 Hz.

time-t
position along
guideway-x

(a) Bending Induced Displacement at Guideway Center

Fig. 7. Bending and Torsion Guideway Displacements
Functions of Distance Along the Guideway and Time
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rail (to give heave motion) is shown in Fig. 7 (b). the variation will be around 0.15 cm (0.06 inches), and with
probability .99 the value will be less than 0.5 cm( 0.2 inches).

III. GUIDEWAY IRREGULARITIES Note that this variation can be positive or negative, so these step
irregularities are around the nominal guideway position.

The guideway irregularities are caused by the pier In the simulation, typically 8 guideway sections were
height variations, the variations created by the mounting of the modeled with independent sets of left and right steps at each
rails to the guideway structure, by variations in the camber that section. The resulting temporal variations seen by the vehicle
is added to the guideway to account for the vehicle loading, and when its speed is 134 m/s ( 300 mph) are shown in Fig. 8.
surface irregularities in the steel that makes up the rails. Each of
these is modeled as a simple stochastic process where the B. Rail and Span Angular Misalignment (or Ramps)
independent variable is the location along the guideway (x).
These spatial variation are then converted into functions of time The ramps in the rail and guideway are also a conse-
for the vehicle simulation by using the change of variable t = x/ quence of column height differences. This effect is modelled as
v (where v is the speed of the vehicle), follows:

A, Rail and Span Offsets (or Steps) ramp = s3(i-1) + ( s3(i) - s3(i-7) ) x/(guideway length) (20)

The steps in the rail from section to section are a where: s3(i) = the height variation at the ith column and it is a
consequence of the vertical offsets due to the installation of the Gaussian random variable with mean
rails on the guideway, and the manufacturing and installation zero and variance of 0,25 cm (0.1 inches)
tolerances of the pilings, the guideway support columns, and the x = the distance along the guideway segment with x
guideway elements. In addition, environmental effects such as going from 0 to guideway length.
frost, temperature, and settling affect the column heights. We This variation is assumed to be the same for the left and
have modeled these effects as a random step discontinuity in the right rail, and is also shown in Fig. 8.
rail at each column. The assumption is made that the right and
left rails are affected independently, so that each rail has a C. Variations in the Camber in the Guideway
discontinuity given by:

step left = s, Post tensioning of the guideway is used to counteract
step right = s2 (19) the loading that is applied to the guideway. However the

where: s is a Gaussian random variable with mean zero and nominal prestress camber that is applied may change as a
variance of 0.15 cm (0.06 inches), consequence of variations in the prestress, sagging due to creep

The Gaussian assumption means that most of the time and long term loading effects. The model for camber errors is:

Cmidcwa_ Camber C.midew.a_,Ram. _s

0.21 i iA!" " I 0.6

0 ....................l i !
 !i!!  iiii!!tliI .o.... iiiiii-o2_ i i v:

0 0.5 1.5 2 0 0.5 1 1.5 2

Time -t_:. Time -:_:.

0, .... _,,d Ri_.,a_ su_.. 02 L_.,_ V.ishLR,_dom_S_.
i----- I • .

i , • ,,._. 0.1

-OA ........ J............. i....
• ' -0.1
' '1 ! '

, ,I ! °
-0.2 -0.2

0 0.5 1 1.5 2 0 0.5 1.5 2

Time .t¢,¢. Twne -:e,:.

Fig. 8. Guidcway Irregularities - Camber, Ramps, Steps and Random
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yaw, and independently in roll. The combined guideway irregu-

_ larities shown in Fig. 8 and vibration induced motions shown iny = s4 Isln _x ]1 (21) Fig. 7, are averaged over a magnet module. This averagedguideway length

where: s( = Gaussi_ with zero mean and a variance of0..25 cm motion becomes the input to the magnet module - which
accounts for the fact that the forces applied by the magnet are

Figure 8 shows a typical set of camber variations distributed over the length of the module. Figure 9 shows the
modeled using (21). effect of this averaging. In Fig. 9 (a), the combined left and right

rail irregularities (combining the steps, ramps, camber, and

D. Random Roughness Irregularities roughness) are plotted vs. time (corresponding to a vehicle speed
of 134 m/s). As can be seen, the maximum deflection of the rails

The random roughness is a consequence of the manu- is about 1.5cm (0.6 inches). In Fig. 9 (b), the guideway vibration
facturing process for the rails. The guideway roughness is an seen at each of the servo locations is plotted. To obtain this
"exponentially correlated" random process that is modeled with motion from the guideway vibration shown in Fig. 7, the bending
the differential equation: and torsion induced vibrations are added together, and to deter-

mine the motion at each of the servo locations the combined
d._.y.y= _ T Y + _ o"white noise (22) motions as a function of x and t are converted into a function of
dx
In this equation, a is the desired variance of the process y, and t alone using the fact that x = xo+ v t where v is the speed of the
y is l/(correlation length). The correlation length is the distance vehicle and x0 is the location of the magnet module. Since the
over which y is related to its previous values (correlated). quantization in z and in t were made consistent with the velocity
Beyond 3 times the correlation length, these irregularities are v, theactualprocedurefordoingthisissimplyreadingthematrix

z(x,t) along the diagonal beginning at x = x0 . One last obser-
independent. Since the rail in our design is pinned to the vation about Fig. 9 (b) is that the vibration shown is due to eight
guideway at each out-rigger, and at points half-way between the
out-riggcr, the correlation length must be 2.3 m (7.5 feet) - the guidewaysegments. This is achieved by duplicating thebending
distance between the mounting brackets. In the model we have and torsion response of the single section that was simulated.Figure 9 (c), shows the combined motions from (a) and (b) when
used this length so that y becomes 1/7.5. The resulting rail they are averaged over the module length. The dramatic reduc-
roughness is different for the right and left rail, as isshown in Fig.
6. The variance in (22) is 0.1 cm (0.043 inches), tion in amplitude from a maximum of about 1.75 cm (0.7 inches)to a maximum of 0.125 cm (.05 inches) is a consequence of the

IV. SIMULATION RES ULTS distribution of the loads over the magnet module length, lt is this
feature - combined with the large gap size- that allows us to have

The 5 DOF simulation was exercised with the inputs good ride quality without a secondary suspension.
described atx)ve to determine the response in heave, sway, pitch, As a comparison, we were able to use the same dynamic

analysis to compare our design

(a) Left_ Rig,htR,tllrrcgs:.... 0.1 (b) .a_ Vib,,ti__AtS_o.L with one that uses a four point
i " ' ^^._ :'*,".,!::..... ,.:_ ..';" r....,..:,_ suspension and a conventional

o, • ".... [}_;'il_i _i_i _i:_i;,_!, spring, mass, damper suspen-

tI_ _ _t_i_ i_/__ i,_ ?_._1 sion (such as would be the case..... were the vehicle a wheeled sys-
.5 o.o4 ' , , " " tem) and a four point suspen-

.o.5 . . • "..... o. sion using magnets (such as

•)_ would be the case for an elecu'o-
o 05 _ z5 2 0 0.s x.s 2 dynamic suspension). These

Time-_. TL,r_ -,_. results are shown in Fig. 10. As
o _ (c) _ _,._. s,_,__,_s_o can be seen, the accelerations

for the four point suspensions

(,r)_ ............... ....... ;_'_i,,_:." ....... :......... :......... :......... :"........ (without secondary suspen-
: _' • : : : sions) are almost an order of
. , .'¢. ,," ,) . .

. * " • • ' ,.'_," ; '_ " " magnitude bigger than the ac-
celerations in our design.

The heave acceleration
-0 05

,) o2 04 06 0s i 12 1.# )6 _ power density spectrum (PSD)
Tt,_-,,-,:. results shown in Fig. 10 where

Fig. 9. Guideway Irregularities and Bending/Torsion Induced plottedon a 1/3 _tavc frequency
Motions at the Rails and as Seen by the 12 Magnet Servos band and compared u) the one
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hour vertical ISO comfort limits established for the SCD study, not require a secondary suspension system, with a significant
The results indicate that the vibration levels which the passen- concomitant weight savings. This weight savings directly
gers willexperience will be significantly below the ISO standards, translates into reduced guideway cost. In addition, the guideway
The conclusion therefore is that the only way the four point stiffness doesno have to be large in order tohandle the dynamic
suspension can achieve the ride quality requirements is with a loading because the load isdistributed. These two consequences
secondary suspension, whereas we have achieved better then of a distributed large gap design makes the overall Grumman
required ride quality without a secondary suspension, concept a very promising development system

Clearly, the ability to achieve the superb levels of
acceleration is a consequence of; 1) the large gap size we have REFERENCES
in our design, 2) the controllability using acceleration feedback,
and 3) the distributed loading on the vehicle and guideway. The [1] M. Proise ct al., "System Concept Def'mition of the Grumman
gap size is important because we do not have to follow irregu- SuperconductingElectromagneticSuspension(EMS)Maglev Design,"
larities that are as big a 1.25 cm (0.5 inches) since we have the to be presented at the Maglev 93 Conference, Argonne National
"headroom" to allow this gap error to be ignored. In the Laboratory, May 19-21, 1993, Paper No. OS4-4
Transrapid design, with a much smaller gap this is not true. [2]S.Kalsi,R.Herbermann,C. Falkowski,M.Hennessy,A.Bourdillon,

Wide gap step errors (up to 3 cre) where also invest,- "Levitation Magnet Design Optimization for Grumman Maglev
gated using this program and compared to results from a single Concept," to be presented at the Maglev 93 Conference, Argonne
axis non-linear simulation [3]. The two simulations confirmed National Laboratory, May 19-21, 1993, Paper No. PS2-7
that rapped changes in gap can be accommodate within control
authority limits of the servo. [3]R. Herbermann,"SelfNulling Hybrid MaglevSuspensionSystem,"

to be presented at the Maglev 93 Conference, Argonne National
V. CONCLUSIONS Laboratory, May 19-21, 1993,Paper No. PS1-7

The simulation of the vehicle motion demonstrates that [4] J. Allen, M.Ghali, "Innovative Spine Girder Guideway Design for
SuperconductingEMS Maglev System," tobe presented atthe Maglev

the use ofa distributed force with a large gap allows an inherently 93 Conference, Argonne National Laboratory, May 19-21, 1993,
smooth ride quality. This feature has allowed a design that does Paper No. PS3-1
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Vehicles for Superconduct!ng Maglev System on Yamanashi Test Line
(Except Linear Synchronous Motors)

Kikuo TAKAO

Vehicle Engineering Department, Maglev System Development Division, Railway Technical Research Institute,
Kokubunji-shi, Tokyo 185

Noriyuki SHIRAKUNI
Linear Express Research and Development Division, Central Japan Railway Co.Ltd.,

Chuo-ku, Tokyo 103

Abstract - A superconductive magnetic levitation (Maglev) Vehicles on the Yamanashi Test Line. We started a detailed
system in Japan has been developed to the extent that basic technol- design of vehicles and soon we shall fabricate new vehicles.
ogy is established on Miyazaki Maglev Test Track and now for the Here are outlined the Vehicles for Maglev oil Yamanashi

purpose of practical technology development the construction of Test Line and details of development of the experimental
Yamanashi Test Line is underway. This paper describes the light- vehicles for Maglev on Miyazaki Test Track.
weight bodies, lightened bogies with elastic support of supercon-

ducting magnets (SCM) for vehicles of Yamanashi Test line. II. Details of Development of the Vehicles
for Maglev SystemI. Introduction

A. MLIO0
Development of a superconductive magnetic levitation

(Maglev) system in Japan was started in 1962 by Japanese ML100 which was the first experimental small vehicle for

National Railways (J.N.R.). That was two years before superconducting Maglev system debuted in 1972 (Fig.l). lt
Tokaido Shinkansen Line between Tokyo and Osaka went had 4 seats. In 1972 ML100 succeeded in levitated running at
into a revenue service, a speed of 60 km/h on the Experimental Short Test Track in

We decided at once that tile next new high-speed train J.N.R.'s Kunitachi Laboratory. In 1975 ML100A succeeded

should be Maglev System. Then we began to study Maglev in levitated perfect non-conducted running.
System and at the same time to design vehicles for Maglev The results of repeated experiments by ML100 series made

System. us confident of the possibility of 500 km/h running.
In 1972 an experimental vehicle ML100 of superconductive That was the first step in Maglev system.

Maglev system succeeded for the first time in a levitated
running on the Experimental Short Test Track. In 1975

ML100A succeeded in a perfect non-contact run by SCM.

In 1977 the test run of ML500 took place on Miyazaki Test
Track of 7 km length. ML500 attained a maximum speed
record of 517 km/h in 1979.

We have made many experiments since 1979 on Miyazaki
Test Track by several different types of vehicles, which were
ML500, ML500R, MLU001 and MLU002.

And over 10,000 people including general persons tried a

ride on the Maglev Vehicles MLU001 and MLU002. The Fig. 1. ML100
experimental and trial run of manned vehicles proved the
safety of Maglev System and Vehicles. 1t. ML500

On the basis of those experimental results we have de-

,,'eloped and designed Maglev Vehicles for Yamanashi Test In 1975 we constructed Miyazaki Test Track with a length
Line since 1990. of 7 km.

Right now we have already decided configurations of In 1977 ML500 was fabricated for the new test track with
inverted-T shaped guideway (Fig.2).

This YamanashiTestLineConstructionProjectis receivingfinancialsup- ML500 attained a maximum speed record of 517 krn/h run

tx-)rtof theGovernment. on 21 December 1979. We could succeed in the experimental
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500 kmjh running only iii 7 years after taking the first step. higher than 350 km/h (Fig.4).

'":""'_% " _ D. MLUO02

In March 1987 the construc-
tion of MLU002 was finished

just before J.N.R. was priva-
lized and divided (Fig.5).

The coil distribution was

changed to a concentration style
from a dispersion style.

In December 1989 MLU002

Fig. 2. M15130 attained a speed of 394 km/h Fig. 5. MLU002

run.

C. MI, UO01 It had 44 seats for passengers. About 9,500 people tried a
ride oil MLU002. The number of trial riders of MLU001 and

In 1980 Miyazaki Test Track was reconstructed. The in- MLU002 including general people amounted to o,,'er 10,000

vert-T shaped guideway was transfi_rmed into U-shaped. persons. This testified to the ,safety of the `"chicle for Maglev
From 198(I to 1982 the manned vehicle MLU001 ,,,,,as system.

fabricated for the U-shaped guideway. MLU001 is a 3-car But unfortunately we lost MLU002 by a fire accident on 3
unit (Fig.3). October 1991.

Fig. 3. MI,U001

In 1986 MLU001, of 3-car s_a,._ ..... ,, Fig. 6. MIM002N

unit attained a speed of 352.4 _,
km/h. In 1987 MLU001 of 2- _ E. MLUOO2Ncar unit a maximum :,peed of
405.3 km/h run unmanned and _ '_'_' In December 1992 the latest vehicle named MLU002N

attained a speed of 40().8 km/h debuted on Miyazaki Test Track (Fig.6).
run manned. The trial ride on _S We designed it taking lessons from the fire accident. We

MLU001 carried about 1,200 chose kinds of material, structure of body and, bogie and

people in total, q:. equipment for fire-protection. For example, all-aluminum
MLU()()I also had an expert- _ body instead of FRP'use, non-combustible material in the

ment of an aerodynamic brake body, new aluminum wheels without using magnesium alloy,
system which wc had developed safety tires, use of fire-resistant hydraulic oil, fire extinguish-
to secure a reliable emergency ing appliances, fire warning systems, and so on.
braking at a speed of over 350 MLU002N newly has a pair of aerodynamic brakes as

km/h. "l"he brake works by emergency brake system and 12 seats for passengers.

aerodynamic drag of aerody- I To provide the magnetic cushion and the betlcr riding
namic panels which arc parts of Fig. 4. Experiment of aerodynamic comfort, each bogie has two different types of elastic support
the ¢nJtside plates of lhc body, brake on MI,U001 of SCM, one system which uses air spring and some links
which arc designed to bc lifted connecting a bogie and SCM (called "Link" system), and the

by a hydraulic system. The experimental results proved that other system which uses an intermediate bogie frame connect-
its braking force is effective enough for running at speeds ed lo the body and the other bogie frame is coupled to SCM
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Fig.7. Outlineof YamanashiMaglevVehicles

directly (called "Double Bogie Frame" system), lt was the first trial body for the commercialized Maglev
MLU002N's test runs started in January 1993. vehicle. It is made of aluminum and steel. The main part of

body is constituted of aluminum. Outside shell is made of
III. Vehicles for superconducting Maglev system aluminum shapes. And frames are made of machined

on Yamanashi Test Line aluminum plates. They are joined by spot-welding or rivet-
ing. Both ends of body are constituted of steel, because it is

A. Outline of Vehicles effective for shielding magnetic influence of SCM. The main
body and the end body are joined by special riveting.

Yamanashi Test Line is the last stage for making sure the The cross section shape of Hl-body is little different from
possibility of commercializ.ation of Maglev system. Therefore other 3 types of trial bodies.
we have to bear the revenue service in mind in designing new Hl-body was put to many experiments which gave many
vehicles. For example, seating capacity, service equipment, useful results. Experiments of Hl-body included static load
high riding comfort, etc. tests; vertical load test, compressive load test from both ends,

There are two train sets which will run at a speed of over air-tight load tesl, back and forth load test between body and
500 km/h (maximum speed of 550 km/h) on Yamanashi Test bogies, and so on.
Line, one of which is a 3-car unit and the other a 5-car unit.

Each train consists of articulated bogies (Fig.7).

B. Lightweight Bodies

The bodies must have their weight reduced as much as

possible and at the same time must have enough rigidity and
air-lightness for the riding comfort. The total weight of each
body including ali equipment is limited to less than 13 tons for
a middle-car or 17 tons for an end-car.

We have already developed 4 types of lightweight bodies
since 1989. Here is the present status of R&D.

--'[|["'<i"_. Gig.9. H2-body
2) H2 type body: Hl-body was still in the experimental

stage of developing a lightweight body. In 1990 H2 type body
named H2-body was fabricated, the length of which was 23.7
meters, that is 2.7 meters longer than H 1-body. lt is called

--_-,-- "long-body", which was the first trial long-body of Maglev
; vehicle (Fig.9).

lt is made of aluminum and steel, the same as Hl-body. The
main part of body is constituted of aluminum plates. Outside
shells are thin aluminum plates. Stringers and frames are

-_'_ machined aluminum plates. They are joined by ali spot-
_ welding. Both ends of body are constituted of steel for the

Fig. 8. The experiment of Iii-body same reason as Hl-body. The main body and the end body

are joined by special riveting, lt is a kind of semi-monocoque
1) ti1 type body." In 1989 H1 type body named Hl-body structure.

was fabricated, the length of which was 21.0 meters (Fig.8). The cross section of H2-body is a successive conical curve
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instead of circular curve, body and the end body are joined by special riveting, lt is
H2-body have been put as many experiments under the rather a semi-monocoque structure.

static load as Hl-body. Additionally it has been put to ali The cross section of H4-body is a successive circular curve
experiment for fatigue strength to prove its durability under almost the same as conical curves for H3-body.
repeated air-tight load. H4-body was tested the static load as many times as other

bodies. And it is now undergoing on fatigue strength under
3) IL:__pe body: Ill 1991 H3 type body named H3-body air-tight load.

was fabricated, length of which was as long as "long-body"

(Fig. 10). im_m_tw._,,,_,,_..-.-.,'_,t,,_,..,_,,,_'__
lt is made of duralumin used in airplane and steel. The main _,,..', ......._......... .... --_.._-_..,,_t_,-.--

'1¢i,_,".., ,',,' • ....t.. -_'_"

part of body is constituted of duralumin. Outside shells are • ...:.. ...
thin duralumin plates. Stringers and frames are machiued . ..-_
duralumin plates. They are joined by all riveting. Both ends of

body are constituted of steel and partly duralumin. The main _ ...,. _
body and the end body are joined by special riveting, lt is a
kind of sem i-monocoque structure. .-_--" _ "Double Cusp" style

The cross section of H3-body is a successive conical curve,
the same as H2-body.

H3-body was put to as many experiments under the static
load as Hl-body and H2-body./Mid it had an experiment for
fatigue strength, the same as H2-body.

"Aero-wedge"style
Fig.12. Nose-shapeof headcars

C. Nose-shape of tlead Car

Vehicles for superconducting Maglev on Yamanashi Test
Line have two types of nose-shape (Fig.12). One type is
called "Double Cusp" style and the other is called "Aero-

wedge" style. Both of them are superior in aerodynamic per-
Fig.10, ll3-body formance, especially in aerodynamic drag, aerodynamic noise

and micro-pressure waves of tunnel. We designed them based

4) 1t4 type body: In 1992 H4 type body named H4-body on the results of CFD analysis and some experiments in the
was fabricated, the same as "long-body"(Fig. 11). wind tunnel.

lt is made of brazed aluminum honeycomb panels and steel.
The main part of body is constituted of all brazed aluminum D. Bogies

honeycomb panels. Outside shells are the built-in aluminum
honeycomb panels with aluminum frames. Therefore not ally The bogies are also lightened. Additionally one type of them
stringers and frames are seen inside. They are joined by has to suspend the SCM elastically by air-springs for riding
welding. Both ends of body are constituted of steel. The main comfort.

"- "...... -Z"_i_ :;-_l "i't ][ If the SCM is quenched, the rubber tires must be able to run

--.s__----- " l!_:_li_,._:-;._ . The on-board contact-free power-collection utilizes the...... -_ _/-, _ "- electromagnetic inductance be_,veen the SCM aboard the
vehicle and the levitation coils on ground.

Under such conditions we are developing the new Maglev
bogies.

:_.--._:....-. 1) Elastic Support of SCM: The bogies for Yamanashi

Vehicles will have the elastic support system of SCM to
provide the magnetic cushion and the riding comfort.

Fig.ll. lt4-body The conventional bogie frame consisted of cross-beams and

--- 4 --
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side-beams connected with SCM directly and rigidly (Fig.13). fabricated some new trial bogie frames.
The elastic support of SCM called "Double Bogie Frame" The conventional bogie frame was made of aluminum plates

system u_s two different frames, one of which is intermediate and shapes. We have made R&D about material and constitu-
bogie frame connecting the body to 2 air-springs, and the tion of frame, whose candidates are ali FRP shapes, aluminum
other is SCM supporting frame connecting the intermediate honeycomb panels, ali riveting structure without welding, and
bogie frame to another 4 air-suspension (Fig.14). so on.

We are going to design Double Bogie Frame referring to the In 1991 we tried fabricating SCM supporting frame made
experimental result at Miyazaki Test Track using MLU002N. of brazed aluminum honeycomb panels. The side-beams of

the frame are welded box girders whose sides are brazed

aluminum honeycomb panels. The SCM frame was much_,,., A.x_,_ lighter in weight than the conventional frame of aluminum

_,,_"".._c""ts_"_ _5_,,t,_o,,w,_.tL plates and shapes. And its strength and rigidity were enough.

,,,,t_,_ j.. __"__ We are going to start a detailed design of bogies fi_rYama-

,_.,,_,,t_ _ nashi Vehicles.
_ _ E. Other Components

There are many special components of the vehicles for
superconducti_lg Maglev on Yamanashi Test Line. For

_Rco,,,_-r_,_ example, aerodynamic brake and wheel disk brake system,
f _. AUXJL.MRV

t_t_t,,,:_, _ _q.L__ _[_,_,_ suspension mechanism, auxiliary pneumatic tire wheels,
guide wheels, inductive power col:ection system, interior

Fig.13. Conventional Bogie (ML_) accommodation, fire warning and extinguish system, and so
on.

But we omitted many things on account of limited space ali
INTERMEDIATEr.OGIEFRAME over here though we would like to introduce a lot of equip-

_/R.__ _OI_ECTII'iG Under such conditions we are developing the new Maglev

t_ _ _e._ F._ORELAS'_ICc_SUPPORTING We gave on outline of vehicles for Maglev system onv II).. "_.,- ;--------- OFSeM Miyazaki Test Track and Yamanashi Test Line.
We expect to succeed in Maglev systein.

sem ..;. (.._.- ,_- _____

-'_/_j/"/_ _ _-------'_""">'__ REFERENCES
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Fig. 14. Bogie of elastic support of SCM APR.1991, pp.43-48

("Double Bogie Frame" system)

2) Lightweight Bogie Frame: The total weight of each bogie
is limited to less than 6.5 tons including SCM and ali equip-
ment. But it is difficult to reduce the weight of bogie frame,
because the structure of bogie frame is so simple that there is
no room for further reductiot_.

Wc have already designed lightweight bogie frame and
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Overview of Maglev Vehicle Structural Design Philosophy, Material Selection
and Manufacturing Approach

Paul Shaw

Grumman Corporation, Bethpage, New York

Abstract- The bask purposeofthis studywas toobtain a cost periods, saving energy and operating cost. Two modules
effective, manufacturable, technkally efficient baselinevehkle connected together comprise the baseline 100 passenger
structural design, conceptual design configuration that is suitable for inWxme-

The philosophyused in the studywas based on a pragmatic diate traffic volume. Additional modules, in increments of 50

vehicle building block approach employing an elemental 50 passenger blocks, can be attached to the 100 passenger
passengermodule. The module when fittedwith a noseand tall vehicle to build a train that will serve high volume markets.can stand alone and be usedduring low volume trafficperiods,
saving energy and operating cost. Two connected modules are The conceptualstructural design performed considered
suitable for intermediate traffic volume. Additional modules, such parameters as vehicle design specif'w.ation, size, shape
in increments of $0passenger blocks,can beattachedto the100 and material application. The preliminary design specifica-
passenger vehicle to build a train that will serve high volume tion developed served as a design starting point (Table I). lt
markets, was based on data described in the RFP, DTFR53-91-R-

The Initial conceptual design was based on a preliminary 00021 [1], andfederal report, DOT-FR-40024 [2], and indus-
vehicle design specification that included load and stlffnc._ try practice. The specification was upgraded as the vehicle
criteria, cabin sizeand shape, and provisions of theAmericans design evolved and load and moment data became available.With Disabilities Act.

The size and general shape of the passenger cabins was
largely driven by anthropometrlc requirements, seating com- II. PASSENGERCABINDEFINITION
fort needs, aisle width, cabin facilities, window arrangement
and primary suspension envelope. Based on these consider- Details oft he 50/100 passenger cabins for the conceptual
ations, a cabin area for the basic 50 passenger module was configuration are given in Fig. 1. The size and general shape
defined. The noseand tallcompartments wereaerodynamically was largely driven by anthropometric requirements, seating
designed to minimize drag and downward forces, comfort needs, aisle width, cabin facilities, window arrange-

As an Initialeffort to achieve thenecessary balance between merit and primary suspension envelope. Passenger physical
design drivers, such as, weight, cost and structural integrity, measurements for sizing cabin height and seat size were
aluminum and composite conceptual structural designs and based on a 98 percentile data base for U.S. men or aviatorsmanufacturing approaches for the cabin primary structure
were developed. (typically the group with the largest measurements) [3].

Table 2 shows _ comparison of selected anthropometricIn light of the similarity between the aluminum and compos-
ite structural weighL_and the fact thatalumlnum showsa stiffer measurements as d an example of how the measurements
structural design for the same weight, aluminum structure has were taken and a pictorial representation. Fig. 2 depicts
been selected for our baseline design. As usual, however, the application of the anthropometric analysis with respect to
final design will be a balance of cost, weight and cabin layout andinsidedimensions.

manufacturablllty. Seating comfort needs were established based on a review

of airline seating format [4]. Seat comfort depends on three
I. INTRODUCTION factors; seat piCh, which determines your leg room and the

space you have for reading or working, seat width describe
The basic purpose of this effort was to obtain a cost the space you have to sit in, and seedconfiguration tells how

effective, manufacturable, technically efficient baseline ve- seats are grouped within each row and affects comfort
hicle structural design, because it determines the proportion of middle seats. A score

The philosophy used in this study is based on a pragmatic of 100 represents the minimum seating dimensions that were
vehicle building block approach employing an elemental 50 judged comfortable for ali passengers in a full vehicle: 0.91
passenger module. The module when fired with a nose and m (36 in.) pitch, 0.56 m (22 in.) width, and a 2x2 configura-
tail can stand alone and be. used during low volume traffic tion. The width selected for our design, 0.61 m (24 in.) and

seat pitch 0.97 m (38 in.) augment the ranking while the 2x3

ManuscriptreceivedMarch15, 1993.The workwasperformedss configuration offset some portion of this enhancement
partof theEMSMaglevSystemConceptDefinitionstudysupportedby resdting in an overall comfort score equal to or slightly
de U. S. Army Corps of Engineers under contractDTFR53.92-C-00004 greater than 100. We expect from this analysis that the ride
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TABLE I

CONCEAL VF_HiI_-DESIONS_ATION

• Load Criteria

Floor: Nominal - 1436 N/m2 (30 ib/ft2)
Maximum - 4790 N/m2 (100 lbflt2)
Maximum Deflection- 0.38 cm (0.15 in.)

Exterior Panel: Pressures are low - it is anticipated that criteria such as clamage resistance and toleranc(
will be the design drivers for the gross acreage of the vehicle body

Roof: 4790 N/m2 (100 lb/ft2)
(Assume a 2 g vertical acceleration of vehicle for adverse conditions induces the
maximum compressive stress in rbe roof and maximum tensile stress along thebottom

Aerodynamic: Tip - 1.33 x 104 N/m2 (1.9 psi)
Body -2.66 x 104 N/m2 (-3.8 psi)

Crash: 5 mph bumper impact
Seat reswaint - 16 g

• Stiffness Criteria: Fundamental vehicle bending freq_lency > 6.5 Hz.
• Tilt Capability _+9degrees
• Temperature Range -73°C to +94°C (-100 °F to +200 "F)
• Weight Target (100 passenger vehicle)

Empty 51,863 kg (114.1 klb)
Payload 9,500 kg (20.9 klb) [100 passengers, average weight including luggage = 93.2 kg

(205 lh) + 2-3 crew/attendants = 181.8 kg (400 lb)]
• Seat Definition Configuration- 2x3

Width - 0.61 m (24 in.)
Pitch - 0.97 m (38 in.)
Aisle - 0.56 m (22 in.)

• Americans With Disabilities Space to store folded wheelchair, and provisions for restroom - satisfy requirements
of the Americans With Disabiliti¢_ Act

• Doors - 2/Side Width/door - 0.81 m (32 in.)[100 passenger vehicle]
• Service Facilities Similar to a 737-500 aircraft

• Storage Overhead compartments, vestibule closets and tail section
• Subsystems Located in chassis below passenger and crew compartments
• Primary Suspension System (100 passenger vehicle)

No. magnets - 48
Pole pitch - 0.75 m (29.6 in.)

comfort produced with this seating design would beaccept- above a point where the seatback will provide support.
able to all passengers. Selection ofthe 2x3 configuration was Extension of the seat by 5 inches would appear to afford
initially based on prior studies that showed that vehicle support for even very large passengers (e.g., 2012 98rh-
structural weight is minimized with a 5 or 6 seat configura- percentile male). This is depicted in Fig. 2 and requires that
tion [5]. the selected seat be modified so it may be used in this design.

A review of train and commercial aircraft seats was per- Entrance doorway, aisle, and vestibule area width dimen-
formedandledtoselectionofalargeseatequivalenttoa767 sions and service facilities were developed by review of
aircraft business class seat. The seat is designed tomeet static Federal Aviation Regulation (FAR) 25.815,49 CFR parts 27,
and safety requirements listed in Boeing Document 37, and 38, and examination of 737-500 aircraft cabin (108
D6T10782-1, and 14 Code of Federal Regulations (CFR) seats) drawings. The various design widths selected for our
Part 25 Amendment No. 25-64. A special focus of the seating vehicle meet (or exceed) the passenger loading/unloading
considerations was accommodation for the anthropometric and movement provisions of competitive short-haul aircraft
dimensions of current and future passenger population, service. Entryway and aisle widths leading to the Iu'st row of
Toward this end, estimates based on population dam were seats has also been sized for wheelchair bound passengers
made of anthropometric seating data. lt was seen in this and readily facilitates boarding and seataccess. The first row

review that the neck and head of the passengers (correspond- of seats (5) has been designed with a 1.1 m (42 in.) pitch to
ing to a 1992 98th-percentile male buuock-to-knee length) is provide additional space and to accommodate disabled per-
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Lavaumes G-ney Area for Motorized Wheelchw i.avatories Storage Areas
Storage Area Fold-down Seats

Fig. 1. Baseline configuration showing size and general shape of vehide, seating ammgements, cabin facilities, and location of doors and windows.

III. NOSE ANDTAR. DEFINITION
sons that chose to remain in their wheelchair or transfer to a
seat and fold/store their wheelchair/mobility aid. Clearance

space is made available with fold-down seats that may be The nose (crew compartment) and tail (large baggage
used when not occupied by a wheelchair or mobility aid user. storage area) are 4.9 m (16 ft) in length and have been
The general public service facilities are similar in size and aerodynamically designed to minimize drag and downward
number to those on a 737-500 aircraft. An accessible forces. Aerodynamic analysis dictated a design that brought
restroom, with the required clearance envelope, has also the nose leading edge closer to the guideway reducing the air

been provided for disabled persons. These features are scoop effect of a raised nose. Thetaileomparunentconfigu-
shown in Fig. 1. ration is identical in size and shape to the nose. No meaning-

A number of window arrangements were studied but only ful aerodynamic penalty was created by having a common

two configurations, two and five equal size windows ap- configuration. This approach offered the benefit of simpli-
peared to provide unobstructed passenger viewing. Other fying design and manufacturing operations. As a by-product
window representations produced partially obstructed view- of the nose design, additional space was created behind the
ing. Based on preliminary structural analysis considerations, engineer's compartment and in the tail section and is avail-
a window frame bulkhead approximately every 1.83 m (72 able for baggage storage. A 100-passenger vehicle, com-

in.) was specified, defining a five window configuration for posed of two 50-passenger blocks and crew and tail compart-
the baseline design, ments would be 35.4 m (116.2 ft) in length. For a 50-

Based on the above considerations, a cabin area for the passenger low traffic volume vehicle, the length would be

basic 50 passenger module has been defined (see [6],Fig. 2). 19.71 m (64.7 ft).
The internal dimensions are: height (head room) - 2.05 m (81

in.),width - 3.66m (12.0 ft),and cabin length - 12.71 m (41.7 IV. MATERIALSELECTION/MANUFA_G APPROACH
ft). The aisle width, 0.56 m (22 in.) and head room are
equivalent to or exceed those of a 737-500 aircraft. Seat Composite Cabin - The principal concerns associated
pitches of 0.97 m (38 in.) typical aria I. 1 m (42 in.) handi- with the selection of a baseline design concept for vehicle
capped are used to enstu'e adequate leg room. The service construction are weight, cost, and structural integrity. As an
area length is 2.6 m (8.7 ft) and includes a lavatory, galley, initial effort to achieve the necessary balance between the
storage areas and two doors -one on each side of the module, above noted design drivers, a conceptual structural design for
0.81 m (32 in.) in width. The doors are operated by an the vehicle primary structure was developed for subsequent
exterior sliding mechanism. When closed the outer surface evaluation. The cabin concept was designed as a foam-f'dled
of the door is flush with the exterior surface of the vehicle, sandwich structure, with internal frames and longerons at
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TABLE ii Acoustic analysis will assure that noise in
COMPARISON OF SELECTED ANTIIROPOMETRIC MEASUREMENTS the car will not exceed the noise stan-

Dimenslrm name: Silting height _ dards contained in 49 CFR, Appendix A

Subject sitJ erect, his head in the frankfort plane, !/t! _ to part 210 [7].

and his feet remdngon a surface adjusted mothat The plastic cabin has been designed to

his knees am bent al about fight angles with the maximize lhc use of adhesive bonding for
anthrcvometer arm firmly leeching the scalp.
measure vertically from 1he sitting mrfa_ to the assembly, thereby eliminating the cost

top of the head. associated with hole drilling and fastener

........ Survey Percentiles installation. As currently defined, ali
- composite details would be precured,

Group Year 3 $ S0 9$ 98 bonded as a subassembly (preferably us-
USAF'flying personnel 1967 34.44 34.70 36.65 38.80 39.31
U.S.adult- men 1960-62 33.45 33.66 36.06 38.35 38.76 ing a quick curing automotive type adhe-
U.S. adult-women 1960-62 31.26 31.46 33.82 36.37 36.37 sive), with subsequent "blow" foaming
U.S. Army women 1977 30.74 31.11 33.53 35.76 36.23 of ali internal cavities to complete the
U.S. Army avi_o_ 1970 33.41 33.73 35.79 37.91 38.46 assembly. An alternative method of

manufacture would use rigid foam,
precured frames and Iongerons, adhesive

discrete locations along the length of the vehicle and foam and uncured facesheets assembled in a
filled bulkheads at each end. Ali structural members utiliT_ single cocure operation.

advanced composites as the primary materials of construe- Aluminum Cabin - To compare the effectiveness of the
tion, predominantly glass/epoxy with selective use of graph- composite design, a conceptual ali aluminum structural de-
Re/epoxy or hybridized with lhc graphite for those locations sign for the vehicle primary structure was also developed for
which may require additional stiffness. Usage of low density subsequent evaluation. The cabin concept presented is
phenolic or polyimide foam as the sandwich core material designed as a built-up sheet and stringer, mechanically
efficiently provides the structural characteristics of overall fastened structure with internal frames and Iongerons, at
rigidity, facesheet stability, and shear continuity. In addi- discrete locations along the length of the vehicle and bonded
rien, the natural thermal insulating and acoustic absorption honeycomb sandwich panels for the floor. Ali structural
properties of the foam should preclude the necessity of members utilize either 2000, 5000, 6000 or 7000 series
adding .secondary systems to accomplish those requirements, aluminum alloys as the primary materials of construction;
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predominantly low cost 6013 material is used for both flat a high conductivity electrical path to dissipate a lightning
and formed sheet applications with selective use of alloy strike. Glazing and nose comlmrtment materials must meet,
7150 for those locations that requireadditional strength, e.g., at a minimum, the requirements of the 49 CFR, part 223 [7],
undercarriage beams, webs, etc. Because the aluminum in orderto protect passengers and crew from injury as a result

of objects, e.g., birds, projectile, etc., striking the windows or

built-up structure does not have the natural thermal insulat- leading surfaces of the vehicle. Existing CFR regulations are
ing and acoustic absorption properties of the foam, second- oriented toward relatively large object impacts. The high
ary systems must be included in the detail design to meet the Maglev vehicle spe_ introduces windshield and lead sur-
noise standards contained in49 CFR, Appendix A to part210 face vulnerability to impact damage from small objects, like
17]. birds and these impacts may be more analogous to an aircraft

The metallic cabin as currently defined has been designed than a train. Federal Aviation Administration aircraft glaz-
to maximize the use of automated drilling and mechanical ing requirements [9] need to be considered in modifying

fastening for assembly, thereby eliminating the cost associ- existing regulations for high speed Maglev systems.
ated with composite lay-up and curing. As an alternative
method of manufacture, because 6013 is weldab!e, some VI. WEIGHT BREAKOUT
sheet structure may be design to be joined by welding, saving
weight, and then mechanically fastened to the 7150 primary A preliminary structural analysis of the non-metallic com-
structural members, posite and aluminum sheet/stringer vehicle superstructure

and aluminum underfloor structure was performed to obtain

Nose & Tail, Fairings & Panels - For the composite aweightestimate. TheresultsarepresentedinTablellI. The
designs, the upper nose and tail skin structures are fabricated weight of the two designs are close to each other for several
from glass structure with either nomex honeycomb (phenolic reasons. One reason is the starting point chosen for each; the
resin bonded aramid fiber) or low density phenolic or composite design has a hat section frame whereas the alumi-
polyimide foam as the sandwich core material. Ali details num design has a Z section frame that is somewhat smaller.
would be precured, bonded as a sub-assembly with subse- The final selection will have to be integrated with the final
quent, if required, "blow" foaming of ali internal cavities to design and will include such considerations as running cable
complete the assembly. An alternative method of manufac- and retaining windows inplace. Another reason is thechoice
ture would use nomex honeycomb core or rigid foam, precured of materials for each application: graphite/epoxy would have
frames and longerons, adhesive and uncured facesheets been lighter than aluminum for the floor facesheets but
assembled in a single cocure operation. For the aluminum probably not be as wear resistant as fiberglass. Likewise, the
design, these details would be fabricated from easily formed shell sandwich skins would have been lighter if made from
alloy 6013 and the sections built-up by sheet and stringer graphite/epoxy but a lot more expensive than aluminum or
construction. For both designs, the assemblies are bonded/ fiberglass. As usual, the final design will be abalance ofcost,
bolted to the floor frame and to the cylindrical section of the weight and manufacturability.
passenger module.

The primary material for the lower removable nose and tail VII. STIFFNESS
sections, fairings, and suspension system side panels are low
density integrally stiffened glasslaminates. Details wouldbe Since the vehicle structure is lightly loaded, stiffness
precured and bonded as a sub-assembly, or as an alternative considerations become (other than in impact dominated
fabrication approach, uncured and assembled in a single zones) theprimary design constraint. To simplify the vehicle
cocure operation. An alternative design and manufacturing dynamic control problem, the fundamental natural frequen-
approach for the side panels would use low cost, easily cies of the vehicle structure should be higher than the
fabricated aluminum alloy 6013 in built-up sheet/stiffener guideway's first structural bending frequency of 5.4 Hz [10].
construction.

TABLE []

V. OTItER DESIGN CONSIDERATIONS COMPAIliSONOFEffrlMATKDSTIItlCTUI.ALWKI(]IIT

CompositeDesignAluminumDesign
Materials selected must meet acceptancerequirements StructuralElement Weight Weight

concerningfire and toxicity resistancethat, at a minimum, Kg (Ib) K9 (Ib)

complywith NFPA ]30, "Fixed Guideway TransitSystems" Superstructure 3061 (6734) 3103 (6827)
[8]. In addition, vehicle lightning protection would be Substructure 2795 (6149) 2795 (6149)
provided by incorporating the requirementsof NFPA 130 SecondaryStructure2305 (5070) 2305 (5070)
[8], asapplicable, into the design,andby bondingcopperor

Total 8161 (17,953) 8203 (18.046)aluminummeshto non-metallicexternalsurfacesto serveas
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A value of 10 Hz or larger would be desirable for the vehicle periods, saving energy and operating cost. Two connected
structure. Calculations based on the assumption that the modules are suitable for intermediate traffic volume. Addi-
vehicle could be represented by a uniform free-free beam tional modules, in increments of $0 passenger blocks, can be
supported at six locations along the vehicle length (denoting attached to the 100 passenger vehicle to build a train that will
the six pairs of magnet suspension units), determined a range serve high volume markets.
of vehicle bending stiffness and fundamental bending fie- The size and general shape of the passenger cabins was
quencies. These values are presented in Fig. 3. largely driven by anthropometric requirements, seating com-

Comparison of these El values with calculated values of fort needs, aisle width, cabin facilities, window arrangement
676 MN-m 2 (2.36x 1011 lb.in.2) for the composite vehicle and primary suspension envelope. Based on these consider-
design and 1713 MN-m 2 (5.98x 10! 1 lb.in.2) for the alumi- afions, a cabin area for the basic 50 passenger module was
num vehicle design, indicates that the composite design defined. The nose and tail compartments were aerodynami-
would be marginal with -8 Hz; the aluminum design accept- tally designed to minimize drag and downward forces.
able with --12 HZ. However, to allow for the preliminary As an initial effort to achieve the necessary balance be-
nature of the calculations and provide a larger margin, tween design drivers, such as, weight, cost and structural
particular for the composite design, the El can be increased integrity, aluminum and composite conceptual structural
by selectively reinforcing the roof with additional plies of designs and manufacturing approaches for the cabin primary
unidirectional graphite]epoxy, or for the aluminum design structure were developed.
adding stiffeners or a thicker outer skin, or simply for either In light of the similarity between the aluminum and com-
design, by increasing the stiffness of the substructure long- posite structural weights and the fact that aluminum shows a
erons and floor support beams. These design changes would stiffer structural design for the same weight, aluminum
result in a relatively small weight penalty which is accounted structure was selected for our baseline design. As usual,
for in the contingency factor, however, the final design will be a balance of cost, weight

and manufacturability.
VIII. SUMMARY
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Aerodynamic Analysis of the Grumman Maglev Vehicle

Michael J. Siclari*, Gilbert Carpenter* & Robert Ende .
Grumman Aerospace & Electronics Group

Bethpage, New York 11714

Abstract- The revival of interest in the U.S. in high- II. COMPUTATIONAL METHOD
speed rail technology has necessitated an increase in
attention to the aerodynamics of high-speed ground
vehicles. Maglev vehicles, in particular, present The computation of the Navier-Stokes flow over a
several unique aerodynamic problems due to their Maglev vehicle was undertaken using an in-house
very high speeds (~300 mph) and close proximity to finite volume code whose solution module was
a stationary rail or guideway. In conjunction with its
System Concept Definition (SCD) study for the originally developed by Prof. Jameson of Princeton
National Maglev Initiative (NMI), the Grumman [1, 2] and modified by Grumman [3] to include
Corporation has undertaken a three-dimensional general geometries.Navier-Stokes analysis in an attempt to better
understand the aerodynamic phenomena peculiar to The basic solution algorithm is a vertex-based
such a Maglev design, multi-stage, Runge-Kutta explicit time integration

scheme with local time stepping and implicit residual
I. INTRODUCTION smoothing to accelerate convergence. A multi-grid

scheme also is implemented in the code to accelerate
Grumman's concept for the Maglev SCD study is convergence. Without multi-grid, the computational

an EMS design incorporating a V-shaped guideway, time required for one Navier-Stokes computation on
superconducting magnets, and a modular design a 500,000-point grid would be on the order of ten to
approach (see Fig. 1). The design cruising speed is twenty hours on a Cray Y-MP supercomputer. The
300 mph (134 m/s), which corresponds to a Mach multi-grid scheme reduces the required
number of 0.4 at sea level. The basic aerodynamics computational time by an order of magnitude, and
analysis for the design study involved developing an reasonably converged solutions (i.e., three to four
efficient vehicle shape and calculating the orders of magnitude) can be achieved in one to two
aerodynamic loads and pressure distributions on the hours of CPU time.

vehicle, as well as looking at addition?.l phenomena An algebraic Baldwin-Lomax turbulence model is
such as vehicle passing interactions, tunnels, and used to account for turbulence in the flow. Unlike
aero-acoustic noise. A full 3-D Navier-Stokes other methods that include only viscous terms normal
analysis also was carried out in conjunction with the to the surface, the current Navier-Stokes solver
basic aerodynamics engineering analysis. Navier- includes ali viscous terms in the governing equations.
Stokes computations include the effects of viscosity, Future work will include studying the
compressibility, and turbulence. This paper implementation of a more accurate turbulence rnodel
concentrates on the details and results of this for this type off low.
preliminary computational study.

u OBHB BB B  ILA' _

(b) side view 3.8m

(c) cabin cross section

Fig. 1. Illustration of Grumman Maglev concept.
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III. GEOMETRICAL CONFIGURATIONS IV. COMPUTATIONAL GRIDS

In the study, two geometrical configurations were The computational grids were created using the
considered. The first model used the simplified GRIDGEN software on a Cray Y-MP supercomputer
geometry shown in front view in Fig. 2. This and a Silicon Graphics IRIS workstation [4]. Both
consisted of a flat-bottomed vehicle (representative models used similar grid resolutions. No attempt
of an Electro-Dynamic Maglev)with a small gap was made to model the magnets on either
over a moving ground plane. The ground plane was configuration. A cross-sectional grid for the
assumed to be infinite in extent relative to the simplified model near the mid-section of the vehicle

vehicle. The lower cross-sectional shape of the is shown in Fig. 4. A similar mid-section cross-flow
simplified model was basically a rectangle or a plane grid used for the more advanced model is
square with a sharp corner. The vehicle is shown in Fig. 5. Both of the half-plane
symmetric fore and aft, with the nose and tail turned computational grids used 468,149 points, with 121
up slightly. (The nose and tail shape may by seen in points wrapping circumferentially around the
Fig. 9.) vehicle, 73 points axially and 53 points radially. The

The second, more advanced Maglev model, advanced model was elevated on a rail, as shown in
representative of the Grumman design, is shown in Fig. 6. lt was extremely challenging to develop a
Fig. 3. The advanced configuration is elevated on a grid for the advanced configuration.
rail with the underside of the vehicle wrapping

around the rail. The advanced model has no sharp
comers in its cross-sectional shape. This model is
also symmetric fore and aft and employs a "drooped"
nose and tail shape (See Fig. 10 for the nose and tail
shape relative to the rail.)

iii

k :......................__+:v._ _;.Fi_................. (a) frontview

GroundPlane

m

Fig. 2. Front view of simplified maglev geometry.

• • • i , ,
'+ali .t/i .. _

l "'''" _ (b) isometric view !Rail Support

Fig. 3. Front view of advanced maglev geometry. Fig. 4. Computational grid at mid-section of simplified model.
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! V. BOUNDARY CONDITIONS

The computation of the Navier-Stokes flow over a
Maglev vehicle is distinguished by the ground effect
due to the small distance between the vehicle and the

ground plane or rail upon which it rides. Both the
air and the ground are stationary, and the vehicle is

::_! moving. As is typical in most CFD computations, the
vehicle is stationary with the air moving relative to
the vehicle. For the ground effect problem, the
typical (hard surface) no-slip surface boundary
conditions cannot be applied to the ground or rail

_,;::_:_............ , ::iii_ upon which the vehicle rides. The ground or the rail
also must move at a speed corresponding to the
freestream velocity. Hence, boundary conditions of
freestream velocity are prescribed on the ground
plane or the rail.

To accommodate this mixture of boundary
conditions, the outer boundary circumferential grid
line (shown in Fig. 6) was divided into two regions.

(a) front view For the simplified model, the part of the outer

boundary grid beneath the vehicle and extending
laterally outboard used prescribed freestream axial
velocity as the boundary condition. The remaining
portion of the outer boundary grid used
characteristic-based inflow/outflow boundary
conditions typical of a subsonic flow computation. In
the advanced model grid, the rail, the rail support,
and the portion of the outer grid corresponding to
the ground (see Fig. 6) were prescribed to move at
the freestream axial velocity, with the two other
components of velocity set to zero.

Note that the rail support was continuous and
assumed to be infinitely thin; thus, the rail support
coincided with the symmetry plane. Setting the two
other velocity components to zero is consistent with
the symmetry plane condition.

vi. RESULTS

Navier-Stokes computations were carried out for
(b) isometric view both the simplified and the advanced configurations.

Fig.5. Computationalgridat mid-sectionofadvancedmodel. In each case, the freestream Mach number was
prescribed to be 0.40, corresponding to

, approximately 300 mph at sea level.

ry A. Simplified Model

Fig. 7 shows several views of the computed flow
pattern about the simplified model. The flow is
characterized by a vortex shed by the rather blunt
nose of the vehicle. This vortex is caused by flow
separation around the nose of the vehicle and is shed

¢'5,_ _ axially, running along the side of the vehicle. There

_TRailandrailsupport ] also is significant flow spillage from the underside of

|

Y the vehicle. The flow pattern along the side of the
vehicle is quite complex and is illustrated in Fig. 7a

[ .... _ , GroundX'lane I by velocity vectors at an axial station cutting through
the mid-section of the vehicle. Actually, there are

Fig.6. Outerboundaryofcomputationalgrid foradvancedmodel.
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two vortices present. The outer vortex is caused by isometric view of the streamline pattern. Two large
the flow separating as it tries to turn around the nose counter-rotating vortices develop behind the vehicle,
of the vehicle. The second, inner vortex is caused by which is typical of any bluff body flow. The nose
the flow separating as it spills or emerges from the vortices and underside vortices ali merge into the
underside of the vehicle and encounters the sharp rearward shed vortices behind the vehicle.
underside corner of the vehicle's geometry. Fig. 7b
shows the streamline pattern looking from directly B. Advanced Model
behind the vehicle, and Fig. 7c shows a rear

Fig. 8 shows the flow pattern computed for the

. ,.-..iii_i_.._,,'-.'_i'.i,.),...,.,,,,, advanced configuration. Once again, the flow
• .. ",'..53,':" separates around the nose of the vehicle, and the

. . ..... vortex is then carried downstream along the side of

: i ili: ve ic,e,,oweversp ,,a e n ersideofthe vehicle is not apparent for this configuration.
. Fig. 8a shows velocity vectors at the mid-section of

, ' ", ._" _.--2.._ the vehicle, while Fig. 8b, c, and d show various
• ' ',, ' views of the streamline pattern. The flow pattern is
-., _:, somewhat different from the one previously shown

- _ _ _ for the simplified vehicle. Only one vortex, from
- - - flow separation around the nose, is apparent on the..-, .,..,

.- side of the vehicle. Flow separation does not occur
....., , ,, due to flow spillage from underneath the vehicle.

' ' ' ' "" There are two reasons for this. First, the underside
..- of the advanced vehicle wraps around the rail and,

"'._._ ---- hence, creates a natural channel for the flow. lt is
_-" _ _ possible that this characteristic of the advanced

(a) velocity vectors depicting two vortices on side of vehicle configuration might lead to the generation of a larger
normal force (greater positive lift). In addition, the
geometry of the advanced vehicle does not contain
the sharp underside corners of the simplified model.
As a result, secondary separation due to spillage
from the underside of the vehicle does not occur.

C. Recirculating Flow Regions

The flow behind the simplified model exhibits
flow separation and a significant amount of
recirculating flow. Air flowing over the aft end of
the simplified model actually gets sucked forward
underneath the vehicle (i.e., reverse flow) and
eventually gets turned back as it flows out laterally.
This is due in part to the curvature in the geometry
of the underside of the simplified vehicle. Fig. 9 and
10 compare the extent of recirculating or reverse
flow in the centerline plane for the two
configurations. Contours of negative axial velocity
are plotted just behind the aft ends of the vehicles and
in the symmetry planes. The dark regions on the
figures depict reverse flow or an upstream flow
direction. These regions are usually referred to as
recirculating flow regions. Fig. 9 shows the extent
of the reverse flow for the simplified model. A
significant region of reverse flow occurs below the
aft end of the vehicle. Fig. 10 shows a similar plot
for the advanced configuration. Here, the reverse
flow is concentrated in a small region on the upper
half of the configuration, while reverse flow below
the vehicle is not apparent. This indicates less flow

Fig.7. Flowpatterncomputedaboutsimplifiedmodel, separation at the aft end, which should result in
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(c) rear isometric view of streamlines (d) underside view of streamlines

Fig. 8. Flow pattern computed about advanced model.

lower pressure drag for the advanced configuration, along the side of the entire length of the vehicle.
lt should be noted that the reverse flow regions are This vortex could lead to additional drag, as well as
complicated three-dimensional volumes, and only undesirable noise levels for the occupants. The
centerline cuts of these regions have been depicted by characteristics of the flow also are very sensitive to
Fig. 9 and 10. the cross-sectional shape of the vehicle. The

simplified model indicated the development of a
vii. SUMMARY second vortex from the flow spillage and separation

around the sharp underside corners of the cross-
The Navier-Stokes computations have served to sectional shape. On the other hand, the wrap-around

illustrate several important aspects that should be rail configuration apparently eliminates flow spillage
considered in the design of a high-speed Maglev from the underside of the vehicle since it creates a
vehicle. The shape of the nose is very important in natural channel for the air trapped by the underside
retaining attached flow conditions on the front of the vehicle.

portion of the vehicle. Flow separation near the The amount of flow separation occurring on the
nose, as has been demonstrated by these aft end of a Maglev vehicle also is dictated by the
computations, causes a vortex to be shed running geometry of the vehicle. The design of a vehicle
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iii

Rail

.. :,.., _"

Ground Plane

Fig. 10. Centerline reverse flow region at aft end of advancedmodel. Fig. 9. Reverse flow region at aftend of simplifiedmodel.
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Dynamics, Stability, and Control of Maglev Systems

Y. Cai, S. S. Chen, S. Zhu, T. M. Mulcahy, D. M. Rote, and H. T. Coffey
Argonne National Laboratory, Argonne, Illinois 60439

Abstract - This paper presents an overview of the work on II. Dynamic Interactions of Maglev
dynamics o/"maglev systems completed at Argonne during the Vehicle/Guideway Systemslast two years. Specifically, vehlcle/guldeway Interaction and
ride qualily, active and semlacllve suspension control, and
stability analysis are summarized. To simplify the vehicle model, only vertical motions of the

vehicle are considered, based on the assumption that vertical
I. Introduction motion is dominant and that other motions can be ignored

when vertical motion is evaluated [2,4,9].
The dynamic response of maglev systems is important in For a flexible guideway, elastic deformation must be con-

several respects: safety and ride quality, guideway design, sidered. Attention is focused on vertical guideway deflection
and system costs. Dynamic response of vehicles is the key when analyzing vehicle/guideway interactions. The classical
element in the determination of ride quality, and vehicle BernouUi-Euler beam equation is used to model guideway
stability is an important element relative to safety. To design characteristics in virtually ali recent analyses of vehicle/
a proper guideway that provides acceptable ride quality in the guideway interactions.
stable region, vehicle dynamics must be understood. Fur- A multicar, multiload vehicle traveling along a flexible
thermore, the trade-off between guideway smoothness and guideway at a velocity v, as shown in Fig. 1, is considered in
the levitation and control systems must be considered if o_r mathematical model for dynamic analysis of vehi-
maglev systems are to be economically feasible. The link cle/guideway interactions. The car body is rigid and has a
between tile guideway and th_. other maglev components is uniform mass. The center of mass is consistent with that of

vehicle dynamics. For a commercial maglev system, vehicle the moment of inertia. Each car is supported by certain
dynamics must be analyzed and tested in detail [1]. numbers of magnets (or bogies) with linear springs and

This paper is a summary of our previous work on dynam- dampings, which fonn the primary and secondary suspen-
ics, stability, and control of maglev systems [2-8]. First, the sions of the vehicle.

importance of vehicle/guideway dynamics in maglev systems Simulations on the dynamics of a multicar vehicle are com-
is discussed. Emphasis is placed on modeling the vehicle/ pleted by using the model given in Fig. 1. Fig. 2 shows
guideway interactions with a multic_u" or multiload vehicle midspan beam deflections when multicar vehicles travel at
traveling on a single- or double-span flexible guideway. 100 m/s. In the parameter range considered in this study, no
Coupled effects of vehicle/guideway interactions in a wide matter how many cars are included in the vehicle, the
range of vehicle speeds and with various vehicle and guide- maximum beam deflection remains the same, but the duration
way parmneters are investigated [2-5]. of deflections increases as car number increases. Fig. 3

Second, the alternative control designs of maglev vehicle shows maximum displacements of the guideway midspan
suspension systems are investigated to achieve safe, stable when the multicar vehicle travels at various speeds. Again,
operation; in addition, acceptable ride comfort requires some results for 1, 2, 3, and 4 cars are the same. As in previous
form of vehicle motion control. Active and semiactive studies on the concentrated-load single-car vehicle, maxi-
control law designs are introduced into primary and sec- mum guideway displacements tend to increase as vehicle
ondary suspensions of vehicles [4,8]. speed increases [2,3]. Fig. 4 shows the Urban Tracked Air

Finally, the paper discusses the stability ofmaglev systems Cushion Vehicle (UTACV) ride comfort specification
based on experimental data, scoping calculations, and simple (ranging from 0-10 llz) for multicar vehicles traveling at 1130
mathematical models. Divergence and flutter are obtained m/s. Power spectral densities (PSI)s) of multicar vehicle
for coupled vibration of a three-degree-of-freedom maglev accelerations satisfy the ride comfort criterion.
vehicle on a guideway consisting of double L-shaped
aluminum segments. The thct_ry and analysis developed in III. Control Designs of Maglev Suspension
this study provides the b,'_,;icstability characteristics and iden-
tities the future research needs for maglev systems [6,7]. To achieve quick response and a high-quality ride over a

less-expensive guideway, control designs must be exploited
Manu._cript received April 23, 1993. This w,:wk was pacfially funded by the iii suspension systems. Moreover, with the assistance of sus-
lllimus Dept. _,fCommerce and Community Affairs, the U.S. Army Corps of pension controls, a rougher guideway surface could be u_d,
Engineers. and the Federal Railroad Adnfinistration through interagency
agreements wllh the Ir.S. Deparlment t_f Energy. and the overall investment cost of tile guideway could be

reduced.
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Fig. 1. Model of muiticar, multiload maglev vehicle traveling along a guideway.
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Fig. 2. Midspan displacemenu of guideway for multicar vehicles with eight Fig. 4. PSD of car body accelerations when muiticar vehicles with eight
magnets on each car and traveling along the guideway at 10Om/s. magnets on each car travel along rh.. guideway _x 100 m/s.

6.0 -.- , " - - , • • • , • • - _ • • - , - *

A one-dimensional vehicle model with two degrees of

e _ l¢_,,,h_c_e ...... 3¢_ve,ic,e freedom (Fig. 5) and consisting of two lumped masses mp
_" 5.5 .... 2 car vehicle ........ 4 car vehicle

_ withS_r_,_,,on-_¢h_ and ms, two linear springs kp and ks, and two viscous damp-
_ ings Cpand Cs, representing primary and secondary suspen-
o= sions, respectively, is used in the control synthesis of maglevE 5.0

_ systems. The passive parameters of the German Transrapid
_ "_. Maglev System TR06 are utilized for analysis in this study

__ 4.5 because no other Transrapid data are available in the
literature [10-13].

An active primary suspension system is suitable for maglev
4.0 . , , i . , . I . . . l . . . I , , • i . , ,

vehicles [14]. Such a system provides continuous or discrete0 20 40 60 80 100 120

variation in effective spring constants and damping coeffi-
Travelingvelocity,m/s cients, according to some control law that may be designed in

Fig. 3. MaxilllUlllnfidspan displacenlent._ ofguideway whenmulticarvelfi- software rather than hardware. In the approach used here, the
cles widl eight magnels on each cat travel along the guideway at various

speeds, force element can be realized with a linear electrohydraulic
actuator that connects magnet and bogie in the primary

To investigate the unprovement of the dynamic response suspension (see i:;g. 6). A position sensor detects the air gap
and ride comfort of maglev systems, different control designs between magnet and guideway, and an accelerometer,
(active and semiactive) are examined in this study. For most mounted on the bogie, detects bogie motion. The resulting
control-law synthesis, it is desirable to work with linear dy- signals are processed by the controller according to designed
namic models of low order. A low-order maglev vehicle control law in software, in turn causing the actuator to ensme
model, wi,_ch may be selected as a two-degree-of-freedom that the air gap does not exceed specific tolerances within the
quarter-vehicle model representing primary and .secondary safety margin and that the acceleration PSD of the suspension
suspensions, is necessary in control design to formulate a reinains as low a.s l'Xlssible iii the specified frequency r,'mges
low-order controller, in order to guarantee g_ ride com_ort.
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In this study, an active feedback control path is applied to [ ....._ky,
the simplified vehicle model, providing a less complicated m,

control model. A lag-lead regulator is designed in the inner ,__| +

feedback path for the primary suspension (see Fig. 7).

lt is noted that the active primary suspension system does k, c,
not damp the excessive overshoots of the secondary suspen-
sion in the transient response and the frequency response. To
achieve the desirable limits of the overshoots and the settling
time, a semiactive control is introduced into the secondary mp _ yp
suspension.

Semiactive suspension controls using a "skyhook" damper ,. "_ ,11./
(Fig. 8) offer a considerable advantage in terms of trans- kp -'-- cp
missibility control, lt can be constructed, without the need
for an inertial reference, with an active element under feed-
back control. This can be done by a proportional control law
involving the absolute velocity of the mass. lt was proved
that semiactive control with the skyhook configuration can Fig. 5. One-dimensionaltwo-degree-of-freedom vehiclemodelwithprimary

increase the damping factor and that the resonant peak is andsecondary suspensions for maglev systems.
suppressed while high-frequency transmission is simultane-
ously reduced [15].

Based on the principle of semiactive control of the sec-
ondary suspension, a feedback control path Kss (active Acceleton_et..l: I

damping) is added to the secondary suspension (see Fig. 7). I Bogie .2ri_ [ li

The detailed parameters are given in [4]. The PSD of _ I_Yu_21_IH _aTv_ _

vehicle acceleration with both primary and secondary Actuator

feedback control is shown in Fig. 9. Ride comfort is much i
reproved.

Figs. 10 and 11 show the transient responses of the primary
and secondary suspensions with a unit-step input of guide-
way disturbance. Figs. 10 and 11 show that activeandsemi- i I

active control designs indeed improve vehicle response and [ Mu.net ]

provide acceptable ride comfort. /,,,'1////.,,'////,,-//,¢1//- _ Positionsensor
Guideway surface

IV. Dynamic Stability of Maglev Systems
Fig. 6. Active electro-hydraulic system.

For safety, maglev systems must be stable. Magnetic
forces are basically position-dependent, although some are
also velocity-dependent. These motion-dependent magnetic

Kp(s+_
(s+b)

Fig 7. Block diagram for two-degree-of-freedom vehicle model of maglev sy._tem with primary ar_asecondary su._pension feedback controls.

267



forces can induce various types of instability. Moreover, the l.so

periodic structure of the motion-dependent magnetic forces :-, i
may in some cases induce parmnetric and combination i.25 ......_;x" .......i........................................................

• •.....i.......l ......L _-.- _ : _ _
maglev systems and is based on experimental data, scoping
calculations, and simple mathematical models. The objective 0.75 ...........................................

is to provide some basic stability characteristics and to 8"

identify future research needs. . 0.50 .....i.......T.......i........................................................
Different vehicles are considered [6], in order to provide an "_ - ..:--..'FRO4

..... _....... .,....... !........................................................understanding of stability characteristics. Fig. 12 shows a 0.25

cross section of a generic vehicle on a double L-shaped 0.00 '--[-- _ i [ i ! _i ;_ ;i
aluminum sheet guideway. A vehicle-guideway structure 0.0 o.t 0.2 0.3 0.4 0.5

similar to tiffs was used by Coffey et al. [14]. Assume that Time,s
the vehicle travels at a constant velocity along x direction.

Fig. lO. Comparison of transient response yp of primary suspension with
Two permanent magnets are attached to the bottom of vehicle unit-step input of guideway perturbation for TR06 and a new system using
and provide lift and guidance force FLI, FL 2, FG 1, and FG2. active and semiactive feedback controls in primary and secondary

Assume at the initial state that h I = h 2 = h0 and gl = g2 = go- suspensions.

Based on magnetic forces and stiffnesses measured by the
experiments [6], the eigenvalues and eigenvectors of a 1.6 . .

i _ i . .
maglev vehicle on a double L-shaped guideway were 1.4 .......+r"q.......".........!.........._.........r ........._.........T.........

'i_i i i i i i
calculated with the theoretical model developed in this _- L2 .....r"!......V".........i..........i..........."........._.........T.........
section. Some very interesting results were obtained from _ r : _ ,,-_ _ _

those calculations. ! 1.o ....r ' i i i i
0.8 .._

0.2

0.0

I+ too.o..oT.Fig. 11. Comparison of transient response Ys of secondary suspension with

unit-step input of guideway perturbation for TR06 and a new system using

yp acdve and senfiacdve feedback controls in primary and secondary

mp suspensions.

Z

Fig. 8. Skyhook damper for ._econdary stx_pensions. ,_

10.2 ....... , ........ , ........ /
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Fig. 13 shows that eigenvalues of vehicle motion versus needs on magnetic forces. In addition, specific methods to
levitation height vary when guidance gaps are fixed (gl = obtain motion-dependent magnetic forces will be described in
g2 = Y" = 12.7 mm). The first mode coI shows an uncoupled detail.
heave motion; the imaginary part of the eigenvalue is zero, (4) Maglev may become a major transportation mode in
while the second and third modes are coupled roll-sway the 21st century. Because the cost for a commercial maglev
motions. Within the rm_ge of height h = 19.0 to 35 mm, the system is still very high, it is wise to consider dynamic
i,naginary p,'u'ts of tile eigenvalues are not zero. This indi- control systems before completing the guideway design so
cotes that within this range, flutter does exist for these that overall system cost can be reduced.
coupled roll-sway vibrations.
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Linear Synchronous Motor Design

Richard D. Thornton
Department of Electrical Engineering and Computer Science, MIT, Cambridge, Mass. 02139

Abstract - This p_er discusses the major issues that are in- This report focuses on the long primary LSM with an em-
voived in the desig_ ,_f a maglev Linear Synchronous Motor phasis on EDS, but with some discussion of EMS issues.
propulsion system. _t ts a short version of a more detailed report Many designs for EMS and EDS use the magnets that create
[11], except that discussion of power electronics, position sens- lift tO also create the field for the LSM. This implies that
ing, and control are covered in companion papers in these
Proceedings [12, 13]. Examples are taken from current designs there are two motors, which will be designated the port and
for U.S. application, starboard motors.

The currents in the guideway winding are controlled so as
to make the vehicie move at the same speed as the traveling

INTRODUCTION magnetic field, and hence the term synchronous motor. A
A linear synchronous motor is a complex system and its synchronous motor system includes:

design requires an integration of skills from many disciplines. • Windings in the guideway which produce a traveling mag-
The capital and operating costs of the LSM are significant pa- netic field;
rameters in the cost of a complete maglev system, and it is • A motor power distribution system that connects electronic
imperative to treat the LSM design as an integral part of the power controllers to motor windings in the blocks in which
complete system, lt is not possible to discuss the design ex- the vehicles are located;
cept in the context of other aspects of the system, so this pa- ° Electronic power controllers that convert fixed voltage and
per makes frequent reference to existing systems and the re- frequency utility power into variable voltage and frequency
cently completed System Concepts developed by 4 U.S. power that is applied to the windings;
maglev design teams. • A utility power distribution system that accepts utility

generated power and distributes it to electronic power con-
BASIC CONCEirI'S verters located at regular intervals along the guideway;

° A control system that provides the correct current wave-
Types of linear motors forms in the guideway windings according to vehicle force

The Linear Induction Motor (LIM) and the Linear and speed requirements, and also provides various protec-
Synchronous Motor (LSM) are both suitable for maglev. The tion and failure monitoring facilities.

LIM is not usually suitable for wide gap EDS because it has Propulsion dsfferences between EDS and EMS
unavoidable high losses and weight, so this report focuses on
the LSM. For an EMS system there is a limited area in the slots of the

Multiphase electric power can be supplied to windings on iron core that carries the magnetic flux, and the cost of in-
the guideway, called "active guideway" or "long primary" or creasing this area is quite high. Thus particular attention must
"long stator". The power can also be supplied to windings on be paid to the space limitations on the conductors and their
the vehicle, called "active vehicle" or "short primary" and insulation. The winding resistance and inductance are neces-
sometimes called "short stator," but since it isn't stationary, sarily larger than for EDS, because of the limited area and
stator is an inappropriate term. proximity to high permeability material. The block lengths of

The unpowered portion of a LSM is called the field and the EMS guideway must be reduced to limit the winding re-
consists of an array of magnets with constant field strength, sistance and inductance. This creates a requirement for feeder
These magnets can be conventional electromagnets, super- cables and wayside switching components.
conducting coils or permanent magnets. Unfavorable scaling For an EDS system the magnetic field produced by the ve-
laws make permanent magnets inappropriate at the power hicle is assumed to be created by superconducting magnets
levels required for high speed transportation. An electromag- with no iron in the magnetic path. Thus there are less severe
netic field can be used if the air gap is less than about 10 mm, limits on the size of the motor winding, and the area of the
but for wider gaps there are very large power dissipation in conductors can be tailored to the need. For example, we can
the field magnet windings because of basic material proper- use larger area windings where more motor thrust is required.
ties and limitations. Virtually ali Electro Dynamic Suspension The penalties for too large a winding area are a reduced field
(EDS) and wide gap Electro Magnetic Suspension (EMS) de- for the portions of the winding more distant from ,he field
signs use superconducting field magnets and an active source and a higher cost for the winding.
guideway linear synchronous motor, The German Transrapid Another important difference is the electrical excitation
TR07 uses electromagnetic field magnets with the guideway frequency. EMS designs have a shorter pole length and thus a
winding embedded in slots in the laminated steel rails on the higher frequency. Examples are the Transrapid design with a

pole pitch of 0.258 meters and the Grumman Team designguidcway. A System Concept proposed by the Grumman
Team uses a novel EMS design in which superconductors with a pole pitch of 0.6 meters. For comparison, the Japanese
carry the main field current, but normal conductors carry ac EDS design uses a 2 meter pole pitch, the Bechtel Team's
currents and are controlled by sensors that maintain the air USI design uses a 1 meter pole pitch, and the New
gap constant. Magneplane design uses a 0.75 meter pole pitch. The electri-

cal frequency for EMS can be several time.,:, larger than the
frequency for EDS and this increases the impact of winding

ManuscriptreceivedMarch15.1993.This workwassupportedin partby inductance and affects other system design parameters.
the U.S. Department of Transportation undercontractDTFR53-91-C-00070. Not only does EMS require a higher frequency, but the
Support from the Miq" EECS Department and Laboratory for presence of iron near the winding increases the inductance ofElectrromagncticandElectronicSystemsis alsogratefullyacknowledged.
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the winding, and this aggravates the impact of the higher frc- • The lower limit on motor voltage is determined by the
quency. One should not expect that an LSM design that is length of the propulsion field magnets, the motor width,
optimized for EMS will also be optimum for EDS. and the average magnetic field. In EMS designs it appears

that voltage constraints limit the choice to 1 conductor per
VEHICLE ATI'RIBUTES slot, and with long vehicles even then the phase voltages

can be over 10 kV. Problems of insulation suggest that for
In a maglev system people and freight are carried in a vehi- EMS the instantaneous voltage from a winding to earth

cle or train of vehicles that are coupled into a single unit that
is aerodynamically streamlined. In this paper the term vehicle ground should not exceed about 15 kV. For EDS there is noiron so for short vehicles there are more options; the equiv-
is used to mean either a single rigid structure or a tightly cou- alent of 2 or more turns per slot is possible.
pied set of cars that are not intended to be decoupled. System • With separate port and starboard motors it is possible to usedesign concepts for U.S. applications are based on point-to-
point travel with off-line loading; this leads to vehicles the two inverters, or the windings may be connected in series
size of a narrow body commercial jet aircraft with between or parallel so as to use only a single inverter.
100 and 200 passengers. Systems being developed in • In a guideway turn it is necessary to increase the pole pitchon the outside of the turn and decrease the pole pitch on the
Germany and Japan are based on the use of longer vehicles inside of thz turn. This change in pole pitch can limit thethat carry 600 to I000 passengers. The focus of this paper is
on designs with smaller vehicles that operate with short radius of turn that is acceptable.
headway. Motor performance limits

We assume a maximum safe operating speed requirement The motor performance is conveniently descJribed by show-
of 150 m/s (336 mph) and a maximum normal operating ing various limiting constraints on a plot of motor force F vs.
speed of 120 to 135 m/s (268 to 302 mph). For these speeds vehicle velocity u., shown in Fig. 1 for a typical EDS design.
we can estimate the vehicle propulsion requirements for dif- The force for level cruise is minimum near u = 50 m/s; for lower
ferent sizes of vehicles for level travel. The following table speeds the suspension dragdominates while for higher
gives probable values for minimum and maximum size US- speeds the aerodynamic drag dominates. In order to provide
style vehicles as well as for TR07. acceleration the force must be increased substantially, as

shown by the curve for a 0.1 g acceleration. Fig. 4 is based on
TABLE 1. "I'YPICALVEHICLEA'I"rRIBLrrES. the following assumptions: vehicle mass = 63.4 tonnes;

Parameter US min US max TR07 units aerodynamic drag = 39 kN at 135 m/s ,and proportional to the
length 26 51 51 m speed squared; EDS suspension drag = 10 kW/tonne,
width 3.0 4.1 3.7 m miscellaneous eddy current power loss = 150 kW at 135 m/sheight 4.0 4.1 4.1 m
sections 1 3 2 and proportional to speed squared.
coach seats 72 216 180 The plot of Fig. 1 can also be interpreted as a plot of motor
empty mass 30 60 90 tormes current vs. voltage, with the scaling constants determined by
loaded mass 38 82 105 tormes the motor design. To simplify the analysis, measure the motor
Fm @135m/s 18 48 53 kN current and voltage as the dc input to the power inverters.

Then, tbr example, if a design requires a dc motor current of
The numerical values are based on ranges of parameters in 1000 amperes to achieve a force of 100 kN, conservation of

some of the recently completed System Concept Designs and energy requires that the motor induced voltage be 100 volts
on published values for TR07 with some adjustment to make for every 1 m/s of vehicle speed. We can then relate limita-
the comparisons comparable. Fm is the motor thrust require- tions on motor current, voltage and power to limits on motor
ment for level travel. The motor force is proportional to the output thrust, speed, and power; these limits are shown by
motor current and tc the length of the magnet assembly which three curves in Fig. 1. The motor current limit determines the
provides the field for the motor. Some vehicle designs, such maximum thrust, the motor voltage limit determines the max-
as the EDS designs proposed by the Japanese and the Foster- imum speed with a slope determined by winding resistance,
Miller Team have superconducting propulsion field magnets and the power converter power output limit (if there is one)
over only about 25% of the vehicle length. Other designs, creates a limit on motor output power.
such as Transrapid and those proposed by the Grumman,

Magneplane and Bechtel Teams, assume the propulsion mag- 150 F, kN windin resistance limit_
nets run nearly the full length of the vehicle. The motor de- "_ "_
sign requirement is very different for these two cases. 125 0.2g thrust _.

IIII

MOTOR ATTRIBUTES 100 _ _,_--

Design alternatives 75 _

The power is specified by the mechanical requirements, but _,
there are possible tradeoffs between voltage, current, number 50 /

of phases, electrical frequency, and method of winding. This . _ _ level cruisetailoring is constrained by a number of practical realities: 25 ..,-.-- --" _"/
• The motor winding can have almost any number of phases.

Most designs use 3 phases, but there are very good reasons 0

to consider the use of more phases for an EDS design. 0 25 50 75 10_' mrs125 150
Fig. 1. Motor performance.
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Motor winding Motor field

The guidew_y has several phases of propulsion windings, For an EDS design the motor field is usually produced by a
each carrying the same frequency current, but with currents nonferromagnetic structure with superconducting coils. The
phased such that there is a traveling magnetic field that shape of the field in the plane of the winding controls the
moves at the same speed as the vehicle. A simplified winding forces acting on the vehicle. With proper design it is possible
diagram for a 3-phase motor is shown in Fig. 2. The wave- for the propulsion system to produce forces for ride quality
length _ is the distance between equivalent points in the peri- control as well as for propulsion [7]. For a typical design the
odic magnetic wave, and is equal to twice the pole pitch, average magnetic field in the plane of the propulsion winding
which is the distance between successive magnetic poles. The is in the range 0.5 to 1 Tesla.
three phase currents are ii, i2 and i3; the control of these cur- The motor field can create strong fields at significant dis-
rents is the key to controlling the propulsive force for the ve- tances from the superconducting coils, and this field can cre-
hicle. The force is proportional to the active width w, the av- ate a number of problems. The best way to reduce these ex-
erage vertical magnetic field in the transverse portions of the ternal fields is to use the smallest coil size possible and to use
winding, and the number of magnetic poles on the vehicle, a long array of equally spaced, alternating polarity poles; the

field then falls off exponentially with distance. In order to
achieve the full impact of this field reduction, it is necessary
to taper the field strength in the coils at the end of the array

,__ accelerationanddeceleratiOnpassenger

Acceleration is limited by the thrust available from the lin-
w ear motor, but it is also limited by requirements of providing

comfort. For U.S. applications it is expected that
some sections of the guideway will follow Interstate Highway

.___ _ Rights of Way, and vehicles will thus be subject to relatively
Fig. 2. One conductor per slot, 3-phase meander winding, frequent speed changes in order to negotiate turns with ac-

ceptable banking angles. This makes it necessary to limit ve-

For optimum motor efficiency, the current waveform hicle acceleration to values that are compatible with passen-
should have the same shape as the waveform of the induced gers standing and walking. There is some debate as to how
voltage in the propulsion winding, and this shape depends on high this can be, but a value of 0.2 to 0.3 g appears to be ac-
many details of the motor design. In most designs the induced ceptable and even higher values have been proposed.
voltage is very nearly a sine wave, but for some EDS designs Although still higher acceleration is possible with seated and
there can be up to 15% third harmonic voltage, and this har- belted passengers, the frequency of speed changes makes this
monic voltage actually reduces the peak motor voltage. By impractical except at special places, such as when stopping at
providing a third harmonic component in the current the per- a station. The cost of the propulsion system may also pose
formance of the motor is enhanced. Note that the winding acceleration limits.
must be constructed from many insulated strands in order to Fig. 3 shows typical acceleration and deceleration as a
avoid excessive eddy current loss. For most applications the function of the motor thrust. Note that for a wide range of
winding will be less expensive if constructed from aluminum speeds the vehicle drag is on the order of 0.03 to 0.05 g, so
wire. A typical design requires about 100 tonnes of aluminum quick estimates can be made by assuming the net p_opulsive
pcr km of guideway and can operate at 90% efficiency with a force for acceleration is 0.04 g less than the motor thrust. At
block length of 2 km. the higher speeds the motor thrust is primarily used to over-

come aerodynamic drag.
Under normal conditions the desire to achieve high ride

tlelical windings quality imposes both deceleration and acceleration limits, and
Most rotating superconducting machine designers have these two limits are usually equal in magnitude. Normal brak-

found that a helical winding is preferable to a conventional ing can be regenerative with most of the vehicle's kinetic en-
meander winding of the type shown in Fig. 2 [10]. To envi- ergy being convertexl to electric power that is made available
sion a helical winding, imagine that a wire is wound in a heli-
cal fashion around a cylindrical form. After the winding is 2 a,.m/s 2

finished, the form is removed and the winding flattened. A [ __. .... _ F=0.2gmulti-phase helical winding is wound by winding several in- 1 -,
tcrspcrsed helices. The result is a winding with substantially ,,.- 0.1g
lower inductance and, for most designs, lower reststance for /I'" ] _ _ '_,.
given conductor mass and field intensity. We believe that the 0 - 0 g
helical winding will be the winding of choice for most EDS _ -"----
maglev systems. Unfortunately, it does not work well when -1 - ,--------- ---. -0.1g
the winding must be embedded in slots in a laminated steel _" _
core, as in an EMS system. -2 __ ' r_,_,,

With a helical winding it is possible to create a winding ,_,,"- -- _"------
with an inductance to resistance ratio of 2 to 4 ms. IfL/R can -3 v, m,
be kept low, the electronic inverters will be less expensive 0 25 50 75 100 125 150
and more efficient [12]. Fig. 3. Acceleration vs. speed for different motor thrusts.
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for propulsion of nearby vehicles or, with some designs, in-
serted back into the utility grid. A companion paper [12] dis-
cusses the design of the power electronic system, including, 0.4 3
methods for achieving regenerative b,"king. " F, g

0.3
R=I

Unscheduled braking 0.2
Unscheduled braking will occur when the vehicle is re-

quired to stop unexpectedly because of a fault condition, but 0.1
the fault condition is within design limits. For example, if a
vehicle switches off the main line but the switch then fails, ali 0
trailing vehicles must slow down more rapidly than normal. 0 25 50 75 100 1 150
Since the headway has been chosen to allow for this type of
failure, normal regenerative braking would be employed and Fig. 4. Typical dynamic braking force vs. velocity for different R
the electronic inverter would provide speed control. For this

mode the linear motor should be capable of providing at least An LSM for an EMS system has too high an inductance to
0.25 g reverse thrust and, when the aerodynamic and mag- provide rapid braking, so other mechanisms must be used.
netic drag are added, the total deceleration will be on the or- TR07 uses eddy current brakes which induce currents in solid
der of 0.3 g. Where possible the passengers would be given a steel guidance rails. These eddy current brakes are used for
few seconds warning before being subjecte " to this level of most deceleration greater than about 0.05 g.
deceleration, but 0.3 g deceleration is commonly experienced System designers must reconcile the merits of rapid braking
in other travel modes and is assumed to be acceptable where versus the cost of building a stronger guideway and the risk
necessary to avoid accidents. For this scenario, and assuming of a faulty control system producing unnecessary rapid
typical aerodynamic and magnetic drag, the vehicle can be braking. An unnecessary application of dynamic braking
stopped in about 3 kilometers, could, itself, cause accidents! I believe that dynamic braking

For severe and very rare events, such as an unexpected and is desirable, but only if it is well designed and incorporated
major earthquake, braking rates in excess of 0.5 g may be into the system planning.
desirable. The active guideway LSM offers dynamic braking
as an option that should be carefully considered by system Fault tolerance
designers. Dynamic braking is created by connecting passive For any high speed guided transportation system it is im-
resistors across the motor winding. Then the voltage gener- perative that the system have a high degree of fault tolerance.
ated by the moving vehicle creates current and hence power This means:
loss in these resistors. This induced current does not have to • In the event of a minor failure it should be possible to oper-
flow through the inverter or any power limiting component so ate almost indefinitely with, at most, some modest reduc-
very high braking forces are possible. The major limits on tion in power. For example, a multi-phase motor can be
braking force are the resistance and inductance of the operated with some phases disabled.
winding ap.d the mechanical strength of the winding and ° More serious failures should be extremely rare, and it
guideway structural members. This mode can be made fail should be possible for a person or team of people to effect
safe because it does not require active control or a source of the repair in a very short time.
power. The power resistors and winding must not overheat • More common failures that can not be avoided by good de-
during the deceleration, but this is a one time process so there sign should have redundancy or automatic repair capabili-
is time for these components to cool down af, e.r the braking ties so that the system can operate at nearly full capacity in
event, spite of a failure.

A typical plot of dynamic braking force vs. vehicle velocity • No failure that can be reasonably expected should be al-
is shown in Fig. 4 and given by lowed to compromise the safety of operation.

Fm_x(u/Udp) ;tR • Some components can be expected to fail after several
Fdb -- - years of service. For these components there should be au-

1+ (u/udp) 2 ' u_ 2rcL tomatic monitoring to try and anticipate the failure, and
The maximum force, Fmax, depends on several design pa- replacement should be relatively rapid.

rameters and for a typical EDS design is between 0.25 and Other issues

0.5 g. The velocity at the drag peak, Udp, depends on wave- Redundancy is related to fault tolerance, but not ali systems
length, phase resistance R, and phase inductance L, as given with redundancy are fault tolerant, and vice versa. A require-
in (1). Ideally an unexcited block would be shunted with a re- ment for redundancy need not be very expensive. For exam-
sistor value chosen to provide minimum stopping distance ple, it is unnecessarily expensive to install complete spare in-
with no other action by the controller. For a vehicle with typ- verters; a modular design can allow a complete set of spare
ical drag coefficients and mass, dynamic braking can stop the parts to be built for a small fraction of the cost of a complete
vehlcL in less than 2 km. inverter.

The plots in Fig. 4 are for a typical design with a maximum All new transportation systems tend to change in their early
braking force of 0.4 g at a speed of 40 m/s (89 mph). By years as their strengths and weaknesses become more appar-
adding a series resistor with resistance equal to the winding ent. A maglev propulsion system should be designed with a
resistance (R=2 in Fig. 4), the velocity of the drag peak is view to allowing larger vehicles and closer headway when
doubled but the magnitude of peak drag force is not changed, demand warrants. It should also embody a modular design so

that weaknesses can bc corrected without total reconstruction.
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low for short vehicle headway distances when the vehicles
BLOCK SWITCHING AND POWER DISTRIBUTION are operating at reduced speed. There will be occasions when

some malfunction or weather condition requires vehicles to
Motor winding excitation control proceed at lower than normal speed along a portion of the

A generic block switching scheme is shown in Fig. 5. The guideway. If the vehicle spacing is forced to be more than
guideway is divided into zones with one or more inverter about 2 km, then the guideway capacity will be reduced at
modules for each zone and for each direction of travel. The speeds below about 100 m/s, and the entire guideway system
zone is then divided into blocks which are excited in se- will be disrupted by a slowdown in a small section of guide-
quence as the vehicle moves down the guideway. Switching way. A preferred mode is to allow reduced speed operation
devices, either mechanical or solid state, are used to connect with vehicles spaced as close as 2 km. This can be done by
the inverter to the appropriate block as the vehicle moves using the port motor for one block and the starboard motor
along the guideway. Feeder cables are used to transfer power for an adjacent block; at low speeds only one of these motors
from an inverter to an active block, is needed for efficient propulsion of a single vehicle.

Utility power distribution

_ (Vgh-) (Tgh') t'_ The utility power distribution will normally have the form
TTTTTTTT
f .,,_.ob. t.._ shown in Fig. 6, Substations every 20 to 50 km convert 3-
eeder cable I block ] feeder cable phase, high voltage utility power to lower voltages suitable

,,[inverters[ inverters[ for distribution. The power distribution can be either dc or 3phase ac with line to ground voltages in the 15 to 25 kV
"4 - range. Power is distributed along the guideway to wayside

zone inverters which generate variable voltage, variable frequency
Fig. 5. Zone control system, power for the LSM. This power system is similar to ones

used for conventional electrified rail and does not pose any
The zone length is determined by the minimum vehicle problems that have not been addressed in that context.

headway and the assumption that there will be an upper limit However, we believe that the alternative of dc distribution
to the number of vehicles per zone. The zone is then divided deserves serious consideration, lt greatly simplifies the ini-
into blocks with the restriction that no more than one vehicle plementation of regenerative braking and leads to lower cost
may be in a block at a given time. There must be at least one underground cables.
inverter, or inverter pair in the case of a dual motor system,
for each vehicle in a zone at any time.

The block length is determined by a number of factors. For _ high voltage transmission
an EMS system the winding resistance and inductance would III 3 phase, 66 to 230 kV III

be excessive for block lengths greater than about 0.5 km, and _ substation spacing 20 to 50 km,.. i?-1-1-_this implies the use of several blocks for each zone. For EDS Imvertersl- v linva.Twr_n
_.,Zonelength 4 to 20 kr_ _'-1it is possible to use block lengths of 2 to 3 km so one could _ _

make the zone length equal to the switching block length. For ac or dc
a high capacity system this may be a good design, but with
today's estimated traffic and for most U.S. locations, the
headway requirement will be greater than 4 km. Thus the
block length is usually less than a full zone, and some sort of
block switching is required.

Designers of the TR07 system envision headways on the Fig. 6. Typical power distribution.
order of 20 km, so they have used many blocks per zone and
long feeder cables. Our proposal for U.S. applications is to The choice of transmission line voltage is based on avail-
use a zone length of 3 to 4 km with inverters feeding power ability and power requirements. Lower voltages will lead to
either upstream or downstream to adjacent 1.5 to 2 km lower cost, but voltages less than fS kV will not have enough
blocks. This method eliminates the need for any feeder ca- capz.city for a high speed maglev system, and (.yen 66 kV sys-
bles, although some switching circuitry is required, terns may be inadequate. Voltages over 230 kV will lead to

In addition to block switching, there must be a way to ef- very high substation cost and should be avoided unless the
fect the gradual transfer of a vehicle from one block to the m_glev substation can share facilities with other IX_werusers.
next. Some designs have used leapfrog designs in which one "t'he choice of line-to-ground distribution voltage is based
inverter powers one block and a different inverter powers the on power levels and distribution distances. Most high speed
next block. Other designs have used a staggered arrangement rail systems use 25 kV the exception being the German ICE
in which a port motor is used to transfer the vehicle across a which usez 15 kV. The German Transrapid maglev design is
gap in the starboard motor, and vice versa. Our proposal is to based on a 17.3 kV, 3 phase distribution system that is com-
use a system analogous to a ship's lock in a canal, with solid mon in Germany. Studies have also a,-rived at line to ground
state switching used to control the passage of the vehicle voltages in the 15 to 25 kV range as the best choice for U.S.
through the electronic lock. This way there is no need for ex- maglev. The substations contain transformers and equipment
tta inverters. Whatever the method, it is imperative that ride for protection and control. For dc distribution the substations
quality is not degraded by having discontinuities in propul- also include a rectifier. There are options as to whether re-
sive force at a block boundary, generated power can be fed back into the transmission line

The determination of optimum block length is an important system and whether there is a voltage control capability for
systcm design decision and many factors must be considered, the distribution circuit.
For example, one reason to have short block length is to al-
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mand and is undesirable because it causes disturbing flicker Proceedings of the 1972 Applied Superconductivity
in electric lighting. Harmonic generation must be mitigated Conference, May 1-3, 1972.
by proper power circuit design and with filtering. The power [51 R.D. Thornton, "Design principles for magnetic levitation,"
flow-through issue must be addressed by preventing power Proc. IEEE, vol. 61, no. 5, May 1973,pp. 586-598.
from flowing from one transmission line to another via the [61 G.R. Slemon, R. A. Turton, P. E. Burke, S. B. Dewan ,
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strongly dependent on the energy consumption, so power us- 235.
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operator or the utility owns and operates the power distribu- [9] K. Heinrich, R. Kretzschmar, editors, Transrapid Maglev
tion system; with the former option the energy cost might be System, Hestra-Verlag Darmstadt, 1989.
30% less than the values given above. [10] J. L. Kirtley, "Air-Core armature shape: a comparison ofhelical and straight-with-end-turns windings," Proceedings of

SMIO0, Zurich, Switzerland, August 27-29, 1991.
ACKNOWLEDGMENT [11] R. D. Thornton, D. Perreault, T. Clark, Linear Synchronous

I wish to thank Ray Wlodyka, Frank Raposa and other staff Motors for Maglev, Report for National Maglev Initiative,
of the National Maglev Initiative for their comments and NTIS, January, 1993.
sug£estions. Thanks are also due to Dave Perreault, Tracy [12] D. Perreault, Power Electronics for Linear Synchronous,- Motor Propulsion Systems, these proceedings, May 19-21,
Cla;!_, Jim Kirtley, John Kassakian and Marty Schlecht of the 1993.
MIT Laboratory for Electromagnetic and Electronic Systems [13] T. Clark, Position Sensing and Control, these proceedings,
and several staff of the MIT Plasma Fusion Center. May 19-20, 1993.

276



Improvements of the Attractive Force Levitation Concept

H. W eh, H. May, H. Hupe, A. Steingr6ver
Institut fi.ir elektrische Maschinen, Antriebe und Bahnen

Technische Universit_it Braunschweig,
Postfach 3329, 3300 Braunschweig, Germany

Abstract - This paper deals with the use of air gap length becomes necessary. As the airgap length
controlled permanent magnets for suspension as a step has a significant influence on the participating power
to decrease the losses of the control coils. At nominal components, the dimensions of magnets, power
air gap these magnets are controlled with negligible electronics and batteries have to be increased as weil.
ampere-turns. Therefore the thermal stress of the To avoid also an additional increase of the vehicle
control coils and the electronics will be reduced, weight, special measures have to be taken. This can be

Maintaining the TRANSRAPID I guideway the realized by means of an excitation of the magnets with-
powerless permanent magnetic excitation enables out losses and the application of control techniques
operations at larger mechanical air gaps tlp to 20mm. which effectively suppress vibrations.

A new concept of an inertial gap control no longer
requires to employ the constant gap control scheme II. SCALING GUIDELINES

with its implications. The mechanical vibrations
transferred from the magnet to the cabin will be The weight of the magnet which consists of the iron
reduced. Results of a simulation show a considerable weight and the copper weight depends on various

improvement of riding quality, even without quantities. With a given vehicle mass and a given pole
intermediate spring frame, surface area determined by the long stator, the flux

density in the air gap has to be held constant when the
I. INTRODUCTION air gap size varies.

The ampere-turns varies proportional to the air gap

Contactless transportation with electromagnets is size. However the resulting quadratic increase in the
determined by attractive magnetic forces. They ohmic losses in the control coil also demands an enlarge
influence to a great extent the construction of the of the copper cross-section in the magnet. In order to
vehicle as well as the arrangement of the tracks. To maintain a constant current density, this copper mass
utilize these unstable forces for contactless transporta- must increase in proportion to the air gap size. The
tion, control and power electronics have to be installed influence of the leakage flux also increases
on the vehicle. The tracks have to be mounted on pil- proportionally. Therefore, to avoid an extra thermal
lars in a raised position as these forces can act only load of the magnet, the coil surface areas have to be
from underneath I11. This also means that the tracks increased appropriately, or additional cooling measures

inevitably bend under the weight of the vehicle because have to be taken.
of their limited stiffness [21. Additional disturbances of The iron volume has to be adjusteJ only to provide

the track tfr range of the mechanical air-gap can also be space for the larger coil, and to make sure that the yoke
caused by sunken pillars t_n weak sub-soil or by of the magnet is not saturated at ali operating points due
distt_rtit_n e.g. due to warming up caused by sunlight, to the increased leakage flux.

Tt_ maintain the quality _f magnetic levitation under
deteritu'ated track conditions an increase of the effective

I The Gem|m| High Speed M_|glcv Tnfin
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results from the idealized MAXWELLforce equation:
Ill. ENERGETICAL CONSIDERATIONS OF THE ELECTRO-

(1)
MAGNETIC SUPPORTING TECHNIQUES Fz = A_te 2 go

The magnetic energy stored in the air gap volume

of the vehicle is an approximate measure of the The total magnetic energy W,,,_g is determined by the
required technical expenditure, lt must be provided by gap volume and the air gap flux density (the energy
the energy supply and must be handled by the inverters stored in the iron and in me leakage paths are
and converters. Additionally recharging the magnetic neglected). Under consideration of (l) the following
energy in the air gap must be feasible, because at relationship for the air gap energy can be derived:
electrically excited magnets losses are always existent
and can not be avoided. In the EMS (electromagnetic W'=s -- F=m_ .60 (2)
suspension) technology this is, beside the control For example: to carry a vehicle of 100t (air gap
function, an additional task for magnets, inverters and 6o = 10mm) applying the EMS technology, an energy
batteries, of 9.8 LI is necessary to magnetize the air gap. Compa-

Also in the EDS (electrodynamic suspension) ring tb,e magnetized volume and the flux density of
technology the energy stored in the magnetic field EDS to that of EMS levitation systems, the required
determines the size of the required aggregates such as magnetic energies in the air gap are significant higher.
superconducting coils, batteries and cooling devices E.g. in the Japanese EDS vehicle MLU-OO2 approxi-
which compensate ti_r thermal insulation losses, mately 8700 ld of magnetizing energy is stored in the

With a given air gap flux density Bsm=xof an EMS superconducting coils [3].
system, the maximum support fi_rce Fa=x determines

the required pole surface area A_. This relationship p/w00 i,_.p,_ - W,,_ ..=_.

:, ! z,= _ sin,t <@ (01 80) _ (_

i
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Fig. 1: Eacrgy hahmcc ,,f an clcctrt,nagnctic suppl,rr system Fig. 2: Time behavior of the energy ¢x,:hangc at a sinu._fidal track
disturbance
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Before an evaluation can be made about the Although the magnitude of the ampere-turns is
components whose size depends on their power, the increased the magnitude of the required reactive power
complete energy exchange under dynamic load is reduced. The resulting direct component of the dec-
conditions ¢)f the levitation system must be investigated, trical power corresponds to the direct component of the
The fi,llowing simplifications were made: supplied mechanical power Pl. In the case of decoup-

ling the vehicle mass from the magnet by a spring-dam-
1. The track is supported by pillars and the girders are per system ( curve III ), the major difference to curve

bent sinusoidally. II lies in the reduced ohmic power losses ( - 02 ) which
2. The ,levitation system is approximated by a first is caused by smaller dynamic force amplitudes.

order low pass lag with a given cut-off frequency On real tracks the excitation consists not only of the

oa,,_g, basic frequency but also of frequencies of higher order
3. The vehicle mass is deccmpled from the levitation which have to be considered in the power calculations

magnet by a weil damped spring-damper system, proportional to _3.
4. The investigation is confined tc, the one dimensional Fig. 3 depicts the maximum and minimum values of

case. the electrical apparent power as a function of the
natural frequency of the control loop. In the frequency

The following kinds t,t" energy are inw,ived in the range lower than 10Hz the energy exchange with the

energy exchange" the magnetizing energy (W,,,,g) in the battery increases whereas the ohmic losses reduce in
air gap volume and the kinetic (Win._) and the potential proportion to the natural frequency. With an inertial

energy (Woot) of the levitation magnets and of the control Cplatform riding", natural frequency = 0Hz)
vehicle (Fig. 1). Input quantities of the system are the only the ohmic losses and the reactive power fi)r the
electrical power P_l which is fed into the control coils magnetization of the leakage inductance have to be
and the mechanical power P_ which is, in the one provided. The dotted lines show the same quantities for
dimensional energy model, transferred to the system by a heavy magnet (33 % of the vehicle weight). Therefore
the _)scillating tracks. In the real vehicle this is the application of permanent magnets is appropriate to
equivalent tr) the interacti_)n with the energy of
propulsion. From the balance of power ............... mvdaiele/ mmag" 5

0 ............... m vdaide / mmag = 3

w + + W ,=ft'e, dt+fe, clt (3)
P.lWo .......................................................................

signi,'Icant characteristics _)f the system can be !iiidetermined. [1/sec] ° '_'_!::_::-[[[i -- '
Withcmt detailed km_wledge abc)ut the electro- '....

-5 "''"....

magnetic characteristics of the levitati_m magnet, but ........ rain". ..........................................................

with the masses, the cut-off frequency of the levitation -,o

system _a,,_g and the natural frequency Oavehicl e and ,.,

damping Dvehicl e of the magnetic suspensicm, it is
possible to deter.nine the supplied electrical power as a max
function _)f time as depicted in Fig. 2. An additional ....
power c_)ml_t)nent due to the ohmic losses and a (0/00) 2 ............

mean
reactive power c_)mptment due tc_the magnetization of ,
the leakage inductance must be considered .... ,.,.:.--..--..--_-.-.-.......................................

Curve 1 depicts the results assuming the air gap tt_ rain
be held absolutely ccmstant. Both, the mass of the
magnet anti that (_f the vehicle act as one unique b_tly, o ............................

0 _, 10 _:, ,_'0 _ml,

The supplied electrical pt)wer directly equals the f [Hz]
variatit)n t)f the magnetizing energy. In curw 11 the tmg
dynamic lag of the ctmtrol system is taken into account.

Fig. 3: Influence of the cut-off frequency to the cnergy exchange
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reduce the h_sses in the resistances which depend on the

magnitude _)t"the ampere-turns. (BH) m_ E3 (BH) m_ / 13 _

IV. PERMANENTLY EXCITED LEVITATION MAGNETS 400 NdFeB
50

The significant ohmic power losses at large air gap _ :ii:i:::i::iiii: j
sizes can he reduced by permanent magnetic excitation mS i!i;!i:i!!_!!ii "_
of the levitation magnets 141. In this case the required !i!!ililili:::::.::

:!':::!:fill:! 30

amount _f permanent magnet material can be evaluated 2oo ii_i_:i_:iii
by an investigatMn of the energies. NdFeB .:.i::!!iii::!::

Contrary to the electrical excitation the permanent _l_ticbound) ........:ii:ii!fillI:,::,..:.:. LR)

magnet has an internal magnetic resistance. This is loo Ferrite _ iiiii!::_ii::iiiii_i:i:.ii_:::i:i 10

equivalent to the statement that at most 50% of the [_i! 1 :_:::::_i:::_i::_:::::::::::::::

i!iiiii!i!ii_!

"free energy" provided by the permanent magnet can be _::_:_i_::_!_:
transferred to the air gap wflume. The theoretical
maximum value of the relation between the mass of the

magnet _nd the mass of the vehicle is given by: Fig. 4: Energy deasity ,_f pennanent magnetic materials

me-----M_ = 2" meM

mvchicteth¢or ( B'H)max -
Ill vehicle m vehicle ) theor

(4) (5)

l_ B_
sec2 • 1 + 1 .8"b,'(B'H)_ax' •

mvehicte "g Br

Considering also the leakage flux of the permanent

magnet with a leakage c_mstant of bo = 0.03m the Advanced high energy magnets (NdFeB) provide an
relati_m between the masse_ must be reduced by a factor energy density of up to 340kJ/m 3 and an energy to

weight ratio of (B'H)m,,x/OpM = 45J/kg (Fig. 4).
oepending on the design of the magnet. Assuming a vehicle mass of 2t/m and an air gap of

• !

Control Coil Permanent Magnets

Fig. 5: Pcnn=tncnt magnetic cx_:ilcd ._u.,,pcn.,,i_,nsystcnt (l_,ngitudinal sccti, m)
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Table I' Data of the contrullcd pcmument magnet

V. INERTIAL CONTROL

air-gap 16 18 mm
height of the PM 15 17 mm As shown in sections I. and II. an increase of the

ampere-turns 2.5 2.8 kA air gap length results in an significant increase of the
Fr,,_ 3.3 3.3 kN weight of the levitation magnets. Theretbre it becomes
mass of the PM 1.65 1.85 % more suitable tbr the control, from the energy point of
losses per pole 58 73 W view, to aim for an average air gap level instead of

following the periodic oscillations of the track (Fig. 1).
The energy exchange of an inertial control is similar to

2 cna, only 1.8 % of the vehicle mass is required for the that of a control with a k_w natural frequency as shown
rnass of the permanent magnets, in Fig. 3.

Permanent excited magnets offer the possibility of However the control system must still be able to
increasing the air gap length up to 2 cm because of their compensate for transient disturbances of the track (e.g.
i_ssless excitation. Fig. 5 shows the flux plot of the on slopes), and the levitation magnet has to follow these
combined levitation and propulsion technology. The deviations almost immediately. For this reason sup-

permanent magnets are arranged in a V-shape to reduce pressing the exciting frequencies by a band elimination
the leakage flux at the back of the magnets. The data filter or a "soft" control setup is not suitable, hence a
ti_r the magnets are given in Table 1. "hard" inertial control scheme should be used to avoid

Tt_ maintain the safety of operatior_ the support inadmissible gap values.
magnet should be divided into several independent The control structure shown in Fig. 6 is based on a
control units. Permanent magnets achieve the same state control concept which is supplied with a variable

reliability as electrically excited magnets by a air gap request. The frequency and magnitude of this
modificati_m of the inverter arid by adding extra request equal the periodic oscillations of the tracks. A
independent de-excitation equipment, disturbance detection system calculates and adapts this

request by means of an analysis of the acceleration of
the magnet. The supervising logic observes the air gap

 ackii
.... c ent

con o.,  ve or magnet
state values mech.

forces

ref. value

supervising I ,. refi Va!ue!i 'i;i vehicle
logic .... .............. acceleration

Fig. (_: Bh,ck diagnuu t,f the inertial gap c_,lllr,,l
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inertial control control strategy with constant gap
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Fig. 7: Simuhtted bchavi_,r _1" lilt: inertial gap c,mtrt_i

length, and when the ctmtrt)l ernlr exceeds specific Furthermore this strategy leads to an improved riding

limits, the reference input can be switched, quality with non vibrating magnets. Therefore the
The curves depicted in Fig. 7 are the results of a magnets can be connected to the cabin without the

simulatit)n. A sinusoidal 5 Hz t)scillatit)nwas applied tr) additional spring frame which is normally used tbr
simulate the periodic disturbances t)f the track, and at isolating the cabin frame from mechanical vibrations.
time t_ an additi_mal ramp disturbance was Design and construction of the guideway are less
superimpt_sed.The p¢lsitivecharacteristics t)fthe inertial determined by comfi)rt requirements yielding reduced
ct)ntrol nt)t only determine the energetic behavior ()fthe track costs.
magnet but also significantly reduce the tendency t)f the

vehicle b_)dy t() fi)llt)w the unevenness til the track. VIi. REFERENCES
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Technical Assessment of Maglev System Concepts

James H. Lever
U.S. Army Cold Region,_ Research and Faagineering Laboratory

Hanover, New Hampshire 03755

Abstract - This paper presents an overview of the methods
and results of the Government Maglev System Assessment. Transrapid 07
As part of the National Maglev Initiative, we examined the
technical characteristics of the NMrs four contracted system TR07 is an electromagnetic system (EMS) using separate
concepts, the French TGV high-speed train and the German sets of conventional iron-core magnets to generate vehicle lift
TR07 maglev prototype. In general, the U.S. concepts offer a and guidance. The non-tilting vehicle wraps around a T-
potential for higher performance at similar cost compared shaped guideway. Propulsion is by a long-stator linear
with TR07. Ali five maglev concepts offer a large synchronous motor (LSM). Attraction to edge-mounted
performance advantage over TGV. guideway rails provides guidance; attraction to the stator pack

beneath the guideway generates lift. Control systems

I. INTRODUCTION regulate levitation and guidance forces to maintain small (8-
10 ,nra) air gaps. TR07 has demonstrated s-.,d'eoperation at

The Federal Government organized the National Maglev 120 m/s at a test facility in Germany and is capable of 134-
Initiative (NMI) to determine whether it should actively m/s cruising speeds. The TR07 guideway uses steel or
encourage maglev investment. As part of this effort, the NMI concrete beams constructed and erected to very tight
awarded four System Concept Definition (SCD) contracts to tolerances. Its switch is a bendable steel guideway beam.
teams led by Bechtel Corp., Foster-Miller, Inc., Grumman Bechtel SCD
Aerospace Corp. and Magneplane International, Inc. These
$2M, 10-month contracts resulted in very thorough
descriptions and analyses of four different maglev concepts. The Bechtel concept is a flux-canceling electrodynamic

The NMI's Government Maglev System Assessment system (EDS). The vehicle contains six sets of eight
(GMSA) team consisted of scientists and engineers from the superconducting magnets per side and straddles a concrete
U.S. Army Corps of Engineers (USACE), the U.S. box-beam guideway. Interaction between these magnets and
Department of Transportation (USDOT) and USDOE's an aluminum ladder on each sidewall generates lift; similar
Argonne National Laboratory (ANL), plus contracted interaction with null-flux coils provides guidance. Propulsion
transportation specialists. The GMSA team assessed the is by a sidewall-mounted LSM. The single-car vehicle has an
technical viability of the four SCD concepts, the German inner tilting shell and uses aerodynamic control surfaces to
TR07 maglev prototype, and the French TGV high-speed improve ride quality. To avoid magnetic interactions, the
turin. The author coordinated this effort, upper portion of the guideway contains non-magnetic, fiber-

The GMSA team will publish its final report later this reinforced plastic (FRP) reinforcing rods. The concept's
yc_tr [1]. This paper summarizes the concepts studied, our switch is a bendable beam constructed entirely of FRP.

assessment methods and a selection of our primary findings. Foster-Miller SCD

II. OVERVIEW OF SYSTEM CONCEPTS "Pae Foster-Miller concept is an EDS similar to Japan's
MLU002. Superconducting vehicle magnets generate lift by

Table 1 lists physical characteristics of the six high-speed interacting with null-flux coils located in the sidewalls of a
ground transportation (HSGT) concepts studied. U-shaped guideway; similar interaction with series-coupled

propulsion coils provides null-flux guidance. Its innovative
TGV-Atlantique locally commutated linear synchronous motor (LCLSM)

sequentially energizes individual propulsion coils in sync
TGV-A is a steel-wheel-on-rail technology optimized for with the vehicle. The vehicle consists of passenger modules

high-speed operation (83 m/s). lt uses fixed-consist, non- with end bogies containing four magnets per side. The U-
tilting trainsets powered by a.c. synchronous rotary traction shaped guideway has two parallel, post-tensioned concrete
motors. Rex)f-mounted pantographs collect power from an beams joined transversely by precast concrete diaphragms.
overhead catcnary. Braking is by a combination of rheostatic To avoid magnetic interactions, the upper post-tensioning
brakes and axle-mounted disc brakes. The track consists of rods are FRP. The high-speed switch uses switched null-flux
continuous-welded rail on concrete/steel ties with elastic coils to guide the vehicle through a vertical turn-out; it
fasteners supported on a specially engineered base. Its high- requires no moving structural members.
sl,ccd switch is a conventional swing-nose turnout.
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Grumman SCD motions. The guideway sheets form the tops of two structural
aluminum box beams supported directly on piers. The high-

The Grumman concept is an EMS with similarities to speed switch uses switched null-flux coils to guide the
TR07. l lowever, Grumman's vehicle wraps around a Y- vehicle through a turn-out; it requires no moving structur,'d
shapcd guideway and uses just one set of magnets and rails members.
for levitation, guidance and propulsion. The magnets are
superconducting coils around horseshoe-shaped iron cores. III. STEPS IN ASSESSMENT PROCESS
Normal coils on each iron-core leg modulate levitation and
guidance forces to maintain a large (40-mm) air g_P.
Propulsion is by conventional LSM. Vehicles have tilt Our process to assess maglev's technical viability

consisted of four main steps. This section briefly describes
capability and may be single- or multi-car consists. Magnets
are located along the full vehicle length. An innovative spine the rationale and methods for each step.
girder supports two Y-shaped guideway sections. Switching
is with a TR07-style bending guicleway beam. A. Verification Of Subsystem Performance

Team members developed numerical models to verify
Magneplane SCD the performance of key high-risk or high-cost subsystems:

The Magneplane concept is a single-vehicle EDS using a guideway structures, magnetic suspensions and stray fields,
trough-shaped aluminum guideway for sheet levitation and motor and power systems, and vehicle/guideway interaction.
guidance. Centrifugal forces tilt the "Magplanes" into These models employed fairly standard engineering
coordinated turns. Front and rear bogies contain approaches. J. Ray (USACE) used large, 3-d beam- and

solid-element finite element models together with hand
superconducting levitation and propulsion magnets.
Centerline magnets interact with LSM windings for calculations to analyzeguideway structural performance. H.

Coffey, J. He & Z. Wang (ANL) used dynamic circuit theory
propulsion and also generate electromagnetic guidance and 2-d and 3-d finite element models to calculate suspension
forces. Side magnets react agninst the aluminum guideway characteristics and stray magnetic fields. F. Raposa
sheets to provide levitation. :,_agneplane uses aerodynamic (consultant to USDOT) developed an equivalent circuit
control surfaces and LSM-phase control to dampen vehicle

TABLE 1 GF_rERALPHYSICALCHARACTERISTICSOF CONCEPTSSTUDIED

Parameter TGV- TR07 Bechtel Foster- Grumman Magne-

Atlantique Miller plane

Basic Concept steel wheel- EMS, EDS, ladder EDS, EMS, EDS, sheet

on-rail separate lift levitation sidewall common lift levitation

& guidance nul!-flux & guidance

Vehicles/Consist 1-10-1 2 1 2 2 1

Seats/Consist 485 156 106 150 100 140

Gross Mass (103 kg) 490 106 63 73 61 48

Floor Area/Seat (m 2) 1.2 0.83 0.80 0.74 0.93 0.58

Cruise Speed (m/s) 83 134 134 134 134 134

Total Bank Angle (*) 7 12 30 28 24 35

Primary Suspension passive active passive passive active semi-active

Secondary Suspension passive passive active passive none none

Critical Air Gap (mm) N/A /5 50 75 40 150

Low-Speed Support N/A maglev air bearings wheels maglev air bearings

Normal Braking (g) 0.045 0.12 0.20 0.16 0.16 0.16

Emergency Braking (g) 0.10 0.30 0.25 0.25 0.20 0.50

Cryogenic System N/A none isochoric recompress, recompress, refrigerator'

On boa rd Power (k W) 9,000 460 190 220 170 190

Cuideway Type ballasted rail T-shaped box beam sidewall Y-shaped trough

Switch Concept swing-nose bendable bendable vertical bendable horiztmtal

rails steel beam FRP beam elect.-mag, steel beam elect.-ma___
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model to analyze both air-core and iron-core LSMs; he analysis and debate. We again rated each concept against
separately estimated the performance of power-conditioning these other criteria and added the results to those for the SCD
equipment. D. Tyrell (USDOT) employed a multiple degree- criteria to complete our mission suitability assessment.
of-freedom dynamic model to model vehicle/guideway

interaction, including control system behavior. IV. SPECIFIC ASSESSMENT RESULTS
These analyses generally yielded good agreement with

published data for TGV and TR07 (collected primarily by C. This section presents two assessment results to illustrate
Boon, Cmladian Institute of G.:ided Ground Transport, and R. how the overall process worked. In addition, Table 2
Armstrong & R. tlasse, USACE). When applied to the summarizes several important evaluation parameters for each
SCI)s, they produced performance data and identified areas concept. To separate design preferences from technological
of concern generally comparable to the contractors' results, attributes, we defined a "standard passenger (SP)" as 0.80 m2

B. Verification of System Performance of floor area (including galleys and lavatories) and used thisas a normalizing parameter. This is roughly the average

To compare concept performance at the system level, space allotment for the six concepts studied, and it
team members developed two additional models. G. approximates business-classairline seating.
Anagnostopoulos (USDOT) simulated the performance of
each concept along an 800-km hypothetical route containing A. Energy Efficiency
hills, sharp turns, stops and long straight segments. This
Severe Segment Test (SST) simulated vehicle performance Assessment of energy efficiency illustrates how we
subject to route, technological and ride-comfort constraints, combined model results with external data. We compared
The results helped us to resolve issues such as the suitability energy intensity (El, Joules/seat-meter) for ali concepts with
of each concept to use along interstate rights-of-way. The that of short-haul air travel. We used the number of standard
model also yielded realistic trip times and energy passengers for the number of seats. For the HSGTsystems,
consumption for each concept, we computed energy consumption along the SST and at

Using standardized procedures, R. Suever & J. Potter steady cruise (calculated at the electrical supply t_int). Table
(USACE) estimated guideway capital costs for each concept. 2 presents the resulting El values. Note that TGV cannot
The:,,: costs predominate for HSGT systems; thus, they were climb the SST grades. However, Table 2 shows that its
critical to our assessment of the relative advantages of each cruise El (projected for 134 m/s) is slightly less than the best
concept. Standardization allowed us to reduce variability in maglev concepts primarily due to its long consist length.
cost estimates due to different physical assumptions (e.g. We selected the Boeing 737-300 for our comparison
column height) and different definitions of subcomponents, baseline. This aircraft is among the most fuel efficient in the
lt also allowed independent verification of contractors' cost U.S. short-haul fleet (with an EI about 75% of fleet average).By the time maglev travel becomes significant, fleet-averaged
estimates, energy intensity will likely approach that of the 737-300 [2].

Airlines file data on fuel consumption with the USDOT
C Application of SCD System Criteria for "alifiights. We used these data for 737-300 aircraft for the

The NMI targeted inter-city transportation as maglev's period ending June, 1991, and conducted a regression
primary mission. Its SCD request-for-proposals (DTFR53- analy_:is to obtain average fuel consumption per flight as a
91-R-00021) included a set of system criteria to guide ['unction of trip length. We then converted jet-fuel volume to
concept development towards that mission. We thus adopted its energy equivalent (1.42 x 108 J/gal.).
these criteria to assess each concept's mission suitability. The 737-.300 allocates 0.54 m2 of cabin floor area per

For each criterion, we developed qualitative and seat for its 140-seat arrangement. This is slightly less than
quantitative cross-checks on the performance of each the Magneplane vehicle (the least spacious of the IISGT
conccpt. These cross-checks included checking data sources, systems). Conversion to standard passengers gives this
analyscs used and the consistency of related characteristics, airplane 96 seats.
In many cases, these criteria also directed our modeling Figure 1 compares the resulting base energy intensities of
efforts. We rated each concept's performance against the the maglev concepts with that of a 737-300 as a function of
SCI) criteria, trip length. For energy consumed at the system connection

(i.e., airport or electrical supply) average maglev energy

D. Application of Other Criteria intensities range from about 1/3 to 1/4 that of a 737-300 li)r
200- to 1,000-km trips. Thus, using energy prices forecast

('haractcristics other than the SCD criteria may affect for the year 2010 ($0.89/gal., $0.065/kWh [2]) maglev would

maglcv's technical viability in the U.S. We therefore realize energy-cost savings compared with air travel of
developed additional assessment criteria and applied them to roughly 60% to 30% for this trip range.
each concept in a way similar to the SCD system criteria. Supplying energy to a transportation system also
Several of these other criteria (particularly mission flexibility, consumes energy. We accounted for this by applying
aerodynamics, and energy efficiency) became focal points of
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TABLE 2 EVALUATIONPARAMETERSFOREACH(,_ONCEFI"(values reflect GMSA analyses unless noted)

Parameter TGV-A TR07 Bechtel Foster- Grumman Magne-

Miller plane

Sta ndard Passengers/Consist (SP) 700 160 110 140 120 100

Gross Mass/SP (kg) 700 650 600 520 530 470

M ax. Low-Speed Accel. (g) 0.05 0.096 0.14 0.15 0.097 0.17

Reserve Accel. @ 134 m/s (g) N/A 0.01 0.12 0.05 0.05 0.04

3.5% Grade Speed (m/s) 30 120 140 140 140 140 _-

10% Grade Speed (m/s) N/A 10 140 110 5 90

0-134 m/s Time (s) N/A 320 75 120 180 99

Minimum Radius I (m) 6,000 5,800 2,600 2,800 3,300 2,200

Prop. Efficiency 2 @ 134 m/s [83 m/s] [0.78] 0.83 0.87 0.91 0.78 0.84

Power Factor 2 @ 134 m/s [83 m/s] [0.94] 0.74 0.98 0.97 0.98 0.99

Aero. Drag/SP @ 134 m/s (N) 220 360 430 280 240 170 "

Total Drag/SP @ 134 m/s iN) 240 390 500 320 270 380

Energy Intensity @ 134 m/s (J/SP-m) 310 450 590 340 360 450

SST Energy Intensity (J/SP-m) N/A 690 620 440 420 650

SST Trip Time (rain.) N/A 150 120 120 130 130

Guideway Tolerances: Safety (mm) 5 6 25 30 50

• Ride-Comfort (mm) 1-3 2 3 12 5 20

Con sist Cost 3 / SP ($k) 41 58 39 93 71 200 _

Dual Elevated Cost: SCD 3 (SM/km) 9.7 17 9.3 7.8 13 .-

:GMSA_($M/km) 14 12 14 20 9.9 15

]TGV 83 m/s, 0.05 g unbalanced lateral accel.; maglev 134 m/s, 0.10 g unbalanced lateral accel.
2propulsion efficiency and power factor calculated at utility connection for steady cruise.
3Cost directly from oeCD, TGV or TR07 reports; variations compared with GMSA costs are primarily due to differences in unit

costs, subcomponent groupings and guideway heights used.

7000 .... • • , • - • , • • • , • . • , • • • lt completely ignores the flexibility of electrical power
production. Natural gas, coal, hydro, nuclear, solar, wind,

6000 _ --737-300 and trash are electrical power sources that simply cannot fuel
- - TR07 Cruise commercial aircraft. Essentially, maglev will de,couple inter-
.... Ave, SCD Cruise

soot _ ........ _est Two SCOCrul_ city travel from dependence on ref'med petroleum, and simple
"-" k • Ave.set ssr efficiency factors do not capture this distinction.
E _t_ • Best Two SCD SSTc/. 4000 Nevertheless, we applied efficiency factors for energy

_, "* _ supplied to ,_i,-rraft and maglev. For jet fuel, Johnson et al

3ooo _ [3] applied an efficiency of about 90% to account for
rn transportation, refining, and distribution losses. We adopted

2ooo this value as the only correction applicable for air travel. For

electrk_,3 .vower generation and transmission, Johnson ct al.

_ooo used efliciencies of 35% and 95%, respectively. We also

................... -,_'':'_ ..... "7 ......... "_"-"_"-"'= used a 95% factor for transmission efficiency, ltowever,o _ ........... , , , _ modem fos:iil-fuel plants are much more efficient than 35%.

0 200 40o 600 a00 _000 Modern natural gas- and oil-Erred combined-cycle plants
Distance (km) (gas turbine with steana-turbine bottoming cycle) commonly

achieve base-load efficiencies of 4"7_-ao ".,_,,o [4-5]• Modern
Fig 1. Base energy intensity at system connection coal-lired plants are also approaching ,hese efficiencies [6-7].

(airport or electrical supply) These power plants have lower capital cost per unit capacity
than older technologies, and they produce very low

thermodynamic efficiency factors to the energy delivered to emissions. Indeed, reference [2] forecasts that from 1990 to

each system. However, this approach implies that jet fuel 2010 combined-cycle generating capability will grow at
saved in air travel is burned to produce electricity for maglev, about 20 times the {otal growth rate of electrical-generating
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capability. Furthermore, utilities will add modem, efficient still overwhelmingly favor maglev. For 200- to 1,000-km
equipment to meet new demands beyond current forecasts, trips, maglev energy intensifies range from about 1/4 to 1/2
such as for a major maglev network. We thus selected an that of a 737-300. And as noted, this comparison ignores the
electrical-generation efficiency of 47%. Combined with a flexibility of power-plant fuel afforded by maglev's electrical
95% transmission efficiency, this yields an electrical supply propulsion. In terms of energy consumption and flexibility,
efficiency of 45% for maglev, maglev is clearly superior to short-haul air travel.

Figure 2 shows resulting net energy intensities for air and
maglev as ft;nctions of trip length. Electrical supply B. Speed
efficiencies bring the energy intensities closer, but the results

The SCD-RFP listed 134 m/s (300 mph) as a design goal
for system speed. Table 3 summarizes our findings on this

7ooo --,--. , , ,-,--7 ; . . . , . , , , . , .. criterion. As for many criteria, assessment of system speed

[ required data from our motor, guideway, magnetic-6000 -'----737-300

_t l-- -- TR07 Cruise suspension and vehicle-dynamics models.
I .... Ave. SCD Cruise

5000 _ I ........ Best Two SCD Cruise
_ I • Ave. SCDSST

4000 V. OVERALL TECHNICAL ASSESSMENT

= _ a000 Presented below are several of the team's main findings.
Reference [1] provides more thorough descriptions of these

2ooo and other findings.

o4. T i i_ Vl _-i _ i i _ _---i-i iii SpeedTrripTime
o 200 400 600 aoo looo

Distance (km) TGV-A offers 83 m/s commercial service, and has

Fig. 2. Netenergy intensities including energy supplyefficiencies demonstrated a peak speed of 143 m/s. Thus, steel-wheel-on-
(90% jet fuel, 45% electricity) rail technology is directionally stable at maglev's design-goal

TABLE 3. ASSESSMENT RESULTS FOR SYSTEM SPEED

TGV-A: doesn't meet criterion TR07: meets criterion
- 83 m/s service speed, tested at 133 m/s (143 m/s downhill) - demonstrated 121 m/s on test track

-; 64 m/s along turnouts - motor analyses indicate that concept can achieve 134 m/s
: - speed through curves limited by non-tilting body and 7.15 ° - structural analyses: guideway is capable of 134-m/s loads

superelcvation of track - vehicle-dynamics model conlh-ms that vehicle can meet
- cannot achieve 134 m/s presently ride-comfort criteria and can safely maintain gap at 134 m/s
- motor and brakes not designed for 134 m/s - demonstrated switch turn-out speed of 56 m/s, through-
- significant power transfer and maintenance issues must be speed probably full speed

- resolved to achieve 134 m/s commercial service - speed through curve limited by non-tilting body and 12°
- significant additional investment needed to meet criterion guideway tilt

Bechtel: exceeds criterion Foster-Miller: exceeds criterion
- motor analysis: sufficient power and thrust for > 134 m/s - motor analysis: sufficient power and thrust for > 134 m/s
- thrust capability enables steady 134 m/s on 10% grade - thrust capability enables steady 105 m/s on 10% grade
- structural analyses show guideway to be strong enough, but - LCLSM is unproven and must work as intended
FRP reinforcing is unproven - structural analyses show guideway to be strong enough, but
- vehicle dynamics not verified due to insufficient detail on FRP post-tensioning tendons are unproven and must work
active suspension in final report - vehicle-dynamics: passive secondary needs tuning
- prim_uy suspension has required lift and guidance forces - primary suspension has required lift and guidance forces

Grumman: meets criterion Magneplane: exceeds criterionli
- motor analysis: sufficient power and thrust for > 134 rn/s - motor analysis: sufficient power and thrust for > 134 m/s
- thrust capability of 60-kN baseline motor limits operation - thrust capability enables steady 90 m/s on 10% grade
on 10% grade to very low speeds (about 5 m/s) - need to correct power factor
- structural analyses show guideway to be strong enough, - structural analyses show guideway to be strong enough
steel reinforcing adequate - vehicle suspension relies on active aerodynamic control,
- control of primary suspension may not capitalize on large requires significant engineering research for implementation
gap, but vehicle should meet fide-comfort and safety (actuators, control software, etc.)

- requircments at 134 m/s - lift & guidance forces are probably adequate (unable to
- lift, lateral-guidan .ce and roll forces are adextuate . verify magnetic keel effect, but it seems reasonable)___
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_pccd of 134 vri/s. For reasons primarily re 'lated to life-cycle be decisive availability and cost advantage.,, in the demanding
costs, however, TGV 'lt)es not currently operate at 134 m/s; it U.S. environment.
will require further improvements to do so. Such
improvcments will entail significant capital investment and B. Potential of U.S. Maglev compared' with TR07
devclopment effort.

Power m_nsfer by pantograph/catenar)may be I{SR's Perforaiance Efficiency
most immediate speed-limiting issue. Observers noted nearly
continuous arcing during TGV's 143 rn/s run. Even with Comparisons of performance and cost of TR07 and
steady contact, pantogmph/catenary wear will increase with SCDs revealed two important findings: U.S. maglev can
si'ccd. Both of these problems require R & D effort to solve, offer slightly better performance than TR07 at much lower

By comparison, high speed potential is essentially an cost (especially for at-grade sections); U.S. maglev can offer
inherent characteristic of maglev. Gut 'dance and propulsion much better performance than "FRO'/at similar cost.
occur without physical contact. Magnetic elements and Co:aipared with TR07, the Grumman system offers a
guidcway structures can achieve the guidance forces 10% lower SST trip time for about 20% lowei" guideway cost
neces'.;asy for very high speed. Furthermore, a long-stator (40% lower at-grade). Similarly, the Bechtel concept offers a
LSM requires no power transfer. In essence, magiev comes 20% SST trip-time savings for about 10% higher guideway
"cut of the box" ready for 134 m/s service, and higher-speed cost (or 10% lower at-grade). While these are specific SCD
service is well within the technology, concepts, they illustrate the performance/cost advantages

Other features combine to shorten maglev's trip times likely 1.oresult from a U.S. maglev development effort.
relative to HSR. Maglev's maximum acceleration is 2-3
times TGV's. Additionally, ali SCD concepts can maintain Suitability to Existing Rights-of-Way
140 mis on a 3.5% grade compared with 30 mis for TGV.
Also, lack of vehicle tilting limits TGV's curving speed. The SCD conceFts are much better suited than TR07 to
Although tilting HSR systems exist, they require further deployment along existing ri.ghts-of-way. Generally, they
development to reach even 83 m/s service, require about half the curve radius of TR07 at 134 m/s, climb

Maglev can offer trip times comparable to air travel for 5-times steeper grades at full speed, and reach 134 m/s in
trips shorter than about 800 km. HSR's longer trip times about half the time. These characteristics mean that a U.S.
yield lower ridership and revenues relative to maglev. Such maglev system will achieve much shorter trip times along
lower revenues can offset tISR's capital cost advantage and existing, lower-speed rights-of-way.
yield lower profitability. In principle, Transrapid could upgrade TR07 with a

tilting vehicle body and a larger LSM. However, the former
S',ffety, Availability & Cost would involve a major redesign of the vehicle, an increase in

roll stiffness of the magnetic suspension, and strengthened
tlSR systems in both Europe and Japan have exemplary curved guideway beams. Upgrading the LSM may prove

safety records. However, the technology requires more difficult because stator slot width limits the diameter
sophisticated preventative maintenance (inspections and (and hence the current capacity) of the stator windings.
adjustments) to achieve such safety. Maglev possesses While these improvements are possible, they would not occur
characteristics that should permit equivalent safety under without significant R & D time and costs.
more extreme conditions and with less maintenance.

Several maglev concepts employ vehicles that wrap C. Key Innovations: Benefits and Risks
: around their guideways; others have guideways that partially

wrap around their vehicles. These approaches can provide The SCD concepts contain numerous innovations in
more than 1-g "derailment" containment in the event of maglev technology, tlere we summarize some innovations,
extreme environmental disturbances or component failures, their potential benefits and risks.

Large-gap maglev systems are much more tolerant of
ground displacements caused by earthquakes than is ttSR. Active Vehicle Suspensions
These displacements can be larger for maglev before
triggering ride-comfort-,safety-orwear-relatedmaintenance. Three of the four SCDs utilize active vehicle
(]mater tolerance also provides an added margin for bringing suspensions. Coupled with a large gap, an active suspension
high-speed vehicles .safely to rest during earthquakes, can maintain a smooth ride over very flexible and rough

Maglev's non-contact propulsion and braking render it guideways. This allows use of, respectively, less structural
less susceptible to snow, ice and rain than tlSR. Also, material and less stringent construction tolerances, reducing
maglev concepts with wrap-around guideways offer some guideway costs.
protection from cross-winds. These features offer maglev an Maglev's large magnetic forces make active control of
availability advantage in adverse weather for safety the primary suspension an attractive option; Grumman
comparable to tlSR. selected this approach. Active control of aerodynamic

Maglev should achieve HSR's outstanding s',ffety record, surfaces is also an option, although unsteady air flow may
Its greater tolerance to earthquakes and adverse weather may complicate its implementation.
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The main risks with active suspensions are their added

weight, cost and reliability penalties compared with passive VI. CONCLUSIONS
suspensions. A reasonable R & D effort should minimize
these risks. Small-scale testing of active magnetic
suspensions should quickly demonstrate their feasibility. The GMSA's main goal was to assess the technical
Similarly, wind-tunnel testing and computational fluid viability of maglev in the U.S. We examined in detail the
modeling should establish the feasibility of active NMI's four contracted SCD concepts and compared their
aerodynamic control, performance potential with that of TGV and TR07.

Ali maglev concepts studied are potentially technically

LCLSM feasible. Verification of the feasibility and practicality of
some features clearly requires further work.

Ali five maglev concepts studied offer much greater
Foster-Miller's LCLSM could become a significant performance potential than TGV. Maglev offers higher

innovation in vehicle propulsion. Its advantages include high speed, better acceleration and curving capabilities, and
overall efficiency (91% as seen at electrical supply), potentially lower maintenance and higher availability for
significant degraded mode capability, and use for power comparable safety. The four U.S. concepts also offer a
tr,'msfer, perlbrmance advantage over TR07, and they could d_ so for

Its principal risk is that solid-state inverters are at present similar or lower cost. Note that further developm _nt will
too expensive for the LCLSM to be economical. Foster- likely improve the performance of both TGV ar,d TR07.
Miller has argued ,that the large number of inverters needed However, a comparison of the costs of such improvements
(about 2,400/km) will enable mass production to reduce their with the costs to develop U.S. maglev was beyond the scope
cost by a factor of 10. This is difficult to prove until mass of our study.
production actually occurs.

Vehicle control with a LCLSM is also unproven. Issues ACKNOWLEDGMENTS
include the LCLSM's ability to control acceleration and
speed, and to maintain adequate lateral stability, ttowever, The author gratefully acknowledges the significant
reduced-scale testing can address these issues in a reasonably contributions to the GMSA effort of the other primary team
short period, members: J. Ballard, K. Shaver (USACE); M. Coltman, J,

Milner (USDOT). I also thank D. Bushnell (NASA) for his
Large-Gap EMS timely review of the SCD aerodynamic analyses, J. Harding

(USDOT) for his energy consumption data, and C. Boon, 1t.
A major concern about TR07's suitability for the U.S. Coffey, J. Lacombe and J. Potter for their helpful reviews of

environment is its small, 8-mm suspension gap. To achieve this paper. The GMSA final report lists many more
adequate ride comfort and safety margin, TROTs guideway contributors than is possible here; their help was sincerely
must be very stiff and well aligned. These requirements appreciated throughout our work.
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Abstract - This paper summarizes the results of the II. Maglev Performance Simulator Program
development of a maglev simulation program for the
performance evaluation of ground guided vehicles A. Description
operating over a complex route such as a freeway.
The program as developed has been tailored to evaluate MPS is a suite of 8 programs which permits analysis of
maglev vehicles on a route termed the Severe Segment the performance of either individual or fleets of maglev
Test route developed by the National Maglev Initiative vehicles with curved guideways and on-line or off-line
program. The simulation is capable of being extended stations in an arbitrary configured network. Guideway
to any arbitrary route as well as to the evaluation of geometry, ride comfort criteria, and technology specific
any guided ground transport system, characteristics such as propulsion, mechanical

resistance and tilt capabilities are input data. MPS
outputs trip time, average speed and energy based on

I. Introduction three-dimensional curved maglev flight. MPS converts
predefined route data into a completely defined path

The development of a maglev system requires rational and determines the kinematics of the vehicle as it is
selection of specific system characteristics based on the constrained by ride quality criteria, banking capability
design, performance and operation of different propulsion limitations. Its objective is to minimize trip
alternatives. These alternatives include the extent to time.

which a system can bank, the extent to which the
maglev guideway can be allowed to depart from the The MPS program models are shown in Fig. 1. Route
desired right-of-way and the maximum thrust and speed data which is generally described by horizontal and
capability of the propulsion system. The Maglev vertical profiles is inputted to MPS through the
Performance Simulator (MPS) was developed to enable HORZDAT and VERTDAT program modules. Each
the evaluation of different system concepts studied for profile describes the distance between points of
the National Maglev Initiative program, lt is a intersection along tangents, the change of angle or
discrete-event simulation program which describes the azimuth at each point of intersection and the radius of
kinematics of vehicles subject to guideway and ride curvature at each point of intersection. The
quality constraints, and determines the power and HORZCHNG and VERTCHNG modules allow
energy required to propel vehicles against physical modification of input conditions.
resistances. The simulation performs 3-dimensional
horizontal and vertical turns while the vehicle is Forgiven comfort limits of acceleration and jerk, these
proceeding along a longitudinal path. Linear modules calculate both the length of the curves along
synchronous motor models are an integral part of the its tangents and along the arc. Also calculated are the
simulation, speed limits for each curve considering the distance

available to accelerate or decelerate. Inputs to
Manuscript received March 15, 1993. This work was HORZDAT are line speed limits (Vr.), superelevation
supported in part by the U.S. Department of angleplus tiltangle plus comfort angle (A_/g), comfort
Transportation under contracts DTRS-92-P-81-250 and horizontal jerk (J_), distance from the last horizontal
DTRS-57-88-C-00041. path change between intersections of tangents to the
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k..... _k_-I DISTSPED uses the results of the SORTDATA module
_., I to determine the station distance along the tangent to
i the curve, the length of path along the curved

guideway, the minimum speed through each curve
along the guideway (or speed gate), the grade at each
station, the length of guideway in the curve, and the

.,, ._ .0 _-, transverse acceleration. STAPOS uses the output from

the DISTSPED module to insert zero speed points at
. each station as well as station dwell time. The output

_ ,,,+-_] from STAPOS is then a complete set of speed gates.
/ Ii q

The VELPOWER program module determines the

_,_s__._-_ performance of the system using the output of theSTAPOS module and two parameter files for each
system being analyzed. These parameter files define

the physical characteristics and the LSM characteristics

of the system being analyzed. In VELPOWER, upon
passing a minimum speed gate, the vehicle is
accelerated at either the maximum comfort limit or the
maximum motor thrust limit, whichever is the most

Fig. 1. MPS Program Flow Diagram restrictive. At each computation step the braking
profile is calculated to determine the last possible point

curve (DS), minimum radius of curvature (R), and at which to brake in order to reach the next speed gate.
change in azimuthal direction (dA). MPS determines In this way the maximum possible speed is achieved
the distance (S) traveled along the path, the maximum and the next speed is reached in minimum time.
allowable speed of the vehicle in the curve (V), the
azimuth relative to the origin, the straight line length VELPOWER thus computes the minimum time-power
from the beginning of the spiral to the midpoint of the and comfort-limited speed profiles, lt also determines
curve (X,) measured along the tangent, the arc length the power and energy required to perform these speed
of the guideway in the horizontal curve (ArcL), and the profiles. VELPOWER outputs time, length of path
length of constant curvature section (LCC). along the guideway, speed, acceleration and jerk,

thrust, power and energy. Electrical characteristics
Inputs to VERTDAT are line speed limits (VL), such as voltage, current, power factor and overall
comfort upward vertical acceleration (A_), comfort efficiency are also outputs.
downward vertical acceleration (A_), comfort

horizontal jerk (J_), station distance relative to the 1II. Theory of the Maglev Performance Simulator
origin (Sta), elevation at Sta, and the length of vertical
curve at each station with no spiral section. The guideway of a maglev system is a curved path in
VERTDAT calculates the grade, change in grade, space defined by three types of data" geometric data,
radius of curvature, the speed through the vertical system data, and ride-comtbrt data. The geometric
curve based on comfort acceleration, the X, distance to data is a set of points in space at the intersection points
the midpoint of the vertical curve, the arc length of the (apexes) of tangents to adjacent segments of the curve,
guideway in the vertical cut-ve (ArcL), and the length and the largest acceptable radius of curvature at each
of constant curvature section (LCC). point. Apexes of the path are first set in a horizontal

plane and then, along the horizontal projection of the
The module HORZCHNG permits a change of path, the elevations of apexes that define the changes in
acceleration and jerk parameters and corresponding V, direction in the vertical plane are superimposed to give
X,, and ArcL. VERTCHNG permits similar changes a composite of horizontal and vertical turns. The
to vertical parameters. The SORTDATA module pertinent system data are the permissible superelevation
combines the horizontal and vertical data from angle of the guideway, and the possibilityand degree
t lORZDAT or HORZCHNG with that of VERTDAT of tilt of the vehicles with respect to the guideway in
or VERTCHNG. turns. The ride-comfort data are the tolerable valves of

acceleration and jerk in the longitudinal, lateral, and
normal directions, and the tolerable value of roll rate.
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A. The Maximum Tilt Angle in which s is the are length and V - dsldt. The less-
well-known formula for the normal component of jerk

The relationship between the sum of the superelevation is
angle and tilt angle _,, the lateral comfort acceleration
at, and the normal comfort acceleration a, are shown in Jm = V_ + 2 I? t_
Fig. 2, from which the comfort angle is defined by

= v2dv dO + 2V 2dVdO
_, -- tan-l_.ai (1) ds ds ds ds

a a

__dv3dO
ds ds (6)

The radius of curvature in a horizontal turn R is V_/au,
in which au is the horizontal component of
acceleration, given from Fig. 2 by The curve length is minimized if J. is taken as constant

aa = gtan(_c * 4_t)- (2) at the maximum comfort value. Then, starting a curve
at zero curvature, the curvature at any point t:long the
curve if found by integrating equation (6). Thus

The maximum allowable value of au is restricted I_ythe
comfort value_ of acceleration according to the dO _ Jns - 1 _ as (7)
equation ds V3 R Vz

2 z _ g2. (3)a H = a? + a A

which shows that, if R is given, the speed must be
restricted according to

Substituting equations (1) a._d (3) into equation (2), the
maximum allowabk tilt angle is V < a_,R (8)

@_= -- tan-I + - 1 and the maximum length of a spiral arc is

s_. = va--'. (9)
_ tan-___.at (4) J"

a n

But. maximum roll rate is given by

B. Theory of Spiral Curves _=.= = vd¢_,,,,. (1o)

Through a series of programs, MPS accepts first the ds

geometric data and then the superelevation angle, tilt in which _b._ is the sum of the superelevation angle
angle and ride-comfort data. Using the theory of plane and the tilt angle. If the guideway rolls up at a
spiral curves tq, the necessary properties of the curve constant rate of twist
are derived as follows: The normal component of

accelerationisgivenbythewell-knownformula 4).=,= d_ s_ - _s__
a,, = VO = V 2dO _ Vz (5")ds R

or s... = V 4)"=
4=,= (ii)

If the maximum comfort values are used in ali cases,
t'. equations (9) and (II) don't in general give the same

aT maximum are length. The longer value must be chosen
aT _ / a/ld there is no disadvantage to adjusting the other by

reducing either the normal jerk or the roll rate, since
the length of the twisted spiral is the same in both
case, s.

Fig. 2. Acceleration Vectors
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If we take the velocity to be constant, equation (7) can
be integrated to give the change in the angle of the Xa = Xc + YctanOc

curve throughout the spiral. Thus do = y,:secO, (16)
.Ins20 - (12)
2 V3" Curve Length = 2smx.

The objective of MPS is to find the maximum average C. The Velocity Profile
speed between any two points. The maximum speed

through a curve is attained if the vehicle need only Based on the folegoing analysis of the curves, a set of
slow to a minimum at one point: the center of the speed gates is determined at the positions of the apexescurve. This condition is obtained if the curve increases

along the path of the vehicle. At these apexes, the
curvature continuously to its center and then decreases speed of the maglev vehicle must reduce to the valuecurvature to zero, i.e., there is no section of constant

specified, and, in between, the vehicle tries to
maximum curvature in the curve, only one point of accelerate to as high a speed as possible. As shown La
maximum curvature. In this case, if, in equation (12), Fig. 4, the velocity profile has three parts: In part (1),
s/V is the larger of the values given by equations (9) the speed that can be attained depends on the comfort
and (11), angle 0 is half the given total change in levels of longitudinal acceleration and jerk. In part (2),
direction, O. Then, from equation (12), the speed ts limited by power, which is usually

If/V < JAMax an expressed as a limit on current and MVA. In part (3),

"-0 [[Jn) ,/,i,x/ks' 1 j (13) the vehicle is braked at a specified rate to reach thespeed specified at the next speed gate. At each
computation point, as the computation of the

The selected V must be the smaller of tee values given acceleration profile progresses, the speed that would be
by equation (8) and (13). If the guideway curve is reached at the next speed gate if braking is initiated at
described with respect to orthoginal coordinates x and that point is calculated. When the correct gate speed
y, where x is in the direction of the velocity vector at is calculated, the vehicle switches to the braking mode.
the beginning of the spiral transition curve, the
di flerential equations of the spi ral-shaped guideway are

ay _ sin0, "dx -_ coso

ds ds (14)

To tntegrate for the coordinates of the transition, it is Y

sufficient to expand the trigonometric functions in __Y°// 0
equations (14) to the second term. Then, substituting c /
equation (12) and integrating, the results can be ..
expressed in the form x_ x

J"s--3(1 - 0_/ Fig. 3. The Spiral Trvaasition
y- 6V3_ ' "_ )

(15)

The spiral transition curve is shown in Fig. 3. The v I_
required properties of the curve are: 1) the distance X.
along the tangent to the curve from its beginning to the v,._

apex; 2) the offset distance do from the center of the v, "_
carve to the apex; and 3) the curve length.

111M;.tilt.'C

If xc, y¢, and 0c relate to the centerpoint of the curve,
the above quantities are given by the equations Fig. 4. The Velocity Profile
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IV. Linear Synchronous Motors r_ jx,_

A. Summary of Operation __ [ _____ +o

The linear synchronous motor (LSM) consists of two +/¢ Ii _[__ I,
electromagnetic members, the armature and the field. VI -- _ ii'_ _ _> _ ) F_ I,, t l
In long stator LSM systems the armature, commonly
called the stator, is located on the guideway and the
fieIQ is on the vehicle.

..... O_

Electromagnetic suspension systems (EMS) typically Air ;ai' E:= l"l - id_Xd'X_
make use of iron core structures for both the field and

the stator. The flux density saturation of the iron limits Fig. 5. Equivalent Circuit Model for the
the magnitude of the flux density in the air gap. EMS Linear Synchronous Motor
are small air gap systems where typical air gaps are of
the order of 0.01 to 0.04 m. Eiectrodynamie air gap Fa, the mechanical losses D l and the output
suspension systems (EDS) use air core structures for thrust Fx.
both the field and the stator. Superconducting field

windings on the vehicle are required to achieve the The resistance R 1 and reactance jXq, can be
large flux densities required for operating EDS determined from the LSM layout geometry and
systems. These air gaps typically operate at 0.10 to materials used. The resistance R1 consists of the
0.20 m spacings between the stator and field, ohmic resistance and induced eddy current losses. The

reactance term jXq represents inductive elements of the
LSMs are controlled to produce orthogonal forces. LSM. Its component parts are different for iron core
Many maglev systems make use of LSMs to achieve LSMs than they are for air core LSMs. In iron core

' either the lift and propulsion forces, or the guidance LSMs, the jX term accounts for the leakage reactance
and propulsion forces. The LSM used in the of thestatorwindingand the magnetizing reactance of
TransrapidTR07 for example, provides bothpropulsive the stator core. In air core LSMs, the jX term
as well as levitation forces, t:l The LSM is similar to accounts for the self inductance of the stator as well as

its rotary counterpart which for a machine of fixed the mutual inductance of the stator and field windings.
dimensions and materials can only produce a finite total
force. This total force is then apportioned to its Fig. 6 is the phasor description for Fig. 5. The angles
orthogonal components by appropriate control of the 3'0 and 5 are referred to as the internal power factor
LSM field. For example, the ft)fcc produced by the and power angle, respectively. The current I1 has been
LSM can be oriented to be an ali longitudinal force or resolved into its components, Id and I_.,4 The CEMF
it can be oriented to be ali vertical force or any magnitude is given by El=l_l-ld.(Xd-Xq).
combination of the two.

C. LSM Modeling Equations
B. Equivalent Circuit Model

At the air gap of the machine, the electrical power is
The approach taken here is an extension of the equal to the mechanical power. From Fig. 5:
graphical technique developed by Fitzgerald for the

analysis of salient pole machines, t31 An equivalent Np, E 1 • I1 •cosf3,o)=F a , us (17)
circuit model for an LSM is shown in Fig. 5. lt is a

generalized circuit for synchronous machines and is where 3'o is the angle between E 1 and I1, us is the
shown on a per phase basis. Its use, in conjunction vehicle velocity and the other terms are as defined

with the assumption of sinusoidal behavior of the LSM, above. The term No is the number of phases of the
is quite accurate for estimating motor performance, particular LSM being analyzed. For example, N_=3v
The left side of the circuit shows the motor's electrical represents a 3-phase LSM. Vehicle magnetic drag and
parameters and the right side its mechanical other loss components are generally combined with
parameters. The parameters are stator voltage and vehicle aerodynamic drag and given as a vehicle total
current Vl and I1, counter EMF (CEMF) E l, and resistance. We will adopt the same convention and set

stator resistance and reactance R1 and jXq. The Fa=F x. The force Fx includes ali mechanical load and
mechanical parameters are the thrust develope.,d at the loss components.
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V I

D. Voltage and Current Equations for LSMs

The Iron Core LSM. Iron core LSMs are built with

projecting poles and concentrated windings. The
, reluctance along the polar (direct) axis is appreciably

__ less than the reluctance along the interpolar

(quadrature) axis. The magnetizing reactance has two

components, the direct-axis Xdm, and quadrature-axis

Xea_rna These reactances, when combined with thei,,, ge reactance X l, form the LSM reactance. The
.. i_ direct-axis reactance is Xd=Xdm+X1, and theFig. 6. Phasor Diagram for the Curcuit of FI_;. 5

quadrature-axis reactance is Xq= Xqm + X1.

Counter EMF and Flux Density. The CEMF of the Phasor diagrams for the iron core LSM are shown in
LSM is related to the air gap flux density. From the Fig. 7 the ease for lagging power factor, and Fig. 8 thetheory of synchronous machines:

case for leading power factor. The L.SM stator current
Ex=_.l.p.N.Biu: (18) is resolved into its components. The in-phase

component is L, where I_ = I, cos(7o), and the out-q tl •

where Bl is the air gap flux density, N is the number of-phase component is Id where Id=I 1 • sin(7o). The
of parallel conductors per pole/per slot, 1 the voltage components for the resistor R 1 are ldR 1 and

transverse width of the stator winding, p the number of IqR 1, and vc'!tage components for the direct and
pole pairs of the LSM field. The CEMF is Et = qiaadrature axis reactances, jldX d and jlqXq. The sign
(wM If)/,]_, where M is the mutual inductance with the of the angle 7o must be taken into account. Positive
field winding present, If the field current in angles are taken in the counterclockwise direction and
ampere'turns and w=27rf 1 where fl is the operating negative angles in the clockwise direction. As

frequency. In evaluating the steady state performance previously discussed, the sign of Id is negative for
of LSMs, it is usual to assume that air gap flux.density lagging power factor and is positive for leading power
is kept constant, which results in the ratio factor.
El/f l=constant. The frequency in terms of vehicle

velocity and pole pitch rp is fl =Us/(2 "rp). x,,z

Longitudinal Thrust. From equations (17) and (18), _/ i
the thrust Fx is: _ I

Fx=N_V/_.ip.N.Bilicos(vo) (19) _ I ,lqx,
which shows that the thrust of the LSM is proportional ._l!_ I

to its stator current I1, for constant air gap flux density _:/Iq InR n''] IBI and for a machine of given construction. _'-- >' --_

la _1 _ i IqRl jldXd
LSM Power Input and Efficiency. The power input to ']

the LSM, its power factor and efficiency for a 3-phase Fig. 7. Iron Core LSM Phasor Diagram
system (Np=3) are given by: for Lagging Power Factor

P= 3. V1 "11"cos(C) (20)

Q=3. V1 •I 1 •sin(_) (21) v,

PF=cos(_) (23) ld ,IdX. _ ,IqX.
r/= (F x • Us)/(3 • V I "I 1 "cos(_)) (24)

IdRi

, Iiiwhere P Q and S are the real reactive and complex __8 >.--__>J
components of power. The angle _ is the angle Iq IqR1
hctw_'en V l and I1. Q will be negative for leading
power factor and it will be positive for lagging power Fig. 8 Iron Core Phasor Diagram for
conditions. Leading Power Factor
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Sunmling ali of the in-phase components results in:

Vh=E 1+(lq" RI)-(I d • X d) (25) _ VEHICLE

Vv=(l q•Xq) + (Id •RI) (26)
2 2

VI=¢(V;+V:,) (27) FEEDERCABLE

I RL _ JXL

= tan"(Vv/Vh) 128) N ix,
L

CONVERTER
The iron core LSM, like its rotary counterpart, can STATION

exhibit leading or lagging power factor independent of Fig. 9. Schematic of Power Supply to an
load power factor. A normally excited field results in

power factor being determined by the load which is LSM Block
lagging for the LSM. An overexcited field exhibits

capacitive characteristics and makes the LSM have a ,_
leading power factor.

The Air Core LSM. For the air core LSM, the above

equations have the magnetizing reactances Xdm=0 and

Xqm=0. From Fig. 5 this results in Xq=X 1, and the Rf jXf ] Rt jXt ] R1 JXI /
phasor components are: @_ [_---J

CONVERTER [_-'----- I,
Vh=E 1+R 1 • I 1 • cos('Yo)-X 1 ' I 1 • sin('Yo)(29) STATION
Vv = R 1 " I 1 ' cos(3'o) + X 1 "I1 "sin(3'o) (30) _ L --

where V h is the sum of ali components in phase with Fig. 10. Electrical Model for Fig. 9

E i , and V v is the sum of ali components in quadrature Fig. 10 shows the circuit element details for modeling
with E I. Solving for the magnitude and phase for V 1 the active and inactive portions of the LSM block

results in equations identical in fi_rm to equations (25) length, as well as the feeder cables from the converter
anti (26) above, station. From Fig. 10, the inactive portion of the LSM

block is modeled as an extension to the feeder cable
E. Electrical Power Distribution to the LSM

distribution with values Rt= RL(L-Iv)/L and X t= XL(L-

The model description to this point is valid for the Iv)/L" We will define RL and jXL as the resistance and
condition where the LSM field windings cover the reactance of entire LSM block length where jX L is the

reactance of the block length without the LSM field
entire I.SM stator length. In most cases, stators of

winding, that is with no vehicle present. These values,
block length LSMs are significantly longer than a when combined with the feeder resistance and

vehicle length, typical block lengths being 300 to 1000 reactance Rf and Xf, form the equivalent series
m with vehicle lengths of 12 to 40 m. This requires resistance Rs=Rf+R t, and reactance Xs=(Xf+Xt).
that the portion of the LSM stator not covered by The resistance for the active portion of the LSM is the

vehicle lield windings be considered as part of the R 1 element of Fig. 5 for both iron core and air core
distribution system. Figs. 9 and 10 show the output LSMs is given by:
from the frequency converter station to the guideway,

where the LSM stator has a block length L. The R I=RL.(Iv/L ) 131)
tcc,h,v cable from the output of the converter to the

LSM block is represented by resistance Rf and
For the iron core LSM, the Xd and Xq terms are given

reactance jXf. The magnetic length of the vehicle Iv is by:
the total length of the LSM field windings on the

vehicle. The active portion of the LSM stator is that Xd=Xdm+X L. (Iv/I.) (32)
section directly under field windings, and this section

moves down the LSM block as the vehicle moves along Xq = Xqm + X L • (lv/I.) (33)

th_ guideway. For the air core LSM, the reac 'tance tbr the active

portion of the LSM is given by XI=XL'(Iv/L)+X m.
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Xm is the reactance resulting from the mutual coupling less. Although two parameters were varied
of the air core LSM with its field windings, simultaneously in this case, MPS can be used to vary

one parameter at a time to determine the effects of
V. Results different system characteristics.

MPS may be used to analyze many different system VI. Conclusions
characteristics. For example, the difference between
speed and distance for two different vehicle MPS has successfully achieved the integration of
technologies (V 1 and V2) is shown in Fig. 11. V 1 has guideway curving design, vehicle kinematics and linear
a more powerful LSM than V2, and also has 18 motor performance analysis into a single program.
degrees greater tilt capability. Both technologies are The program has demonstrated that a vehicle can be
usi,tg the same ride quality constraints. In this case controlled and it performance constrained by either
longitudinal acceleration and braking are equal to O.16 maximum comfort limits or the maximum propulsion
g's. Fig. 11 shows that the vehicles start out from a motor limits whichever are most restrictive. MPS has
station and progress through five curves which shown that geometric, system, and ride-comfort data
necessitate lowering the speed of both vehicles, can be brought together to describe the layout of
Between the initial station and the first curve at 9000 guideway curves including transition spirals.
m, the added power of the LSM allows V 1 to achieve
a speed of 120 m/s before the vehicle must brake to The linear synchronous motor model used in MPS has
reach its minimum or gate speed through the curve, been shown to be applicable to both iron core and air
V2 only achieves a speed of 80 m/s. core machines. With suitable selection of parameters,

the LSM model accurately describes the performance
Because of the tilt capability V 1 is able to negotiate the of either type of machine. The model structure also
curve at a higher speed. Therefore, the initial speed enables the capabiltiy of operating the LSMs over a
out of the turn is higher and the vehicle requires less wide range of power factor including leading as well as
time and distance to accelerate to line speed. This is lagging power factor operation.
evident at the third turn where V 1 achieves line speed
(134 na/s) and V2 reaches 100 m/s, but takes more The results produced by MPS compare quite favorably
distance to achieve this speed. The average speed of to the limited maglev performance results available in
VI is greater than V2 and therefare, its trip time is the literature. MPS results also compare quite closely

with the results produced by the recently completed
four SCD studies conducted for the National Maglev
Initiative program.
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Noise from High Speed Maglev Trains

Carl E. Hanson
Harris Miller Miller & Hanson Inc.

429 Marrett Road

Lexington, Massachusetts 02173

Abstract - Noise has been identified as a potential source of II. NOISE SOURCES
concern associated with the introduction of high speed maglev
trains in the existing transportation system in the United States.
The first operatienal maglev systems have been shown to Maglev noise is dominated by three sources: propulsion
generate high noise levels at high speeds, with noise levels over and auxiliary equipment, mechanical/structural radiation and
100 dBA at 25 meters typical for the maximum cruising speeds, airflow moving past the train. The sources differ in where

At speeds greater than 250 km/br, the dominant noise source is they occur on the system as shown in Fig. 1. Following is an

of aerodynamic origin. Although there has been only a limited overview of noise sources occurring on maglev trains.
amount of research devoted to noise control of maglev systems,

there are many reasons to believe that the noise level can be A. Propulsion noise.
brought to acceptable levels with advanced design techniques.

This paper describes the findings of a study of noise generated Maglev trains are electrically powered; the propulsion noise
by maglev systems including recommendations for further sources are those from electromagnets, control units and
research to develop a better understanding of the sources of associated cooling fans. Noise from the magnets is a result of
sound generation associated with high speed maglev operations induced vibration from magnetic forces, such as oscillating
[1 ]. magnetostriction. Another magnet-related sound occurs at the

pole passing frequency. Pole passing sound is caused by
interaction between magnets on the moving vehicle and those

I. INTRODUCTION on the stationary guideway at a uniform spacing. Location of
these forces is at the magnet gaps between the vehicle and the

Noise from high speed magnetically levitated trains guideway. Radiation can come from there as well as from

(maglev) has not been considered a potential environmental larger structures (vehicle panels, guideway, etc.) caused to
problem, lt is commonly believed that if a vehicle is vibrate in response to such forces. Cooling fans can be a

suspended above a rigid guideway, then the only noise is the significant source which shows up in the noise spectrum in

"sound of the wind." Available data from maglev frequency bands near 1000 Hz independent of maglev speed.
development programs reveal that noise levels at low speeds
tend to confirm public expectations of quiet operations.

However, the data also show that the noise levels from high B. Mechanical/structural noise.
speed maglev may be high enough to cause environmental

impact in residential areas. Consequently, mitigation of Mechanical/structural noise is caused by guideway

adverse noise effects must be taken into consideration early in vibrations and vehicle body vibrations which tend to radiate

the planning and development of maglev. Research on this sounds at the low end of tt,e audible frequency range.
exciting mode is still in it.,; early stages and as development

moves forward, the noise control effort will continue to yield Noise from guideway vibrations is caused by: (I) wheels

improvements, rolling on guideway support surfaces at low speeds for

electrodynamic levitated systems (this :ype of maglev requires

forward motion before lift can occur), (2) magnetic pole

Manuscript received March 15, 1993. This work was supported by the U.S. passing, and (3) load forces on the guideway structure as a
train passes over each span.Department of Transportation, Federal Railroad Administralion, under

Conlxacl No, DTFR-53-91-C-00074,_s partof the Nation_dMaglevInitiative
Program.
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Guidcway Structure

Fig.I.NoiseSourcesona MaglevSystem

Rollingnoisefrom tirestendstobca broadband sound,while importantspeed ranges. At speeds below 225 km/br,noise

pole passing noise is tonal. Fundamental resonance from guidcway structuresand othermechanicalsourceshas

frequenciesof guideway supportbeams arc generallybelow been found todepend on velocitytothethirdpower (labeled

the audiblerange at 10 Hz or less,althoughradiationfrom A). Acroacousticsourcesmake theirpresence known at

steelbox beam panelscan occur up to about 80 Hz. The speedsabove about225 km/hr. At speedsbetween 225 km/hr

vehiclebody alsoresponds to dynamic forces,resultingin and 350 km/br,noisefrom vortexsheddingand vehiclebody
vibrationand sound radiation, radiationisexpectedtoincreaseasvelocitytothesixthpower

(labeledB); and at speeds greaterthan about 3:50kndhr

turbulentboundary layernoisehas astrongspeeddependency,

C. Aemacoustic noise. --velocitytothe eighthpower (labeledC).

Noise from airflow over a maglev vehicle is generated by

flow separation and reattachment at the front, turbulent 110 .... i 0 i

boundary layer over the entire surface of the vehicle, flow ' ' '

interactions with edges and appendages, and flow interactions 10s ............................... ._..... i ......... i........
betwtmn moving and stationary components of the system.
Aeroacoustic noise increases with speed ranging from 60 to 100 ............. .......... , ....... ;"..... , ......... ' .....

80 times the logarithm of train speed and generally
dominates noise levels from ali high speed trains at speeds of _ as ...................................................

250 Km/ht or greater. _ a0 ............. :.......... " ...........................

.............::..............o i .........-J

III. NOISE CHARACTERISTICS

° iiiiiA. Noise Levels
75

Maximum noise levels (Lmax) of the current generation :

electromagnetic levitated vehicle undergoing tests at the z0100 Iso 200 2so 300 400 so0
Emsland Test Track in Germany are plottedin Fig.2 [2].

Lmax measured ata singlepointistheresultofcontributions Speed(krrVhr)
of many sound generatingmechanisms, some of which can

resultinsimilarnoisecharacteristics.Hypothesesconcerning

dominant sourcesover variousspeed ranges arc based on

empirical evidence and theories of aerodynamic sound Fig. 2. Measured Noise of TR07 Compared With Estimates

generation. Fig. 2 illustrates actu',d measured data from TR07, A = 30 log speed; B = 61)log speed; C = 80 log speed
superimposed on models of noise generation over three
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B. Noise Slwctra B. Sound Exposure Level

An example of the difference in sound spectra for a maglev The sound exposure level (SEL) of a single passby,
train at three speeds is shown in Fig. 3. One-third octave defined as the total sound energy of the event n_rmalized to

band spectra for the TR 07 are shown for the speeds of 160 a one-second time period, is the basic unit for calculating a
km/hr, 250 km/br and 435 km/hr. The mid-frequency portion vehicle's contribution to environmental noise impact. Because

of the spectra from 160 Hz to 1250 Hz fills in as speed a train is made up of several vehicles, the SEL Ibr the entire

increases; spectra levels increase roughly according to 30 log train is determined approximately by:
speed from 160 km/hr to 250 km/hr, and 60 log speed from

250 km/hr to 435 km/hr. The major differences show up in SELtrai n = SELve h + 10 log N
the frequency bands below 160 Hz. At 160 km/hr, tonal

components are evident in the one-third octave bands centered where N = number of vehicles in the train. This expression

at 160 Hz and 500 Hz. These correspond to the pole-passing is only approximate because the first and last vehicles may
frequency (172 Hz) and the slot-passing frequency (516 Hz) actually radiate more aeroacoustic energy at high speeds than

at that speed. The slot-passing frequency continues to be, the vehicles in-between due to special flow characteristics at

evident at the higher speeds, moving to the 800 Hz and 1600 the nose and the tail. Measured SEL's from the Transrapid
Hz bands for the 250 km/ht and 435 km/hr speeds, TR07, normalized with respect to a single vehicle length of 25
respectively, meters, are shown in Fig. 4.

The spectra in Fig. 3 show that passbys of a maglev can C. Onset Rate
be characterized as a relatively low frequency sound, wiP:

considerable sound energy in the frequency range where the The onset rate refers to the rapid increase of sound level,

human hearing system is most sensitive (1000 Hz to 2000 expressed in decibels per second, associated with an
Hz). Sound levels at frequencies above 2000 Hz drop off approaching maglev train. Researchers have determined that

rather rapidly, onset rates greater than about 15 dB/sec are likely to cause

startle. Measured onset rates from maglev passbys show a

direct dependency on speed and an inverse dependency on
_10 distance from the guideway.

0 , , , i i _ i , J

105 - -'...... ; .... -:..... ',..... ; .... -:..... ;..... ; .... ";..... ',"-
, , , : : ' , :Ioo ' '_ ;- ' .... ' ;..... , .... , ......... , ..... . ........ o.

: : : : , , : : : , 11o
.. _,,_,_.,:'.%,:,_,......... . .... . ..... . .... . .... ..... :_.

•",,._ : ,, : ,'-'_,..,,_,'._,-x,_=.: : : :li_ 85 " --, .... _'r .... ",..... ,..... r .... : "'', ..... , ..... ,....... 100

iiii x i ......:
d; 70 • _ o °

55

.... ?.... : : , ' ',,, ' ' ' '
45 .- ............. = ....... t .... .' ..... '.......... ' ..... ,.. _ 100 150 200 300 400 500

, , , , .

40 ; . i i I.... l I _ _ j = s_,,d,
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Fig. 3. Noise Spectra from Maglev Pas.sbys Fig. 4. SEL of TR07 Normalized to Single Vehicle
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IV. DEVELOPMENT OF NOISE CRITERIA Category 1 includes tracts of land where
quiet is an essential element in their

The introduction of a new transportation system into a intended purpose, such as nationally
community generates concerns about the change in the noise significant historic sites or outdoor concert
environment brought about by the new source. When the new pavilion.
source has unique features, as does maglev, or when the

community has not had prior exposure to a particular source, Category 2 includes residences and
as will happen with a maglev system, the concerns are buildings where people sleep,
heightened. The unknown community reaction to such a

potentially significant new development is not an acceptable Category 3 includes institutional land uses
risk for the builders and financiers during these times of with primarily daytime and evening use
environmental awareness, lt is important to have a mearjs of such as schools, churches and active parks.
rating the noise created by maglev in terms of the disturbance '
it creates, in order to gauge the community response and to

avoid unacceptable installations. A review of existing For Category 2 land use where nighttime sensitivity is

environmental noise criteria and research on annoyance due a factor, the noise criteria use Ldn. For Category 1 and 3 land
to rapid onset rates resulted in recommendations for maglev uses involving primarily daytime activities, the impact is

noise impact criteria, evaluated in terms of the Leq for the noisiest hour of maglev-
related activity during which human activities occur at a

A. Environmental Noise Criteria noise-sensitive location. The latter is referred to as "peak-

hour Lcq." Because the Ldn and daytime peak-hour Leq have
Assessment of the impact of a new noise source in the similar values for typical noise environments, they are used

community has been covered extensively by the U.S. interchangeably to evaluate noise impact for Category 1 and
Environmental Protection Agency (EPA). Research sponsored Category 2 sites. However, because Category 3 sites are less
by the EPA in the 1970's provided the basis for the sensitive, the criteria allow the maglev noise to be 5 decibels
development of noise descriptors and criteria by other federal greater than for Category 1 and Category 2 sites.
agencies including various modal administrations of the
Department of Transportation. Among the key findings of
EPA research is that the day night sound level (Ldn) is the
suitable noise descriptor for comparing the noise impact of a

80 , ; .,_...: :: .._ .:: .: ,_ :.... _..... 85:;: :.:.::i-: :;:;; :.:.:.l,:.:.:.:::::.:.:.new noise source with that of other noise sources in a ........._.............,.................................................:.:::::::_::::::::::,::::::::.::::
::::::_:::. ::::::::1,::::::::::::l : _t :::::::::1::::::5::

::::.:::::::::t::::_::::::::::/:::::::5:5::::::: ::: :: ,1:::::.:+:.:: )::.:.;.:.:+:.::::::;l : :k.:.:.::4::;::::::i::: :::.::::
::::::::::::::::::::::::::::::i:::.:::.:.::.:::::::: ::::::::::::7::::_:!:_:_:::_.:_:?:_:_:_:_:3::!::_ : :_i:i::::_::::i:!:_::::i:::::residential community. Ldn is a measure of a receiver's 75 ::,::_:::::::::::,:::::::::.-:::::

_.:"*.:_:_:'_¢.'_ :.":Y":'.':'_:_:.'*.:'_:':'"I.:_ _':_':::.'*.:'_:_:"_'._ 80!:i:!:::: : :i_:_::::!:::!::: 4::!:::!:i:!::!::::!::::::::::::!:_: ::::::::::!::: 4:!:::::::i_:_:_::::_ :i:_!:i:::i:::!;!:!:_:i:)'"'

cumulative A-weighted sound exposure from ali events over _ ::_::::_........._........._:::: :.5::_:: : :::: :.:::::::::::::::::::::::
v :::5:::::: ;_::::::::::::::Ji:: :i:;::_::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: i:i_.:i::'"' ,

a full 24 hours, with ali nighttime events between the hours ..,g70 i::!!_iSl::'VfiREIMPAGT:'i::::::::::::::::::::::*..........._:::::_:_:;:i:_:i:i:::::' 75 tn:::::: ::_:::...5:; :1:::;::::.:." l_::: :::::::::::_t:::::::::::::::::::::::::::::::::::::::::__'_ (,

::::::::::::::::::::::::::::::::::::::::::::::_ _ * I

of 10 pm and 7 am given a 10 dB penalty. As opposed to the B ;:_:_:_:::_..:_:_:_:::;:_:.........: :.:.:.:.4:-:.:.:::: :5'. en
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: l ,

maximum level from a single event (as shown in Fig. 2), Ldn _ 85 ...._:::::::::_::::_........'..:_:..*...*...*._.?.:_:_:_:_:_:._:_:..*._:t., _r,_- 7// . -- 70
: ::::.y:.:::;::: :_:::::::: ::_: :, _

is used to describe the noise "climate" in a neighborhood and g. _i _!!!i)155. ,._- i " :i :[ ........:: | SO_ i

: ::: :_:_::::_::::::::_:i;:;_:::i:_:::?:i:::::_:" ' , ,

._ _ ::':::::5::::::::i:::::::::::::::::::::::::::::::::::::: ' ' 'has been found to correlate well with the results of attitudinal e,0 ,::.,:.+.:.+.:_u:_:.,.:_.::_::::_:::.:_::::::.:........... . ............................ . , . . 8_ _i

surveys of residential noise impact [3]. _ ]

Recent noise criteria developed by Federal Transit _50 _i!-_-':--i ..... .... i .... ..... ..... .... 155
Administration can be applied to assessment of the noise NOIMPACT

impact from maglev operations [4]. The noise impact criteria o 45 .......................... 50

shown in Fig. 5 take into account the existing ambient noise !
level, expressed in terms of Ldn, as well as the noise from the 40_ .... _.... ' .... _.... ] .... '_.... i ........ 4540 45 50 55 80 65 70 75 80
proposed project, also expressed in terms of Ldn. When
applied to maglev, the single difference is that an "onset-rate Arr_lent NoiseLevel-l-Or)orI-_I(clB)
adjusted Ldn" is used (defined in next sub-section).

The noise criteria and descriptors depend on land use,

designated either Category 1, Category 2 or Category 3: Fig. 5. Proposed Noise Impact Criteria
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The noise impact criteria _u'e defined by two curves 35 . . , . .
i

which allow increasing project noise levels as ambient noise ....
increases up to a point, beyond which impact is determined ao
based on maglev noise alone. Below the lower curve in Fig.
5 , a maglev system is considered to have no noise impact g2_
smce, on the average, the introduction of the system will

result in an insignificant increase in the number of people _ 2o .......................................................
highly annoyed by the new noise. The curve defining the -_ , . : i ,
onset of noise impact stops increasing at 65 dB for Category _o15 ........ _........ : ....... :......... ,......... ,.........
1 and 2 land use, a standard limit for an acceptable living

environment defined by a number of Federal agencies.._ 10 , , , , ,
Maglev noise above the upper curve is considered to cause 1 : : : :
Severe Impact since a significant percentage of people would 5 _. ! .... ' i .... i
be highly annoyed by the new noise. This curve flattens out ! '. : ! ',
at 75 dB for Category 1 and 2 land use, a level associated 0 ' ' ..., ...... : , ' , , . ,
with an unacceptable living environment. As indicated by the 100 150 200 2_ a00 350 4o0Speed(km/ht)
right-hand scale on Fig. 5, the project noise criteria are 5
decibels higher for Category 3 hind use.

Fig.6. Onset Rate Adjustment to MiglevSEL
Between the two curves the proposed project is judged

to have an impact, though not severe. 'Fhe change in the
cumulative noise level is noticeable to most people, but may V. ASSESSMENT OF NOISE IMPACT

not be sufficient to cause strong, adverse reactions from the
community, in this transitional area, other project-specific The procedure for assessing impact is to detemfine the pre-
factors must be considered to determine the magnitude of the project ambient noise level and the predicted maglev noise
impact and the need for mitigation, level at a given site, in terms of either Ldn or Leq as

appropriate, and to plot these levels on Fig. 5. The location
of the plotted point in the three impact ranges is an indication

B. Onset Rate Adjustment for Ldn of the severity of the impact.

As discussed in Section 111C, there is evidence that an A. Example of Application of Criteria

adjustment nmy be required for sound signatures with rapid
onset rates. Based on the foregoing discussion of Ldn and the For our example of noise impact from the introduction of
need for zm adjustment to account for onset rate, it is maglev as it exists without noise mitigation, we will look at
recommended that an "onsct-rate adjusted day-night _"ound the replacement of existing passenger train service in the
level" be used to assess noise impact from maglev operations. Northeast Corridor between Boston and New York. In the

This unit is the Ldn contribution from maglev operations as route through a suburb of Boston, the closest residences are
computed from the SELs of individual passbys, except that an locateai between 10 and 30 m from existing tracks. Without
adjustment is made to the SELs for passbys with rapid onset trains, the typical existing ambient Ldn is 60 dBA 151. For
rates. A simple adjustment is proposed for ease in application that existing ambient, the proposed criteria show that Ldn's of
and for purposes of being conserwltive: add 5 dB to the SEL 58 dBA and 63 dBA from a new source would cause "impact"
where onset rates are 15 dB per second or more. and "severe impact," respectively (Fig. 5).

Fig. 6 shows the relationship of speed and dist_mce to
define locations where the onset rate exceeds 15 dB per Current Northeast Corridor service has a total of 16 day
second for a maglev train. This curve was determined using and 6 night trains passing through the suburbs of Boston.
a synthesis of noise from a single maglev vehicle passby, Assuming a similar level of service could be provided by 10-
accounting for divergence, directivity, convective car nmglev trains with the same schedule, the normalized
augmentation, ground effect, atmospheric absorption and SEL from Fig. 4 is converted to SEL for a 10-car train using
emission level (spectra) as a function of speed. TR07 data the SEL equation in Section III.C. Two speeds are
measured by TUV Rheinland and HMMH were used to obtain considered; an upper bound of 400 km/hr and a lower bound

the relationship shown in Fig. 6 [2]. of 250 km/hr. The "onset rate adjustment" is obtained for the
appropriate speed from Fig. 6.
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The results shown in Fig. 7 illustrate the distances from the • What are the key aeroacoustic sources for each speed
guideway that would considered to be impacted using the range?
proposed criteria. Severe impact would result for any
residence within 40 m at the upper speed of 400 km/hr and • How much of the sound radiation generated by the
would drop to 18 m for 250 knffhr. The method can be boundary layer can be attributed to vehicle structure?
employed in reverse to determine the speed at which no
impact will occur for a residential area. For example, if the • How effective are boundary layer control methods in
nearest house was 30 m, the speed would have to be reduced reducing noise?
to 267 Km/hr to fall into the "no impact" zone of Fig. 7. This
example shows that without additional mitigation measures, • How much noise is generated by the vehicle flow
noise from a current generation high speed maglev system interaction with guideway structure?
could cause severe noise impacts in residential neighborhoods
near the guideway. Negative public reaction could result in • How much sound is radiated from the guideway
restrictions of speed or locating new maglev rights-oi-way, structure?

• How much noise will be generated by lifting surfaces
VI. UNRESOLVEDNOISEISSUES if they are employed for guidance purposes?

Because maglev has a great potential to serve as an A research program to resolve these and other noise issues
alternative to aircraft as a short haul carder between cities, the should be undertaken during the design phage of a new
mode will of necessity be placed in densely populated areas, maglev system. Mechanical/structural noise tests are best
Consequently, noise control will be a major part of the performed on full scale facilities, but there are two approaches
design/development process for maglev. Before design to conducting research on aeroacoustic problems: model
guidelines for noise control can be developed with confidence testing in wind tunnels, and full- or nearly full-scale testing on
for a new maglev system, the following design issues should a test track. The choice revolves around the extent to which

be resolved through an acoustic test program, structural re-radiation is found to be important. Model testing

70 gives scale measurement of the direct radiation component
and provides a convenient method for sorting out the various

$EVi::REIMPACT aeroacoustic mechanisms. However, if structural radiation is
found to be important, then testing will be required on a

65 larger scale prototype.
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Corroboration of Magnetic Forces in U.S. Maglev Designs
Howard Coffey, Jianliang He, and Zian Wang

Argonne National Laboratory
Argonne, Illinois 60439

Abstract - Four System Concept Definition (SCD) contractors to the The magnets aboard the vehicle and the null-flux coils in
National Maglev Initiative (NMI)developed conceptual designs of the guideway must be displaced from their symmetrical
maglev systems in 1991-1992. The objective of the work reported positions to generate levitation or guidance forces. The
here was to perform independent calculationsof the magnetic forces computed levitation forces are shown in Figure 1 as functions
and fields of these four systems to assess the "reasonableness'of the of the vertical displacement (at 134 m/s) and velocity (with
results presented to the government. Commercialcomputer soR- a 0.035 m offset). The weight of the vehicle is about 240
ware was used for computing forces in the systememploying non- kN/bogie. At the operational speed of 134 m/s, this basiclinearferromagneticmaterialsand for some calculationsof induced
eddy currenteffects in finite-sized systems. Other cases required levitation requirement is met with a vertical offset of about
the use of models developed at ANL andverified by experiment, or 0.035 m, and a lift-to-drag ratio of about 180 results. The
in a few cases, new computerprograms that have notbeenvalidated maximum lift is approximately 640 kN at this speed and
by experiment. The magnetic forces calculated by the contractors occurs with a vertical displacement of 14 eta, providing a
were foundto be credible in every case evaluated. The strayfields maximum-to-nominal lift ratio of 2.65, which is in good
were also foundto be in reasonableagreement withthose calculated agreement with the value of 2.6 calculated by Foster-Miller.
by the contractors,but, for lackof space, are not reported here.

o 700_'_. 70

Introduction _ 6o0- 6o
Since the four conceptual maglev systems designed under

the NMI program were developed analytically without the I 5o0- 50
benefit of experience with operational systems, a government

team was established to independently analyze the proposed" 400-_ y p_'4° I

concepts[l]. These designs included three electrodynamic "i
(EDS) and one electromagnetic (EMS) system. One EDS .._ 3o0- 30

concept used coils, another a conducting ladder, and the third ! 000. _ _ 20

200

a conducting sheet in the guideway. The EMS concept used
iron-cored superconducting magnets aboard the vehicle. Null- . 1 10

flux coils were used in two guidance systems. No single . , . , , , _ 0
method of analysis was adequate for calculating the electro- 0 2 ,1 6 8 10 12 14 16
magnetic fields and forces of ali the systems proposed. VertiealDisplacement (cna)

Foster-Miller 250/ , , i , , , , , , , , J . ,

The Foster-Miller concept uses "racetrack-shaped" super- ._ ] _ . .............
conducting magnets on the vehicle, which interact with side- d .._] _ " _ "

wall-mounted null-flux coils to produce levitation and a _ 1 J

portion of the guidance forces. Propulsion, and the primary
guidance, are provided by a single set of coils, which are
connected across the guideway and powered in parallel from
the wayside. The baseline 150-passenger, 73-metric-ton, 2-
car train is levitated on three bogies. Each bogie contains ._
eight magnets and must levitate 24.3 metric tons. Each
magnet has a mean winding width of 0.5 m, a mean length of
1.0 m, and 1800 kA-T of current. The null-flux coils in the l/ _/ Vertical Offset: 3.5 cm

guideway are 0.74 m long, 0.90 m high and 0.04 m x 0.04 •
m in cross section. ¢;, • , , , , , . , , , , _ . .

The levitation forces were analyzed using a Dynamic 0 30 60 90 120 150
Circuit Theory model [2,31 developed by J.L. He et al. of Speed(m/a}

Argonne National Laboratory. This model uses numerical Figure 1. Suspension force vs vertical offset at 134 m/s (top) and vs

techniques to calculate the dynamic time-dependent forces of speed with 0.035 m offset (boucm). Gap = 0.275 m, Velocity = 34

coil-type suspension systems, m/s, Current = 1800 kA-T, Conductor cross-section = 16 cm 2.
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Extra lift is required at operational speeds in turns, in gusty centimeters below this centerline.
winds, and to provide a margin of safety. As shown in the Ninety-six superconducting magnets on the vehicle are
figures, the lift force develops progressively as the _peed contained in six modules of eight magnets on each side of the
increases, and although the lift might appear excessively vehicle, the l-m-long and 0.3-m-wide magnets being posi-
conservative at high speeds, this performance is needed to tioned with their planes in the vertical direction. The modules
achieve levitation at lower speeds. The power dissipation of are spaced 1 m apart along the length of the vehicle, and the
7.5 kW/ton under nominal operational conditions compares magnets are arranged so that each magnet is adjacent to other
with a value of 6 kW/ton calculated by Foster-Miller. magnets with different polarities. The modules are 4 m long

lt should be noted that the displacements at takeoff (50 and 0.6 m wide.
m/s) and landing (20 m/s) will be greater than the 0.035 m To analyze the lift and drag forces in this design, the
discussed here, and the marginal lift force will be reduced, dynamic circuit theory model was modified to include a LSM
Since the coils can be wound with multiple turns, the conduc- waveform approximated as a continuous sine wave extending
tors can be thinner than the skin depth, and an increase in the length of the vehicle. This approach is analogous to that

drag due to the skin effect is not a concern. The calculations used in conventional motor theory and is an approximation in
assume copper conductors in the guideway, with the cross- that higher-order harmonics, eddy currents in the coils, and
sectional area indicated, end effects resulting from the finite lengths of the magnets

The primary guidance forces in this system are those are not included. Nevertheless, the model approximates
resulting from the interaction with the cross-connected Bechtei's results and indicates the "reasonableness" of their
propulsion coils. Our calculated guidance forces resulting computations.
from the interaction of the superconducting magnets with the A steady-state circuit approach was used in the model and
propulsion coils (for one pair of magnets) as functions of provides closed-form analytic solutions that are well-suited
lateral displacements of the vehicle are shown in Figure 2, for the analysis of coil-type EDS systems.
The guidance force depends on the air gap assumed between The results of the lift force calculations are shown in Fig-
the superconducting magnets and the propulsion/guidance ure 3 in which the forces are normalized in the same manner
coils as shown. These forces are lower than Foster-Miller's as those presented by Bechtel (Figure 4).

by about 15%. Additional lateral forces will occur as a result

of the propulsion current in these coils._00J " ' " ' " ' " ' ' ' ' ' " ' ........... 8 i'7 '-!_ .............!-Ti ii: , _ l!-'_-_--i1_ :
•_ 1_ "_ --i ...................... "......r "Ve_cai-0ffset'-3cm

"_O 100 _,_, i i !'" _.': i i .......il i.ili i iii_il_/i .i - ';."-.i;ii!!_ i _ i'.': i i ?8O

,_ .100

-1_ \_ 2

-200 ' ' • i • ' i '" • | • ! , ' ! , ! , |

-8 -6 -4 -2 0 2 4 6 8 I

Lateral Displacement (cm) 10"1
Figure 2. Guidance Force vs Lateral Displacement with Air Gap as 0

Parameter. 0 =,50 100 150 200

Velocity (m/s)

Bechtel Figure 3. Normalized Lift vs Speed with Number of Rungs and Vertical

The Bechtel design uses a "ladder"-type guideway and an Offset as Parameters(ANL). See text for parameters.
array of on-board magnets with alternating polarities to
effectively achieve a "null-flux" configuration. When the on- These calculations are for an array of fbur coils for com-

board magnets are symmetrically located with respect to the parison with the corresponding calculations made by Bechtel.
center line of the ladder track, no net flux is experienced by The notations 8,3 etc., refer first to the number of rungs per
the ladder track and no currents or forces result. The meter in the ladder guideway and second to the displacement
equilibrium operating position of the magnets is a few in centimeters of the vehicle-mounted magnets
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_PEEO (m/si The primary guidance force from the null-flux coil

Figure4. NormalizedLiftvs SpeedwithNumberof RungsandVertical interaction is shown in Figure 6 as a function of the lateral
Offsetas Parameters.(Bechtel) displacement. The "Bechtel" curve is the sum of the separate

forces on the two sides of the bogie. The cross-sectional area
below the centerline of the ladder. The upper and lower and conductivity of the conductor were not reported and have
horizontal rails of the ladder are 0.030 m high and 0.020 m been adjusted within physically permissible limits to achieve
thick, while the rtmgs, or vertical members of the ladder, are the agreement shown. A value of 0.1 on the scale shown

0.01 m wide and 0.020 m thick. Our calculations ignore the corresponds to 20 kN for an eight-magnet bogie, resulting in
skin effect, which will be appropriate if Bechtel uses a a total restoring force of 240 kN for the entire vehicle when
laminated structure. Further, only the first harmonic of the it slips to the side by 0.02 m.

waveform is considered. To obtain the agreement shown, the _,,_ , , . , ...... , . , . , . , ,_____L__t-
effective resistance was arbitrarily adjusted, but it ren)ains /
within a factor of two of the expected value. The Bechtel o7 //, i

calculation is more conservati,/e than ours. The drag forces 0_ //

"f" ./_"

were al_ calculated and are si'nilarly in agreement. The ._
number of rungs per meter has a eignificant effect on the lift _ o.5

-/

and drag forces and is an _mportant design l_mmeter. _ 04 .,_/
The lift and drag forces, lift-to-drag ratio, and the ladder- i -_/

interaction guidance force resulting from one of the six bogies ._ 0._
composed of two magnet modules, one on each side of the _ /

vehicle (16 magnets per bogie), are shown in Figure 5 as 02 _" _"
functions of the vertical offset of the magnets from the 0_ ._-...._7

centerline of the ladder track. During cruising, the vertical /rf
displacement will be at)out 0.030 m. The offset will be 0 , , , , • , , _ _, . , . , . , , .

0 2 4 6 bl I0
greater at lower speeds. The lift-to-drag ratio calculated with

LateralDisplacement(cre)
the model is 140 at 134 affs. Bechtel calculated two power Figure6. NormalizedGuidanceForce vs LateralDisplacement(cn)).
losses in the coils, leading to lift-to-drag ratios of 130 if eddy FourMagnetsEachSide. SolidCurve(ANL);BrokenCurve(Bechtel).
currents are disregarded and 110 if they are included.

Guidance in this system derives from interactions of the Grmnman

on-board "octopole magnets" with: 1) null-flux guidance The Grumman conceptual maglev design is an EMS
coils, 2) the levitation ladder, and 3) the propulsion motor, system using constant-current superconducting magnets to
The dominant interaction is that between the magnets and the generate the magnetomotive force for the iron poles of the
figure-eight-shaped null-flux coils in the guideway. Corre- on-board magnets. Dynamic control of the magnetic field is
sponding coils on opposite sides of the guideway are con- provided by separate trim coils near the pole faces of the
nected in series across the guideway, magnet. The gap between the iron poles and the LSM stator

is 40 mm. One set of magnets acting against a single
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reaction plate (the stator of the LSM) provides both lift and in the superconducting magnet. The trim coil current shown
guidance forces. The stator is mounted at a 35* angle from is the sum of the currents in both trim coils on a single core.
horizontal in the guideway (Figure 7). The lift and guidance The vertical lift force on the vehicle is the sum of these
forces are components of the force normal to the faces of the normal forces on each magnet multiplied by cos35°. At the
poles, and this normal force is the important design force, nominal operating point shown, the vertical force is about 940
This concept requires that control be provided when the kN, while the vehicle weighs about 630 kN, providing a 50%
magnets are displaced sideways on the rail. The baseline margin in lift for cornering, wind, and safety factors. The
vehicle carries 100 passengers and weighs 61.4 metric tons. guidance force is the difference between the forces on

magnets on opposing sides of the vehicle multiplied by

I --"'"°'_'_ _"_1 sin35°"

f / ........./_00 , ! I : , , , .... , _ _ I ":" !_..O .....

_ ' " ......... _";'_'_i'
., 2ooo'1....]". ", ..... - _ '..,,.'_i ! , ,-- _ .... .J_.-..

I / / ..+.i......

/ _ .... Uoi_c. colat" _...._ / / _, | _ I000 - -' sca, p=3 cm

5o0-i___f i_ -o- O,'um,,,,,,,,O:3c,,,

Figure 7. ElectromagneticSuspensionSystem (Orumman),Showing I __ ! ;" -/6- Gr)amman. G=4cm
SuperconductingCoil for Biasand ControlCoils for DynamicCnntroi. 0_ ..... , .... , ....... , • . , .

-20 -10 0 10 20 30 40

Since the gap in this system is 40 mm, and the fringe TotalTrimCoilCurrcnt(kA)

fields were expected to be relatively large, the computer code Figure 9. Total Force Normal to Face of Magnets. Current in
TOSCA¢)[4] was used for the analysis of this system. The SuperconductingMagnets = 50 kA-T. Total Current in Both Trim
pole faces are square with sides of 0.200 m and react against Coilsas Variable. (ANL/Grumman)

a ._iuare-cross-section rail also having sides of 0.200 m.
Forty-eight magnets (24 on each side of the vehicle) of this As the magnets are displaced laterally (see Figure 8),
type are used. The magnets are staggered (Figure 8) to some magnets move onto aaid others off of the rail, resulting
provide control as the magnet moves to the side of the rail. in a force that tends to restore the magnets to their equilibri-
Each pole extends to the side of the rail by 0.020 m. Only um positions. The restoring force shown in Figure 10 was
the limits of the static fields produced by the combination of calculated for the case in which the magnetic field in the gap
the superconductin_ and the control coils were computed, is constant. Since the capability of specifying a constant-gap

field is not contained in TOSCA, the current was varied to
2c,m

(_lS['l lqtSrornN(3FohcE approximate this condition, and the forces were scaled to the

shown. This approach approximates a condition in which the
-- normal force is constant. The restoring force is stabilizing

' with ali the gap spacings evaluated. Our results (using M43)
RES]OPtINGFORCE

,_,,L o)_s_ , indicate a somewhat greater variation with the gap dimension
_s than do the Grumman data. Similar calculations (not shown)

Figure 8. Positionof Magnet Poleson GuidewayRail (LSM Stator)tc were made for the case of constant magnet current.
ProvideStability Against Lateral Motion. (Grumman)

Magneplane-lnternational
Due to the high magnetic intensities in the poles and The Magneplane system is a continuous-sheet EDS system

guideway, Vanadium-Permendur and M43 steel are proposed in which eight magnets aboard the vehicle induce currents in
by Grumrran for use in the poles and rails, respectively. In aluminum sheets in the guideway as the vehicle passes by.
our calctdations, only M43 steel was used. These currents interact with the magnets to produce the

The forces normal to the faces of the poles calculated by repulsive forces that levitate and guide the vehicle. The
Grumman and ANL are shown in Figure 9 as functions of the guideway, shaped as a trough, permits the vehicle to roll in
current in the trim coils with the ba_line current of 50 kA-T a turn, avoiding the use of a separate tilt mechanism.
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,,,<,, ............L,__.,_-L_-.._._..__L ........ L..... programmed and used fi>rthis analysis. Values for a single

:[ o. ^_...p._m ] : ; : : : . . , : , : ; ; i__.2"_/_i : ; I magnet calculated using this formulation compare well with
/-,,- ^NL._,_m I + .... _yt_._! , : those from a previous program, based on [6l and [7l, which

_ ,_ - *.t.,,..,_., _, r . ..... _"/'<'/"_': ', ' t ' i has been validated by numerous experiments. The guideway

_|- . ,s,_,m_._.._=,,,| ....... _._7_, :.i._ . : , , , , is sufficiently wide that the lift forces calculated are expected
_000- _r-- ,;.... z-_,_I i J , , . !/_./-./.. _ "_-<,, , : i i to be affected only marginally by its finite width.

%-,- _;..m.l-._:,.I '' ! k"//A_. _ :./: I i, , ! , ,
_.......... I !! : _/'_..rv, _>-, _ _ _ I ' ' " ' The lift and drag forces for a single bogie composed of

;i' ! ''i_':Y'_,'jLY,,_ Ii!: j_lt!'t _ two sets of two magnets for the baseline 45-passenger vehicle
! * , +_ _ it l_i\] i _ I ] _ (180 kA-T) are shown in Figures 12 and 13 Since the

, , _ , , , l__r_, i i ,ii i I .... l baseline force demanded of this bogie is 76 iN, ii is seen thai
' i _t , _P"_Li i : i ! ! t _ i , , , i considerable marginal support exists above that required for
': _a__ !!i!_ii , ,,, levitation of the vehicle.

L__..,-H.itt.#+l _.t- ,00:,--- - ..............
0__½L"/_4/_ilii .....

o 0.5 1 1.5 2 2.5 3 3.5 ii t

Figure IO. Lateral Restoring Force vs Displacement (cre) (ANL). _so ....... / / ...........
, .,,1i, --'t"

Continuous-sheet guideways, unlike those using discrete coils, _.....; _.........../, ............................=-.-.------
provide a non-pul_ting interaction with the superconducting _ /_..i-_

magnets' simplifying the achievement °fride c°mf°rt and i'" /.1 /_://_ _--_--- --
reducing the ac losses in the cryostat and magnet. Stabiliza- i / _i-_'----_ ....
tion (if the system in the roll direction is by means of the ,0oi _ ---- __------. _
interaction of the propulsion coils with the edge of the I ///_ _------- ""°"

guideway and by airfoils. Propulsion of the system is "i--/t//// _--'------------- °'_''

i

analogous to that of the other EDS systems, except that the ! ////.Z._/
12 magnets used tbr propulsion are separate from those used 0,! ! I '" I ' "' l "

for levitation, and the LSM windings are under the vehicle. ° ,, ,, ,o ,o ,0° ,,0 ,.0
UgLOCITY (m,'s)

The dimensions, curre,ts, and layout of the magnets are
shown in Figure 1I. Figure12. Lift ForcesCalculate,d forTwo Setsof TwoMagnetson a

2.25m Single Bogie of the Baseline45-PassengerVehicle. Magnets 2.25 m
long, 0.4 m wide,O.I m spacing. (ANL)

\
oT TM [ , ,x

tO _: ' I _,. ..........

" ,; ......................
-- 3 -_ h.....

252 kA _'_-_.._- _ _ ' ....

Figure I !. Dimensions, Configuration, aild Currents OI Magnets used 0, _____J__ ..............

at one end of Magneplane 140-Passenger Vehicle. A Mirror Image of ° lo ,0 ,o ,o ,00 ,------_o..... --7,oUELDC I IY (m/li)

these Magnets is Used al the Opposite End of lhc Vchicle.(Magneplane)

Figure 13. Drag Forces Calculated for Two Sets of Two Magncls on a
Analytic models are available for calculatingthe magnetic Single Bogie of theBaseline45-Pasr_ngcr Vehicle. (ANL)

lift and drag forces on magnets moving abovean infinitely
wide conducting ground plane. Analy_s for single magnets Electrodynamic interactions of magnets with the edges of
have been given by Chilton and Coffey[5] and Reitz and finite conductors as encountered in the keel stabilization of

Davis[61. A similar analysis, by Lee and Menendez[7], the Magneplane require calculations using 3D-finite element
accounts for multiple magnets. The latter fiirmulation was computations. ELEKTRA ®, a commercial computer code

3()8



capable, in principle, of calculating the force,s of moving proprietary rights in their respective system designs.
magnets interacting with a finite-width conducting guideway, The analysis of the Magneplane International system is more
was usexl for the analysis. Requirements for nodes on which limited than are those for the other systems, for the reasons
the fields were to be computed, however, exceeded the discussed above.
capabilities of the Sun Station used in these analyses, limiting
our considerations to reduced sizes and very low velocities. Acknowledgements
By arbitrarily reducing the size of both the vehicle and the This work was supported by the U.S. Army Corps of
current by a factor of 16, the eddy current patterns of Figure Engineers and the Federal Railroad Administration through
14 were obtained at a velocity of 6 rn/s. (The Magneplane interagency agreements E8691R001 and DTFR53-93-X-
system uses six propulsion magnets rather than the four 00047, respectively, with the U.S. Department of Energy.
modeled here.) Eddy currents induced by the combined
pro aulsion and levitation magnets are shown.
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CONTROL STRATEGIES OF A LSM DRIVE FOR EDS-MAGLEV SYSTEMS

F.Aibicini, M.Andriolio, G.Martinelli and A.Morini
Department of Electrical Engineering - University of Padova

Via Gradenigo 6/a - 35131 PADOVA (Italy)

Abstract- In the paper an inverter-fed linear
synchronous motor for EDS-MAGLEV systems is analyzed in
order to evaluate the harmonic contents of the armature

current as well as of the mechanical power. Some
control strategies for improving the drive performance
are discussed.

I. INTRODUCTION 5

The drive of a magnetically levitated train with
electrodynamic suspension (EDS--M AG LEV) usually consists
of a PWM inverter feeding an air-cored long-stator
linear synchronous motor (LSM) with on-board
superconducting field coils.
The drive performance may be analyzed by means of
an equivalent circuit and with reference to the generic
harmonic of the applied voltage, counter e.m.f, and 4 1 2 3
current. Differently from [II, in this paper the Fig.I - Schematic cross section of an EDS-MAGLEV vehi-
equivalent circuit is defined by means of general tie. [1: on-board SC coils," 2: auxiliary SUSlJeSL_'ion;
expressions taking into account also the arrangement in 3: groutut levitation coils; 4: two-layer armature
which the field coils are grouped in opposite polarity coi&; 5: guideway]
pairs and the armature coils arranged in two overlapped

layers 121. The latter implies a different harmonic .t_ j.q
content of the LSM c.e.m.f., with the presence- in _'T', -"-1

SC field coils "_r - of harmonics pulsating at k_r/2 (k= 1,3,4..).
The developed model allows to analyze the steady-state
behavior of the PWM inverter- LSM drive by means of the
evaluation- as a function of the speed- of the
instantaneous values of the applied w)ltage, current
and mechanical lx)wer, given the harmonic con_ent of the

c.e.m.f., the frequency, anaplitude and phase of the
triangular carrier wave and the waveform of the
modulating wave. The model also allows to calculate the
ohmic losses, the converter apparent power and the
power factor, armature coils
Two control strategies are proposed in order to

optimize the drive performance with respect to the at- Fig.2 - Fiehl and armature coils of(he I..SM. Iby: i_olar

mature ohmic losses and to the LSM power ripple. Such pitch; ay: distance between the field coils of a pair;
performances are obtained by impressing suitable cur- p: pits'ii _'the arn_tture coils; 1,2.3: phase.v; X,Y:_ Y0"
rent harm-nics by means of the control of the harmonic -_t,Z_+AZ: coordituites of a generic armature coil; 2AZ:
content of the applied wfltage. The obtained results distance between the arn_tture layers; ,o: train Sl,eedl
are compared with the case of sinusoidal current.
As an example, a prolx)sed EDS-MAGLEV train is
considered 121 and the results obtained by applying the I1. COILS ARRANGEMENT
proposed control strategies are given.

Fig. I shows a typical c-ii arrangement of the I.SM
()fan EDS-MAGLEV train. The windings may he I't.'i_l't, St:llletl

Manuscript received March 15, 1993. This work wa_ sup-

ported by the Pr.ge(to FinalizzatoCNR Trasporti 2. by series of rectangular-shaped coils: Fig.2 sh,)ws the

3111



n+ li +

n n

1 "t, Fig.4- Single-phase equivalent circuit related to one
Fig.3 - Reference dimensions of armature and field section ,_ the armature winding.
coils, with number of turns respectively Nt atm Ns.

from (1). lt results, with reference to the sign
field and armature coils with reference to one side of convention of Fig.4 [4]:
the train. For the sake of clearness the coils are rep-

Ej [iC°r 2n(i- 1)iiresented as filiform, even if the developed expressions 0Mis __ V'2 cos_'--_--t +
take into account the actual coil thicknesses (Fig.3). eis(t) = Npls at j=l t.- 3

(3)
J

The field and armature coils are on vertical parallel
/'E k

planes: the former are grouped into opposite polarity Ej = -j k2Np,Ols k,----z_ ._Iltsn(X,Z) n=J2 (4)
pairs and the latter into three phases and two layers. oy,,.

with Is field current and Np polar pairs per section.
The LSM c.e.m.f, contains the fundamental pulsating atIII. LSM EQUIVALENT CIRCUIT
_0r (related to the speed _ by means of (2)), and

With reference tt one section of the armature harmonics pulsating at jt0,/2 (j=1,3,4,..); the phasor

winding and to the n-th harmonic, Fig.4 gives the LSM Ej represents in module and phase the j-th harmonic of
single-phase equivalent circuit, lt is: the c.e.m.f..
En LSM counter e.m.f.
Rn,Ln armature resistance and inductance (included the B. Resistance Rn and in&wtance Ln

series impedance of the connections) In order to evaluate the series inductance of the
[.In converter applied voltage
In armature current circuit of Fig.4, the phase self and mutual inductances, must be determined.

The mutual inductance between a coil of the phase i and
A. Counter e.m.f En a coil of the phase j is given by [5]:

Given a reference system (x,y,z) fixed to the field 00 In /r 2rtYiJ'_coils, X,Y=Y0-._t,Z--AZ are the coordinates of a generic Mij = _n_mCOS (5)
armature coil (Fig.2). The mutual inductance per polar 0 _. -'-_y J

pitch between the field winding and the i-th armature with Yij distance between the coils. The coefficient
phase (i= 1,2,3) is given by [3]: "_tn depends on the geometrical parameters of the

armature winding as well as on the number of turns Nt;
Qo {n2n(Y+b) 2rt(i-l)j (I) its complete expression is given in I511

Mis = k E _tsn(x,Z) sin[ _yy 3
n=j k/2 For Yij=0 and Yij=+by/3 respectively, the coil self and

j =1 mutual inductance L and M can be obtained from (5).
with k armature coils per phase and polar pitch. The Bearing in mind that the sides of the armature winding
coefficients _i'itsn(X,Z ) and b depend on the system are in parallel [1], the phase inductance _m and
geometry (parameters i,h,t,s,by,ay,AZ of Figs.2 and 3) resistance R_ are, with reference to the n-rh harmonic:
as well as on the number of turns Ns and Nt; their
complete expressions are given in 131. l-.,_n= N(L -M)/2 n:_3k (k= 1,2,3,..) (6)

With the positions Y 0 =- b and: Lan = N(L + 2M)/2 n=3k (k=1,2,3,..) (7)

2rr Ra = NR/2 (8)
= k (2)

with N armature coils connected in series per phase and
the mutual inductance as a function of time and then section and R resistance of a coil.

the e.m.f, induced in the i-th phase can be obtained Finally, the parameters of the circuit of Fig.4 are:
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k = L.. + Le
n_3k (k=1,2,3,..) (9) = 3 _ Eh lh cos(_h) (13)

Ra = R_ + Rf h=l

Ln = Lan + Lf + 3 Imeut mmgeneric harmonic (the complete expressions of _hh =
n=3k (k=1,2,3,..) (10) -.d_/Npo and b_h=-23uh/Np'._ are given in 141):

Rn = P-_ + Rf + 3 Rneut (3 )where 1.4 and Rf are the inductance and resistance of Pe,n,a(t) = Pcm# cos _/dwt- ft)ta (14)

the series c°nnecti°ns and Lneut and Rneut th°se °f the (_ _ {_ )neutral connection, l_emta= _ E_tahlhCOS(3"h)] W E_B_lhsin(3"h)] 2(15)h 1 h=l

C. Converter voltage Un oa oa

tg(ff,_ = _ _lhsinO'h) / _ dtahlhCOS(_'h) rl6)
If the converter is operating so that i', can supply h=l h=i

a voltage containing the fundamental and harmonics
The instantaneous mechanical power contains, in

pulsating at nt0 r /2 (n=1,3,4,..), the phase currents
addition to the mean value, harmonics pulsating at

can be generally expressed in the following way: 3p.t0/2 (/a=1,2,3,..). The mean value is contributed by

the current components lhcos(3"h), while the components
ii(t) = _. _ I n cos t - _'n + 2_(i-l)n. (11) lhsin(_'h) contribute the harmonic content.

n=l 3

With the phasor ! n representing in module and phase the V. CONVERTER CONTROL STRATEGIES
n-th current harmonic, the equation:

nt,.)r Three converter control strategies are discussed,

Un = En + (Rh + j T Lh) In = En + _la (12) in order to obtain different drive performances"
A: sinusoidal currents pulsating at _r=2rtk',_/by

gives the phasor U n, representing in module and phase B: current spectrum to minimize the ohmic losses in the

the n-th converter voltage harmonic (Fig.4). armature windings

In order to obtain a desired drive performance, the ar- C: current spectrum to minimize the power ripple.
mature currents are requested to have a suitable harmo-

nic content, represented by h* phasors {Idl ,_2 .... A. Sinusoidal armature currents
ldh* }" by means of (12), the desired harmonic content

of the converter voltage {UdI,Ud2 .... Udh*} is then Once imposed < Pcm >, the desired current spectrum is

defined. The voltage spectrum is actually obtained by {ldl =0,1d2*0 .... lab*=0}, with Id2 given by (13). Corre-
means of a PWM technique, in which the carrier spondently, the desired voltage spectrum {Udl,Ud2 ....

frequency f,: is limited by the converter switching ca- Udh*} is given by (see (12)):
pability. Given {Udl,Ud2,..,Udh*} and the frequency,

amplitude and phase of the carrier wave, the switching Udn = En n_2
(17)

instants {t l,t2,..,t k} are determined and then the Ud2 = E2 + Z,2ld2 n=2
actual spectra of voltage {UI,U2 .... Uh*,Uh*+l,.. } and

current {li ,12,-.,lh °,lh *+ l ,.. } are evaluated. They Once determined the actual voltage spectrum
differ from the desired ones essentialy due to {UI,U2 .... Uh*,Uh°+l,..}, the actual current spectrum

harmonics with frequencies near fe and multiples. {ll,I2,..,lh*,lh°+l ,..} is evaluated.

B. Minimization of the ohmic losses
IV. MECHANICAL POWER

The second strategy is aimed at operating the

With reference to the currents (li) and according converter so that - for the mean power < Pem> imposedby

to the developments given in [3] and [4], the mean vai- the desired motion conditions - the current spectrum
ue and the harmonics of the propulsion force per polar {idl,ld2 .... Idh °} produce the minimum ohmic losses in
pitch Fy acting on the train can be determined. The LSM the armature windings and series resistances.

mechanical power Peru =NpFyO immediately follows, lt is: The ohmic losses can be expressed in the following way:

u mean value (see (4)): h °
PdJ = 3 _ Rn l_n (18)

n--I
lr3V_ lh _l]tsfhk/2)(X,Z)COS(3'h)= The minimum value of PdJ is obtained in correspondence< P em_> = - k2Np°ls _ h= 1

to h* currents:
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<Pcm> E ic°s(_ '') = [i ] [ b ][i ] (26)

Idi = h* F__cos2(3'n) Ri i=l .... h* (19) R2 t

3 _ Rn 1"ao "it" [" i ] = 1 (27)n=l

Once determined the spectra {UI,U2 L_,,lq_,+l,..} aud{ll,12.... lh*,lh*+l,..}, .... /|[Q0I] /[alt '" OIh*]| I£Li_]

the actua' ohmic ,osses are ro oi=i°02| [ta]=[ 0"2, a2h" I [']= i',,. .,. ..,

given by" L,_0h.j L,_kt._ akt'h'J
co

Pl = 3 _ Rn 12 (20) with [b]=[a]t[ol. The minimum value of (26) with the
n=l constraint (27), is obtained in correspondence to:

C. Mitd,nization of the power ripple [ b ]-1[ a0 ]= (28)

The method developed in [1] allows to cancel a [ i ] [" 0,0 It [ b ]-![ ao ]
desired harmonic of the mechanical power: as it doesn't
take into account sub-harmonics, it is not applicable and then:

to armature windings arranged in two layers.

In this paper and with reference to [4], the method is R = _[i Iri b ] Ii ] = 1 . (29)
generalized in order to obtain the minimization of the ,li a0 it [ b ]-i[ ct,)]
whole harmonic content of the power, whatever the

spectrum of the c.e.m.f, and with a moderate increase
of the r.m.s, value of the armature current. VI. EXAMPLE OF APPLICATION

Bearing in mind (13)+(15), the relative harmonic
content of the power can be expressed as: With reference to the proposed control strategies,

the developed model has been utilized to analyze

1_=. voltage, current and power in an EDS-MAGLEV system with
kt 2 , the arrangement of Fig.2 and the data of Tab.l. The

1R - _ [.<pem > (21) train is made up by 14 vehicles, is about 120 in long<Pe'n> kt l and its mass is about 306 tons [2]. Tab.ll gives the
values of vertical displacement X and total fi_rce

where la" is the number of harmonics considered in the Ftot=Np <Fy> used in calculations.
series expansion of the power. In order to minimize R, The inertial force Fin has been assumed equal to 150 kN
it is convenient that the current quadrature components and corresponds to an acceleration of about 0.05 g
are zero, that is _'h=0 or _'h=Tr. Assumed such values for (- 0.49 m/s2). The aerodynamic drag has been evaluated
_'h and with reference to h* harmonics considered in the on the basis of Faer=(pgcwA_2)/2, with p_1.225 kg/m3
current series expansion, (15) and (13) become: (air density), g_9.81 m/s 2, CM=0.35 (penetration

coefficient) and A=8.9 m2 (train frontal section). The
h*

i-_emkt = _ a_5_ h p = 1,2,..,la* (22) vertical displacement X and the electromagnetic drag
h=l <Fdrag> have been calculated with reference to [6].

h* h* The impedance of the connections has been neglected
<Pcm> = 3 _ E h_h = _ al0h7 h (23) and, according to the inverter configuration proposed

h=l h=! in [7], the neutral connection and then the presence of
homopolar currents have been taken into account. The

with :/h=+--lh depending on _'h=0 or _'h=rt. series expansions of wfltage, current and power have
By assuming as base power the desired vah,e < Pcm> of been termined at the 202-rh harmonic, starting from the

the mean power and as base current the quantity sub-harmonic at wr/2=rtkpo/by.
<Pem >/sg 02 (that is the r.m.s, value of the current
which gives such mean power if the current is supposed
sinusoidai), (21)+(23) can be expressed as follows" Tab.l - Parameters _f a ._ystt,m with the coil

arrangement of Figs. 2 and 3 (s: field; t" armature).

R2= _-,"_2 h* h*/... tJemkt penn/a= _ %jhih 1= _ aOhih (24) 1s=2.15 m hs=0.45 m ts=0.05 na s_=0.08 m
#=i h=l h=l Ns=1000 Is=700 A ay=0.45 m by=21.6 m

s_Ca 1t=2.49 m ht=0.53 m tr=0.07 m st=0.08 na
Pemkt "q'hS_°2 O,gh (25)

Pe,au - <Petn> ih =<p etn_ =_d 02 Nt=15 k=4 N=74 No=30

Combining the first and second of (24) and using matrix Z=0.245 m AZ=0.04 m
notation, the following is obtained: R=20.8 ml2 L=0.89 mH M=0.30 mtl
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'rab.ll - Vertical displacement X and forces acting on current lA}
1500 ............................................

the train (kN) a._ a function (fs _eed e.

....... t

_ X looo ._ •
• Ikm/hl [mml <Fdrag> Faer Fin Ft°t

100 46.4 89.7 !.3 150 :241i0- 500
150 34.1 43.5 2.8 150 196.3

200 29.6 28.2 5.0 150 183:2 0

250 27.4 20.9 i7.8 150 178.7 -500

300 26.2 16.6 11.2 150 177:8
350 25.4 13.8 15.3 150 179.1 -1000 ,

400 24.9 11.6 20.0 150 181.6 B. (a)
-1500 ...........

450 24.5 10.3 25.3 150 185.6
._ ,,

500 24.3 9.2 31.2 150 190.4 1500 ...........,....................... ,........ ,...... ,
,,

Fig.5 shows the LSM c.e.m.f, for the steady-state 1000 !_

running at speed ,o=500 km/h; the frequency of the 500

fundamental component is fr=25.72 Hz, while the sub- 0
harmonic at fr/2 is relevant, due to the coil

arrangement ira two layers. The waveform also contains -500
relevant high harmonics.

With reference to the current and power waveforms and -1000
for _=500 km/h, the diagrams of Fig.6 and 7 compare the i }_ (b)
results of the converter control strategies. Fig.6a and -1500 ...................................................................................
7a give the results referred to an ideal converter 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

(that is an inverter which exactly supplies the desired time Is]
spectrum)" Fig.6b and 7b give those referred to the Fig.6- Current vs. time for the three proposed strat-
actual PWM inverter. In the latter case, as the carrier egies in the case of ideal (a) and actual (b) inverter.

frequency _ is assumed to be 90 times the frequency _ power[MW]

of the fundamental of the modulating wave, high 35 ........ "................... --_7--_'- --
harmonics near _ and multiples are present. In the
simulation of the proposed strategies, the spectrum of 30

the currents has been controlled impressing h* =22 25
harmonics and sub-harmonics.

As regards the current waveform, the limitation of the 20

frequency _. has a non-relevant effect. The strategy C .......... A !_ (_ (a)i

implies a peak-value greater than strategies A and B, 15 ...........
...... /- ....... i ..... v v v.....

while the strategies B and C imply a relevant harmonic 35 __ __

content, the sub-harmonic at tor/2 being predominant.

counter e.mf [kVI 30
25 •, ............, ........ ,_ , • ....... , ..........._................ ,,._ ._.

10 15 --_ ] ....
5 0 0.01 0.02 0.03 0.04 0.05 0.06 0,07 0.08

0 " ............. time [s]

-5 Fig.7- Power vs. time for the three proposed strat-

-10 t-- egies in tire case of" ideal (a) and actual (h) inverter.
-15

-20 As regards the power waveform, the results obtained
with the actual and ideal converter are similar for the-25 ...............

0 001 002 003 0.04 005 0.06 007 0.08 strategies A and B, quite different for the strategy C.

time [s] A and B imply the presence of a relevant component at

Fig.5 - hL_'tanmt_ous c.e.m.f at 500 km'h. 3Wr/2 in addition to the desired mean value <P,.,r>
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With reference to the proposed strategies and versus _, r.m.s, current[A]
l-ig.8+lO compare r.m.s. _urrent, inverter apparent 1OOO- , , , , ,

C
p{)wcr and power factor. Fig.8 shows that, even at speed A /

lower than 500 km/h, B implies the lowest r.m.s. 800 _. : ..... : ..... B [! ......

current, while C implies the highest. Fig.9 shows that ..,_ i__l ithe strategy C implies the highest value of apparent 600
power', while A the lowest. In fact B, in spite of the ------ * _ --
lowest r.m.s, current, implies r.m.s, voltage and then _ :

apparent power higher than A. Finally, Fig.10 gives the 40q00 150 200 250 300 350 4(_x_ 450 500

power factor, as the ratio between inverter active and speed [km/h]
apparent power: the power factor increases with the Fig.8- Current r.m.s, value versus speed for the three
speed, being the highest in A and the lowest in C. proposed strategies.

The results of the simulations allow the following 100 apparentpower[MVA]

consith'.rati_ms: :i !- as regards the current r.m.s, value and the apparent

power, A and B are the best strategies: B, however, 80 ? ................[

also implies a relevant power ripple. The power t i iripple implies non-relevant speed ripple, due to the 60 " ........... i
high inertia of the train, but may be the cause of

disturbances on the supply network. 40 ....
- as regards the power ripple, C is the best strategy, 100 150 200 250 300 350 400 450 500

provided one can accept that at 500 km/h the current speed [km/hi

r.m.s, value increases of 11% and the apparent power Fig.9 - Apparent power versus speed for the three
and ohmic losses increase of 22%. proposed strategies.

)owerfactor
VII. CONCLUSIONS 0.8 :

The paper generalizes previous developments related 0.6 .............i.............! A : 13........;...C.... i........ " _.-_._

to simplified arrangements of the prop-tlsion system of f.- i_

EDS-MAGLEV trains and desc6bes a model of the PWM
inverter-LSM drive which allows the evaluation of 0.4 ................

voltage, current and power in the following conditions: _ !......... !..........- LSM field coils grouped in opposite polarity pairs; 0.2 ..................
- LSM armature coils arranged in two overlapped layers; i _ ::

- different inverter control strategies in order to 0.0 i :. __ : :
obtain the desired drive performances; 100 150 200 250 300 350 400 450 500

- actual voltage and current spectra due to the PWM speed [km/h]
technique. Fig.10- Power factor versus speed for the three

The diagrams of the application example show the proposed strategies.
effects of the proposed control strategies.
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Abstract - This paper develops a state space model for these inductances is used here so that Park's
the Iongstator linear synchronous motor (LLSM). The transformation to the rotor reference frame may be used to
motor form considered consists of a three phase armature eliminate the periodic time variation of these inductances
winding mounted on the guideway and a field winding 11].
mounted on tile translator (vehicle) with no damper Our approach to develop the voltage equations ill
windings on the translator. The parameters of the state rotor reference frame variables follows the method
space model are expressed directly in terms of the outlined by P. C. Krause for the rotating synchronous
machine geometry and airgap. With this explicit machine [2]. The state space model is developed and
representation of the airgap, responses to various load presented for the rotating synchronous machine. The
disturbances nmy be directly simulated for different airgap necessary modifications are introduced to convert the
widths, rotating machine variables to linear machine variables.

1. Introduction

I1. Rotating Machine Voltage Equations
The basic geometric configuration of the LLSM

considered is shown below in Figure 1. In the rotor reference frame, the q-axis, d-axis, zero
sequence and field voltage equations which describe the
LLSM shown in Figure 1 are developed. These equations

SUitor(Guideway),ContainingArmatureWinding are:

Vqs =iqsrs +O)rAds +pAq, (1)
C a' b c' lt b' c ae

Vds "- la, G - eorgqs 4.pAas (2)

vo, = r, io, + p2o_ (3)

S _)] _N___ ---, _ [_ S _ _____IN Vfd =ifdrfd +pgfd (4)

where,

vq,, va.,, and Vo_ = q-axis, d-axis and zero sequence

Translator(Vehicle), ContainingField Winding applied voltages (V),

Vfd = applied field voltage referred to the staler (V),
Figure 1. GeometricConfigurationof the LI,SM Comidered

iq, ld, and io = q-axis, d-axis and zero sequence

currents (A),

As in ali salient pole synchronous machines the stator ifa = field current referred to the stator (A),

winding self inductances and stator inter-winding mutual 2q_, ga, and go, = q-axis, d-axis and zero sequence
inductances vary at twice the electrical speed of the

flux linkages (Wb-t),translator (rotor in a conventional rotating machine) due
to the time varying airgap seen by the stator mmf as the 2fa = field flux linkages referred to the stator (Wb-t),
translator traverses the guideway. In a similar manner, r, = per phase armature winding resistance (D),

the slater winding to translator (field) winding mutual rra = field resistance referred to tile slater (-()) and
inductances vary at the electrical speed of the translator. p=-d/dt.
The standard practice of assuming sinusoidal variation of
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The fluxlinkagesappearingin(l)-(4)aregivenby: linkages per second linking a winding are defined
asv= COb2 (Wb-t/sec), where mt, is the base electrical

/_qs --"iqs (Lt, + Lmq ) (5) radian frequency used to calculate the machine reactances.

2d., -- id,( Lt, + L,,,d ) + ifd Lind (6) With these changes, (1)-(4) become:

2.0.' = lo,Lo, (7)
(or +P...P

Aja. =ifd (Lif d + L,, d )+idsLmd (8) Vqs =iqsr, +_ Vm Vq, (9)
(Ob (Ob

where,

Lt.' .... tile leakage component of tile total q and d-axis Và ia.,r, (or Vq, +'-_-P V_ (10)
inductances (H), (ob wt,

Lmq = the magnetizing component of the q-axis vo, =io, r, +P--P-_'o_ (11)

inductance (H), (ot,

L,, a = tile magnetizing component of the d-axis vf a = ifarf a + t7 Vfa (12)
inductance (H) and tot,

Ltra = the field leakage inductance referred to the Tile flux linkages per second may now be expressed
in terms of inductive reactances instead of inductances.

stator (H).
The equivalent q-axis, d-axis and zero sequence The flux linkages per second appearing in (9)-(12) are

circuits implied by (1)-(4) are shown in Figure 2. given as:
_¢,t,= iq, (X_ + X,,,q ) (13)

A__ d_.,_ ,.....c....._.x_.__---_-_'-_" " {be,ts = iris (Sls + Xma ) + i fd X md (14)
+ ..... " " LI, ] Vo_ = io_Xt., (15)

vq., tqs' r, /]'asWr '_ Ln,q _ fd =ira (Xlfd +Xma )+idsXmd (16)where,/

- [ Xts = cot,Lta (17)
o /

q-axis circuit X,,,q = tot, Lmq (18)
Xma = mbL,,,a (19)

Lea rsu Xlt'a = wt,Lt.ca. (20)

+ ------_ <.____._ +
i a' r., /].. ,Wr L ts

va., Lma ira Vfa III. Rotary Machine State Space Model

- Equations (9)-(12) may be put into state space form by
d-axis circuit " solving for the pv terms, and eliminating the currents by

expressing them in terms of flux linkages and reactances.
The voltage terms are retained as inputs. Using (13)-(16),

" _-----_ tile currents may be expressed as:

:-.--7/ io., r, . Vq, (21)

%., _ LI, t'7"_= (Xts + X,,q )"_........................ i,_ = ( X [a ) V as - ( A''a ) V/ju (22)
zero-sequence circuit X f a"Va - "x'"2'a A'M X a - "Y"2'a

Wos
io, = _ (23)

Figure 2. Equivalent Circuit of the IX,SM With the Xts

Reference Frame Fixed in the Rotor X a Xma

if a = ( X/a Xd .. 2 ) _fa - ( 2 ) Va._ (24)-- "_ md X fd-]i'd -- XmdTo obtain the state equations we re-express (1)-(4) in
terms of flux linkages per second (_,), replacing flux

linkages (2). This modification allows the currents iq, id, defining, Xq = Xr, + X,,,q
X d = )(ts + "Yn,d

i and ifd tO be expressed in terms of flux linkages per
o X-fa = )i.tf d + Xn,d"

sccond and rcactances (rather than inductances). The flux
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_md

Substituting (21)-(24) into (9)-(12) mid solving for file +( .2 ) Vq, Vfd ] (32)
(70b (X faX d - A md )

p V terms:

PVq, = CObVq, +(_)Vq, +(--O-)r )V d, (25) Substituting (32) into (30) for T,, tile following fifth state
2/q equation is obtained:

P Vds = tob t'ds -- ( Xfd rs mb
) Vas (26) -3P 2 1 .tVfd

Xrd Xd -- X2d PWr = ['-'_-- ( tob Xq rob (Xa xa - X_d ) ) 1vo_vq,
+( "VmdrsO-)b ) Vfd + Wr Vq,

XfdXd -X2a - -3p2 Xma )] Vq, _¢fd +( P-)Tt
-r,w b +[_(Wb ( Xfd X d -- X2md )

I_ 33 )2./

PVo, = (Ob+(-'-_,. ) Vo, (27)

Xdrfdtob The position of the rotor with respect to the

P Vfd = tab k_fd -- ( Xf d Sd _ X2 d ) Vfd synchronously rotating stator field is generally of interest
when simulating the response to a load disturbance,

+( XradrfdWb ) Vd, (28) although this position is not an essential state variable.
--'_ ma With J, being defined as the angular difference betweenX f d Xd _"2

the rotor and the synchronously rotating stator field, a
Equations (25)-(28)are the flux linkage state equations for sixth state equation,, for Jr is written in terms of to r

the rotating synchronous motor. (rad/see) (the rotor electrical speed ) and to, (rad/see) (the

To complete the model, an equation of motion is electrical speed of the synchronously rotating reference
needed to express the angular acceleration of the rotor in frame).
terms of the total mechanical inertia and the accelerating

torque. This relationship is: PJr = to,. - w, (34)

7'_=-d(2)pto r +T t (29) Although t_r is now included as the sixth state

where, variable in the machine model, it is important to note that
./

tile dimension of the system is only five. Equations (25)-
P = number of field poles on the rotor (28) and (33) represent the complete state space model for
d = nmchanical inertia of the rotor and load (kg-m z ) the rotating synchronous machine. Equation (34) is
7_ = electromagnetic torque (N-m) included so that the position of the rotor may be viewed as
7} = load torque (N-m). an output.

The corresponding state space equation is:

IV. Conversion to Linear Motor Equations
-P P

Prtr = (-_--)-)T_+(_-)-)T 1 (30) The conversion to the linear machine equations is

accomplished through a simple substitution of ali rotating
To put (30) into final state space lbrm, T, must be machine variables by linear machine variables.

expressed in terms of the state variables. For the model Specifically, ali angular velocities (rad/see) are replaced
developed here, the electromagnetic torque may be with linear velocities 0n/s), ali angular positions (rad) are
expressed as: replaced by linear positions (m), and ali torques (N-m) are

._ replaced by linear forces (N). Thus rile complete state7_ = ( )1 ¢eq'i------q-_l (31) space model for the LLSM is given below, wherein ali
V,/.,iq,

rob rob rotating machine variables have been replaced by their
linear counterparts:

Substituting the expressions for iq, and ia., from (21) and

(22) into (31), 7_ may be expressed as: -GnVb.
PVq_ = ( mb )Vqs +(_) Vq, +( -;'tVr ) Vd_ (35)f r

q

3 P. 1 ")t'fd ) VcL, Vqs A'f d ra _vb
_/_ = "-_l(CObXq tob(XfdX d -X2md ) PVd, =( mb )I'd, --( -2 )Vds

_" r( "_'fd "_'d -- _'_ tna )
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+( A'mdrs nVb ) 9/fd + ( nVb ) _,q, (36) g = airgap width under pole shoes neglecting
r(Xfa .Va - X2md) r armature slotting (m)

P = number of field poles on file translator
nVb

P_Uo,= (_)Vo, + (_) _o. (37) Kt= Carter's Coefficient for armature slotting
l" "£,,t/s

P_U/a ( nVb )vfa _( Xarfa nvb Km° = 4 cos2 (nX)d(X)= ,-2 ) _tfd 0 r T

r _'(Xfd Xd - "_ md) where, rp =pole siloe length (m).
Xma rf° nVb

+( )_a., (38)

--)i .ta ) Tile magnetizing reactance along the q_axis, A'.,q,r( X ca A"a .2

= [ -3 P 2r________2(-oYxlq Xfa ))] _'a.,_.: models the induced voltage in the q-axis circuit due to flux
prr

8rr2J vn (X faXo- X_a that crosses the airgap along the quadrature axis, and is

-3 p2 r2 Xma analytically expressed as:
+1 8_( 2 )l_'q,_'/,_

Vb ( X faXd - Xma ) Kmq
X,,q = Xma _ (42)pr 2

+(27--_) / 5 (39) K,,,awhere,

pd_ = v_ - v, (40) _,[r
K.,q = 4 j sin 2 (nX)d(X).

o l" _"

where, More details on the calculation of K¢, K., a and K,,,q are
vr, = base vehicle speed = (--r)ah, (m/s)rr given in 131and 141.

v r = actual vehicle speed =(r)oJr (m/s) The leakage reactance, Xr,, of the LLSM may be
rr viewed as being composed of three components 131.

v. = mech. synchronous speed =(_.r) m, (m/s)
rc X u = X_ +X_ + X, (43)

F1 = load force = (tr)Tt (N).
r The first of these components, Xo, is the armature

reaction reactance, and is directly analogous to the
arnmture reaction reactance in a rotating synchronous

V. Circuit Parameters in Terms of Motor Geometry and machine. The stator currents in the machine will produce
Airgap a magnetic field of their own which interacts with the

main flux field produced by the field magnets. Xo models

Work by I. Boldea and S. A. Nasar has generated a the change in induced voltage as the net flux density under
detailed set of relations which may be used to express the the field poles changes due to armature current. X,, may
reactances appearing in the above state space model in

be expressed as:terms of the motor geometry and the width of the air gap
131, 141,151.

The magnetizing reactance along the d-axis, Xam , X° =,uowbl(fl ¢ +!3a)i, +ft, (r+0.06)lP (44)

models the induced voltage in the d-a.,ds circuit due to ali
flux that crosses the airgap along the direct field winding where, fie = slot leakage specific permeance
axis and is expressed analytically as follows: h_ h.i-- t

3 W s IVa

6/ZOCObl, r fla = differential leakage specific permeance
Xma = -- PKma (41)

2 x2gKc = 5g/w_

where, 5 + (4g/w_)

,u o = permeability of a vacuum = 4 rr. 10-_ (H/m) /3, = end connection specific permeance

oJb = base electrical frequency = 2 nfb (rad/see) _ 0.6 for typical LLSM construction

/, = motor width in transverse direction (m)

r = motor pole pitch (m) where, w, = slot width (m)
h, = winding height in each slot (m)
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h,i = total slot height nunus h, (m). causes theX,,., and X e terms to donfinate tile LLSM
leat_:e;e reactance. This model assumes that the leakage

The physical definitions of w,, h, and hjt are shown in reactance of the field winding, X!fd, is negligible.

Figure 3. Howevel an expression could easily be developed to

analytically express Xtf d if ii was inappropriate lo neglect

it in a particular design.
The resistance G appearing in (35)-(37) is

Stator Core analytically expressed as:

p( r+l, +0.06)P'
r, _ (FJ) (47)

A

where,

g p = conductivity of the armature conductormaterial (f_/m),

Field Pole ? L_ Field Pole A = cross.sectional area of the armatureconductorS(m2)

The resistance of file field winding referred to the
Fifptre 3. Defmition of Dimensions for Calculation stator is expressed in a similar manner:

of Specific Penneances

P /d l/d
rfd = --(_')) (48)

More information on calculation of the specific N}dhf a
permeances is available in [5]. where,

The second of these components, X,=, represents the
leakage reactance due to slots and end turns where the Pfa = conductivity of the field conductor material
translator is not present, and may be expressed as: (f_/m),

Ifa = total length of the field conductor (m),

A'as = ltlotOb [tic/, +fie ( _'--0.06)](P' - P) (45) Afd = cross-sectional area of the field conductors

where, P' = number of energized stator poles per (m2)'
guideway segment. Nra = number of field winding turns.

The third component, X,, represents leakage flux
lt is important to note that ali of the parameterpaths below the guideway where the translator is not

present, and may be expressed as: expressions given in this section assume only one turn per
stator pole.

X, 6POtable r
= 2_ (r/n) ( P'- P) (46) VI. Conclusion

lt is worth noting that (46) is very similar in form to (41). A general dynamical model for an LLSM is needed in
Equation (46) gives the reactance due to ali of the stator order to analytically represent and simulate an LLSM of
poles ((P'-P) in number) whose mmf does not have a many specific designs. Such an analytical state space
closed magnetic circuit through the field poles. Also note model has been developed in this paper. The approach
that the g term in (41) is replaced by r _r in (46), where used has been to begin with a rotor referenced rotary
r Jr is the equivalent airgap seen by the LLSM armature machine model in which time varying inductances
coils when the translator is not present. (reactances) become time invariant, and to write rotary

The total leakage reactance of the armature windings machine equations in applied voltages, currents and flux
plays a nmch greater role in the LLSM than in a rotating linkage per second. This representation has been
synchronous motor. The long !ength of energized transformed to state space form. From state space form the
guideway extending beyond and before the translator rotary machine equations have been transformed to linear
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machine form. Finally the equation reactance and References
resistance parameters have been related directly to the
lioear motor geometric parameters,including the airgap iii R. !t. Park, "TwoReactionTheory of Synclu'onous Machines -

explicitly. Generalized Method of ?malysis - Part I," AIEE Trans., Vol. 48, July1929, pp. 716 - 727.
This model provides a convenient LLSM dynamical 121P.c. Krause,Analysis of EiectricMachinery, McGraw-llili, 1986, pp.

model which can represent many specific design 133-160.
cotffigurations. Tile state space equations may be per [3l I. Boldea and S. A. Nasar, Linear Motion Eleclromagnetic Systems,Joint Wiley and Sons, 1985, pp. 307 - 331.
unitized to any convenient voltage and MVA base to 141 S.A. Nasar, Handbook ofElectricMachines, McGraw-llill. 1987, pp.

facilitate digital computer simulation for any size LLSM. 7.28-7.38.
lt can also be utilized to analyze airgap variations 151S.A.Nasarandi.Boldea,LinearElectricMotors- Theory, Design,

including both deterministic and stochastic airgap andPracticaldir.plications, Prentice- Hall 1987, pp. 91 - 108.

disturbances. Finally, it can form the basis of control
analysis and design for the LLSM.
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Maglev Position Sensing and Control

Tracy M. Clark
Massachusetts Institute of Technology

Laboratory for Electromagnetic and Electronic Systems
Cambridge, MA 02139 USA

Abstract- This paper describes techniques and an
architecture that may be suitable for use In controlling the controller the proper velocity profile for the vehicle within its

zone boundaries.
propulsion motor of a magnetically levitated vehicle system.
The control system utilizes an observer to estimate the electrical The hardware used to implement a zone controller is
position of the vehicle, based on both back EMF measurements described in section III. The vehicle position sensing system

is made up of several layers of sensing mechanisms,and an alternative scheme that Iscapable of reliableoperation at
slow vehicle speeds, including optical and/or Hall effect sensors, sensing the back

EMF induced in the stator windings by the moving rotor
I. INTRODUCTION (vehicle) field, and a novel scheme employing a vehicle-

mounted driver that induces position dependent signals in the

The propulsion system described is based on a linear stator windings: The zone control algorithms are
synchronous motor with a multi-phase stator winding located implemented digitally with a microprocessor. An observer
within the guideway and a constant rotor field excitation based control architecture is utilized to provide a robust and
(which may be implemented as a set of superconducting flexible controller. This architecture could also be extended
coils) located within the vehicle [9]. A chopper and a set of to provide adaptive control strategies as well as condition and
inverters drive the stationary windings of the motor with fault monitoring capabilities [2].
variable frequency, variable magnitude waveforms [8]. This

II. CONTROLARCHITECTUREstator drive produces a magnetic field pattern that moves
along the guideway as a travelling wave. The velocity and
position of the travelling wave are determined by the A hierarchical control architecture is depicted in the block
frequency and phase of the currents driven through the motor diagram of Fig. 1. The central controller is the top-level
windings. The interaction of the travelling magnetic field controller for a region of guideway, and this computer-based
pattern produced by the windings (the stator field) and the controller's function is to coordinate the global movement of
field p'oduced by the permanent magnets located in the ali vehicles within the region. The central controller
vehicle (the rotor field) results in a propulsive and/or a lifting computes the desired velocity profile for ali vehicles within
force on the vehicle [1]. its jurisdiction based on status informatio_ re.c_ived from the

The control architecture described in section II is zone controllers, other central controll:,rs, weather reports,

hierarchical in nature, and assumes that wayside electronics scheduling reports, track condition reports, etc... The velocity
control the LSM (i.e. the vehicle is 'passive'). The guideway profile commands for each vehicle are sent to the appropriate
is divided into a large number of zones, each of which zone controller.
contains the power electronics, sensing system, and control
hardware necessary to propel a vehicle along the guideway Zone Controller
with the desired velocity profile. A communication bus
connecting each zone controller with its nearest neighbors is The zone controller implements the low-level control
necessary to facilitate a coordinated passing of vehicle functions necessary to operate the propulsion motor. Each
control from one zone controller to the next as the vehicle zone controller is responsible for sensing the position and

crosses a zone boundary. An additional communication velocity of a vehicle within its zone boundaries, and
network links a number of zone controllers with a central computing the stator drive necessary to force the vehicle to

controller. Each zone controller is responsible for the control follow a defined velocity profile. The zone controller must
of only a single vehicle. The central controller coordinates communicate with neighboring zone controllers to facilitate a

coordinated pass-off of control as a vehicle crosses a zonethe movements of many vehicles, and provides to each zone
boundary. Each zone controller sends status information to
and receives instructions from a central controller.

ManuscriptreceivedMarch15. 1993. Thisworkwassupportedbythe
NationalMaglevlmtia_ive,the l)cpaamentof Electrical:Engineeringat MIT.
andthe l_boraloryforl-lectromagneticandElectronicSystemsatMIT.

322



_ III. POSmON SENSING

A synchronous motor produces a constant force only
when the stator and rotor fields are stationary with respect to
one another (i.e. the stator field is synchronized with the
rotor field). The dynamics of the 'hunting transient'

_o,,,,_u,_,_uo,_b_ _omm,,,,,,_Uo,b,_, associated with small perturbations from synchronous
operation can be extremely underdamped or even unstable
[4]. Either damper windings or a feedback controller may be
used to stabilize the dynamics of the hunting transient. The

e_t_t use of damper windings precludes operation of the motor atCont roller

the most efficient (maximum torque per amp) torque angle
[1]. For this reason a feedback controller is employed, and it

Fig. l Hierarchicalcontrolarchitecture requires motor position and velocity information. A sensing
system is necessary to measure the position of the rotor.

Velocity Control Loop (Some systems also use a rotor velocity sensor, others derive
velocity information from repeated sensing of position.)

The zone controller's velocity control loop is shown as a Rotary synchronous motors often utilize optical shaft
block diagram in Fig. 2. The P-I compensator, the observer, encoders or hall-effect sensors to determine the rotor position.
the commutation algorithm, and a portion of the position The cost associated with placing optical or hall-effect
sensing calculation are ali implemented digitally. (A position sensors along the entire length of the MagLev
demonstration system has been developed using a Motorola guideway would be prohibitive. Several 'sensorless' position
68HC16 micro-controller.) The digital implementation sensing schemes have been proposed for use in rotary
provides a flexible platform that can be extended to allow machines [5,6], these schemes rely upon sensing the amount
sophisticated features such as adaptive control, parameter of back EMF induced in the stator windings by the moving
estimation, or condition monitoring [2]. magnetic field of the rotor. The back EMFs are substantial

The controller utilizes a linear state observer to compute when the rotor velocity is large, and reliable sensing is
the vehicle velocity based on position measurements [3]. possible. However, when the rotor is moving slowly (or
Discrete-time filter techniques could be used instead of an stationary) the back EMFs are small (or non-existent), and
observer to derive velocity information. There are, however, reliable sensing via back EMF information is not possible.
some disadvantages associated with the filter technique. An alternative position sensing mechanism that will
Substantial low-pass filtering is necessary to reject position operate reliably at slow vehicle speeds is required. The
sensor noise, and the dynamics of the low-pass filter degrade proposed system works in the following manner. An inductor
the performance of the velocity control loop. In addition, the located on the vehicle is driven with a sinusoidal current.
filter design is complicated by the nonlinear, periodic nature The flux through this inductor links with the stator windings
of the sensed position. (The electrical position has a in the guideway, the amount of mutual coupling between the
discontinuity, or wrap-around, at a position of 2_.) inductor and each of the stator phases is a function of the

The desired velocity profile Vref is a function of position vehicle position. The position of the vehicle is determined by
to allow speed changes for hills, turns, stations, etc .... as well measuring the amount of signal energy coupled into each of
as weather or traffic conditions. Specification of the the stator phases. This sensing scheme will work at any
appropriate velocity profile is the responsibility of the central vehicle speed since it does not rely on movement of the rotor
controller, field to link a time-varying magnetic field with the stator

windings.
destmd Power

v,,r Electrical Position and Mechanical Position

For the MagLev linear motor, the electrical (or relative)
position of the rotor is expressed as an angle (in radians or

-_,,_-,-,_ degrees), and is used to control the commutation of phase

voltages or currents. The mechanical (or absolute) position

Fig. 2 Block diagram of velocIty control l_p of the rotor is expressed as a distance (in meters or
kilometers), and is used to determine the velocity profile of
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the vehicle and to coordinate the 'hand-off of the vehicle Eph:_eA = C3(0)'K,'v
from one section of track to another. The relationship
between electrical and mechanical position is shown in Fig. 3. Eph,scB = C3(0-2n/3)'9(a,'v (1)
The period of an electrical cycle corresponds to a one Ephasec = Cj(0+2n/3)-K,,.v.
wavelength change in the mechanical position.

The mechanical position is deduced by counting the The induced back EMF cannot be measured directly due
number of periods of electrical position from a mechanical to the voltage drops associated with the stator current flowing
position reference. Mechanical position references are through the resistance and inductance of the stator windings.
obtained by using Hall-effect or optical position sensors However, by measuring both the stator voltage and stator
placed at regular intervals along the guideway (at zone current, the induced back EMF can be determined:
boundaries). The mechanical position counter is reset when

the vehicle passes by a mechanical position reference sensor, e = v- (sL + R).i. (2)

2xq_ j"! where e is the vector of induced EMFs, v is the vector of

electrical __JJ [ phase voltages, i is the vector of phase currents, L is the

position x motor inductance matrix, and R is the motor resistance
(radtansl matrix.

0

u -- Normalization to remove the velocity-dependent
time

magnitude of e is accomplished via division by _ and the
2x- (estimated) velocity. The position measurement is the value

of 0 that best fits the measured data:
mechanical

position _. -

(meters) O = G':(F-_h.c_J(_,.v))

0 = q t(r_,se_'(_-v))+ 2r,73 (3)
o 0 = _l(Eph_ed(9_'v)) -2n/3.time

Fig. 3 Comparison ofdectricalandmechanicalposition Finding the best fit value 0* is somewhat complicated
since the function G! is both nonlinear and multiple-valued.

Back EMF Sensing The algorithm implemented in a laboratory test system solves
for 0" by first calculating both possible values of 0 for each of

This form of position sensing is often referred to as the three equations in (3). (G I is two-valued for the
'sensorless' in the literature, and has been successfully laboratory test motor.) Eight sets of 0 values are formed by
employed in the control of rotary machines [5,6]. The grouping one of the two 0 values from each of the three

concept is briefly presented here to demonstrate how it might equations in (3). The average of each set is calculated,
be incorporated into a MagLev system, resulting in eight candidate values for 0". The candidate 0"

The flux from the permanent magnets in the vehicle links associated with the set that has the smallest variance is
with the stator windings, thus movement of the vehicle chosen as the best fit value 0".
induces a voltage in the stator windings. This induced
voltage is often referred to as a 'back EMF' or a 'speed Alternative Position Sensor
voltage'. The back EMF is periodic and has a waveshape,

G(O), that depends on many details of the motor design An alternative (electrical) position sensing concept is
geometry (pole shape and pin:h, winding shape, etc...). C3(0) pictured in Fig. 4. The inductor and its driver are located in
can be determined experimentally, computed using finite- the vehicle. The inductor is driven with a current

element methods, or estimated using approximate l L= loSin oK:t, which links a flux cI_L = OoSin o_t with the
calculations [7]. Cj(0) is often represented as a Fourier series,
and the fundamental component of the series usually phases of the stator winding located in the guideway.
dominates. The magnitude of the back EMF is proportional The amount of flux linked by each of the stator phases
to the vchicle speed. The back EMF induced in each phase is varies as a function of vehicle position, .7(0). The function
of the form: F(0) is periodic, and is similar to the waveshape (._0)

associated with the back EMF. J-(0) can be determin_ either

analytically or experimentally.

324



Fig. 4 is drawn with the vehicle in the position that links in a microprocessor determines the position of the vehicle by
the maximum possible amount of flux with stator phase A. finding the value of 0 that best solves the nonlinear system of
We will define this position as having a value 0 - 0°. The equations:
voltage induced in each of the stator phases by the time-
varying flux _L is therefore (The _ '(0)*Sino_ct terms are F(0) = a

neglected since _ >> Oamotor.)" F(0-2rc/3) = b (5)

VphaseA = VA.COso_t = Vo.._0).Coscz_c:t F(O+2n/3) = c.

Vr_aseB = VB,COStOct = Vo.._O--2rd3).Coso_t (4) The best fit value 0" is found in the same manner used

Vp_aseC = Vc'Cost0ct = Vo'._0+2n/3)'Cost°ct. with the position sensing system based on back EMF
measurements.

Each of the phase voltages represents a signal at the
carrier frequency coc amplitude modulated by the function

.'T(0) (or Jof 0 shifted by a constant). The frequency of the 1.2s 11[

carrier is chosen to be much higher than the fastest possible 1- : : : : : : ;....... ; .... ; .... : ...... _.......
electrical frequency of the motor. Fig. 5 shows a plot of ors ...... • .... ;..... ;..

VphaseAfor a vehicle accelerating from a stationary position __ o.s........ :..... :" " _11

at 0 = 0. (For clarity, the modulating frequency COchas been o.2s.

reduced to a value of 10 Hz, instead of 25 kHz. The function I" .o.2s°'.
77"(0)is ,assumed to have only a fundamental component, i.e. -os. ,
J(0) = Cos(e).) Fig. 6 shows the modulating signal VA for .o.rs. "l
the same vehicle run, note that VA is the 'envelope' of the ._ ..... :... i:!

: .' o , , : , I
modulated waveform VphaseA. ._.2s. ; , ,, ; _ i i i i ,

0 0.2 0.4 0.6 0.8 I 1.1) 1.4 1.6 1.8 2

Driver

Fig. 5 Modulated carrier for accelerating vehicle

9 e .......--v....-...."-Ii::::............ ....

o,,::::::::::::::::::::::::::::::::::::::s _ • e * t i '._. _,;,.__,: ....:....:....
•1.25
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cua=(m:)

Demodulating Hardware

Fig. 6 Modulating signal for accelerating vehicle
A block diagram of the system to extract the position

information from the modulated carriers present on the stator
phase windings is shown in Fig. 7. Each phase voltage is fh-st
sent through a band-pass filter centered at the carrier
frequency to reject signals other than the position
information. A synchronous demodulator extracts the
envelope waveform from each modulated carrier, and an A/D
converter digitizes the envelopes. An algorithm implemented
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IV. SUMMARY

vp_A s_

techniques outlined in this paper has been constructed, and
vp_,,,c c initial test results are quite promising. The lx)sition sensing

system is very robust and operates over vehicle speeds

i"Squm_ff_ toSyne" ranging from stationary to over !.5 times the scale maximum[ [ "1"--1 -I - I - t_m_ design speed. The control loop can be configured either as a
velocity servo (the normal cruising mode for a vehicle
system), or as a positional servo (a mode which could be
useful for stopping the vehicle at the proper location in a
terminal). The accuracy of the sensed position is limited

Fig. 7 Block diagtamofdemodulatorcireuitty primarily by the slightly irregular spacing of the (hand-
wound) stator windings, to an uncertainty of approximately

The synchronous demodulators must be clocked at the 0.8mm (1/32 inch, or 7.5 electrical degrees). A new version
of the LSM with a more precise (helically machine-wound)carrier frequency. Since an unmodulated carrier is not

explicitly available, the carrier frequency must be stator winding is currently under construction.
reconstructed from information contained in the modulated

carriers. This reconstruction is accomplished by phase ACKNOWI.EDGMEbrI'S
locking an oscillator to the sum of the squares of the
modulated carriers. The oscillator frequency is divided by I would like to thank Prof. Richard Thornton and Dave
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Methanol Reforming PEM Fuel Cells as an Onboard Power Source for
Maglev Vehicles

Brian T. Concannon
Electro-Motive Division, General Motors Corporation, LaGrange, IL 60525

Abstract - The application of a prot,n exchange membrane The subject fuel cell is actually a "stack" of individual
fuel cell and an integral methanol reformaer is considered in cells. To achieve the 186 kw needed for the maglev

this paper with regard to the maglev vehicle design of the vehicle's auxiliary powe,', a stack of 36 of these cells would
Bechtel system concept definition (SCD). A companion paper be needed. A series connected arrangement of cells would

12] describes many different ways of producing electrical give a 756 volt, 250 amp DC power source. By slightly
power fi,r a maglev vehicle's onboard electrical power chopping down the voltage and passing the power through a
requirements. The power being discussed Is not that which
propels the maglev vehicle but merely runs its onboard loads set of inverters, the fuel cells would supply the main 440
such as lights, galleys, heating, air conditioning, hydraulics, volt vehicle AC lines. This can be done with readily
air compressors, and so on. The evaluations of the various available commercial equipment. Our implementation is
alternatives is presented in [21, but the detaiiled desriptton of actually to use two independent fuel cell systems, following
the fuel cell alternative is contained herein, our philosophy to use dual systems where weight is not

increased much by doing so. Should one fuel cell system
Some of the discussion and the design requirements fail, the remaining fuel cell can run continuously at 30
mentioned in this paper are based on the Bechtel SCD only. percent overload (though at not-so--desirable fuel

efficiency) to power ali of the vehicle loads, though at
I. Introduction slightly reduced capacity. This is a distinct advantage for

this approach. A boost converter would be part of the
Fuel cells operate by electrochemically bonding hydrogen inverter so that the 440 volt bus can be powered from half
and oxygen, which creates electricity with water as a by- the normal de input voltage.
product. However, it is not necessary to use hydrogen
directly. The proposed system begins with methanol as its The fuels cells operate at 80 degrees Celsius. This is a very
fuel, uses steam to crack small volumes of it at any one manageable temperature, unlike the case of more primitive
time into hydrogen gas, and then combines the hydrogen fuel cells which require temperatures of up to 1000 degrees
with oxygen from the air to create electricity and water. Celsius. The warm-up time for the fuel cells is only a few
This has the advantage of not having to carry hydrogen seconds, more than fast enough for use aboard the maglev
and/or oxygen tanks on-board. Instead, the much less vehicle. The only instance in which a fuel cell has a longer
volatile methanol can be used. Although hydrogen can also warm-up time is when it is starting cold. This added delay
be used as a fuel directly, we feel that overcoming the comes from heating the water into steam which is used to
ubiquitous though probably unjustified public perception of crack the methanol into hydrogen. The fuel cell design
hydrogen as a "dangerous" fuel is a battle that we do not team is confident that they will be able to obtain a seven
w,'mtto fight in this particular effort, second delay from cold start to full output. However, on a

maglev vehicle the only "cold" period will be when the
General Motors Corporation will deliver a 10 kw fuel cell vehicle is first starting out for a day's service, so a slightly
system to the Department of Energy, Electric and Hybrid longer delay will not cause a problem.
Propulsion Division, Office of Transportation
Technologies, under contract DE-AC02-90CHI0435 2. Size/weight considerations
approximately in March, 1992. The prime contractor is
Allison Gas Turbine Division of GM ("AGT"), with The projected system, which includes the fuel cell and the
participation by General Motors Research Laboratories, methanol processor, has a density of 556 kg/m 3. This is
AC-Rochester Division of GM, Los Alamos National broken downasfoilows:

Laboratory, Dow Chemical Company, and Ballard Power
Systems. Dr. Howard Creveling is the program manager at • Volume: 0.003684 m3/kw (271 kw/m 3)
AGT, and the COTR (Contracting Officer's Technical • Mass: 2.05 kg/kw
Representative) at the DOT is Dr. P,'mdit G. Patil.

These numbers are optimistic for the present day fuel cell.
The fuel cell which is the subject of the DOT contract
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mentioned above may miss the above design goals by about extreme weather conditions and the highest speed, so the
33 percent, but with tile development time available for a usual power system load will be only about I!0 kw. The
maglev system, the design goals would almost certainly be difference in operating cost then gets to be in tile
reached, according to the program manager at AGT. neighborhood of only $ I i2 per day.

With the subject fuel cells, it is possible to obtain better The total mass for a fuel cell/fuel supply system with an
efficiency by running the cells at less th,'m their full load. eight hour recharge period would be 1217 kg. This is a low
A 70% load is very efficient for the proposed system. At weight system for the power that is being created. In
70% of the continuous load capacity the fuel cell runs at addition, if fuel cells ,are used, most of the emergency
51% thermal efficiency, much better that the 34% batteries that had been planned for can be removed to save
efficiency tuypical of state of the art spark ignition engines, even more on weight. Fuel cells would also be more useful
At fully rated load the fuel cell runs at 38% thermal in an emergency situation than the emergency batteries as
efficiency, increasing the fuel cost per kwh by 34%. This, they would allow full power to be maintained, whereas the
together with the fact that it is beneficial in some situations emergency batteries would only have the power capacity to
to have a 30% load capability cushion, caused us to decide maintain 5 kw of selected emergency loads for just one
to run tile fuel cells at 70% of their load capacity at 186 kw hour. Clearly, this is a major advantage of the fuel cell
onboard power demand. Running at this 70% load, to approach and actually is a factor that provides a safer
create 186 kw the system will have a mass of vehicle in non threatening stopped emergency conditions.
• 186 kw x 2.05 kg/kw + 70% = 545 kg With batteries only supplying emergency power, passenger
and require evacuation would be a likely event in m,,my cases, ,and
• 186 kw x 0.003684 m3/kw + 70% = 0.979 m3. evacuation itself can lead to injuries. Keeping the

passengers comfortable within the vehicle and not
At a 70% load, the fuel cells consume .409 kg/kwh. The evacuating them is safer.
following chart shows the weight the fuel adds (+10% fuel

tank weight) based on the rechm'ge period. The density of 3. Further safety considerations
meth,-moi is 797 kg/m 3. If the fuel is only changed once a
day, then the recharge amount would be equivalent to 16 The fly in the ointment regarding selection of a fuel cell
operating hours out of each 24 hour day. However, ali that system for onboard vehicle power is the fact th_, methanol
is required to recharge the system is to refill the methanol fueling the fuel cell must be stored on board, increasing the
t,'mk, lt may theta prove economical to have a shorter possibility of a fire. This consideration is inescapable.
recharge interval. Recharging would then be done at end Meth,'moi is less likely to ignite than gasoline, diesel fuel,
stations after passengers unboard the vehicle, or jet fuel, but still it will bum if lit accidentally, even

though it burns slower and cooler th,'m the other fuels
The price of methanol is difficult to establish. We have mentioned. Precautions would be taken to provide
obtained estimates ranging from 30 cents per gallon (in accident-resist,'mt double or triple-walled storage tanks
California, where the price is regulated) to $1.48 per located sensibly mid distributed in multiple locations with
gallon. (Sorry for the nonmetric units...) If we assume a check valves in tt,,e lines to reduce the ,amount of fuel
price of $1.00 per gallon ($0.33 per kilogram), the daily provided to ,any fire. Of course, the lines themselves and
fuel cost works out to be 1344"$0.33 = $443/day. The cost their associated fittings are sources of fuel leaks, so a
of providing the power via the linear synchronous motor, at tradeoff study would involve this leak consideration as
100 percent tr,'msfer/conversion efficiency, would be 186 weil.
kw times 16 hours/day times $0.085/kwh or $253 per day,
or a difference of at most $190/day. We use the term "at If there were a simple way to change tile methanol or
most" to remind tile reader that the i 86 kw load is for impregnate it into some carrier to make it less flanimable or

even inflammable, then the electric vehicle progr,'ml would
have incorporated such technology, but such is not the case.
The methanol tanks on our vehicle are located between the

fuel cell proper and the spherical hydrogen dew,tr in the
Recharge Period Mass of Fuel and Tank fore equipment compartment, providing protection from

2 hours 168 kg puncture in a collision. The nose of the vehicle will also be
4 hours 336 kg engineered to collapse in a vehicle collision and absorb

8 hours 672 kg crash energy, further reducing the probability of puncture
16hours 1344kg of the tank. Of course, total commitment to crash

avoidance via a properly engineered and operated control
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system would be the major line of defense against collision- References:
induced fires, but total reliance upon crash avoidance
would not be awise engineering approach. 1. Bechtel Corporation, Maglev SCD Final Report.

September 30, 1992, Volume I, pages C-I to C-121.
The fire hazard problem must be approached from several
directions: 2. B.T. Concannon, "Onboard Power Source Alternatives

for Maglev Vehicles", 12th International Conference on
• Resistance of the storage tanks to puncture Magnetically Levitated Systems and Linear Drives,
• Location/distribution of the storage tanks to minimize the Argonne National Laboratory, May 19-21, 1993
fire hazard (companion paper)
• Resistance of the lines and fitting to leaks
• Provision of check valves to avoid "gushing" spills to a
fire

• Keep the leaks/spills away from the passenger
compartment
• Provide moats and drains with sensors to detect leaks or

spills
• Provide a water-flushing system to dilute spills and leaks
• Provide a video camera in the fore equipment
compartment for visual inspection
• Provide an automated, tamper-resistant, spill-resistant
filling system
• Provide fire extinguishing equipment of the proper type,
reliability, number, and location
• Refill the methanol tanks at more frequent intervals in
order to reduce the amount of fuel on board.
• Include methanol fire considerations in the vehicle

evacuation plan

The Bechtel team is not burying its head in the sand about
this _afety issue, but feels that overall, when ali the
considerations are taken into account, the safety hazard is
smaJl enough that it does not overshadow the previously
discussed advantages of the fuel cell approach. By
highlighting this issue here, and openly discussing the fire
hazard issue, we hope that our decision to put a flammable
liquid on board our vehicle will be met with understanding.
Automobiles, aircraft, diesel locomotives, power boats and
lawn mowers carry flammable liquids too, and the
,-k_sociated hazards have become accepted parts of everyday
life. Were they not, automobiles and aircraft and
locomotives and power boats and lawn mowers would
differ greatly from their present embodiments. Our
emphasis ota crash avoidance via the control system will
greatly reduce the safety impact of onbo,'u'd fuel.
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Onboard Power Source Alternatives for Maglev Vehicles

Brian T. Concannon
Electro-Motive Division, General Motors Corporation, LaGrange, IL 60525

Abstract - This paper describes several different ways of upon their initial energy content to provide continuous
producing electrical power for a maglev vehicle's onboard onboard power over a three hour period without energy
electrical power requirements. The power being discussed Is transfer from the guideway. The approaches include
not that which propels the maglev vehicle but merely runs its inductive energy storage (SMES), capacitive storage,
onboard loads such as lights, galleys, heating, air battery storage, mechanical storage (springs, flywheels),
conditioning, hydraulics, air compressors, and so on. The

thermal energy storage, and compressed/liquefied air.evaluations contained herein relate to a 186 kilowatt onboard
None of these technologies provide the required energypower system for the maglev vehicle of the Bechtel System

Concept Definition, or any maglev vehicle with a similar storage capacity within reasonable weight or volume
power requirement. The choice of a three phase, 440 volt ac limitations. The stored energy required to meet the needs
onboard power system for that particular vehicle concept does of one maglev trip is formidable. The following
not significantly influence the selection of the power source calculation shows how the energy requirement for a three
type. hour trip is established:

Arriving at the final selection required weighing several 186 kw x 1000 watts/kw x 3 hours x 3600 sec/hr =

alternative methods and selecting the best alternative. 2.008E+9joules per trip, or 2 gigajoules/trip
Substantial information Is presented about the alternatives tn

[3] and is summarized in this paper. Fuel-based power sources are not included in this stored-

Some of the discussion and design requirements mentioned in energy category of onboard power sources even though
this paper are based on the Bechtel SCD only. stored chemical energy might be considered to fall into this

category; fuel-based onboard power systems of several

Introduction types are considered in upcoming paragraphs.

Table 1 shows the masses derived from reference ! for

Some options for providing onboard power for a maglev several of the stored energy systems that were considered.
vehicle include the following: The numbers apply to energy storage and conversion

I Energy storage systems for in-field military applications. Alternativesother than those listed in reference I were considered as

2 Power cable link weil. Rough calculations give the results in table 2 for
3 Sliding electrical contact three additional alternatives:
4 Linear generator

5 Linear transformer/inductivepickup Incidentally, fuel cell par,'uneters in refII] imply an6 Wind turbine

7 Engine generator set onboard power system with a mass of 2000 kg and a"FABLE !

8 Fuel cells ESTIMATFSPERREFIJl

Descrlptlon..... Miss_kg Volume;,m _
Each option has both benefits and drawbacks. These Flywheel invacuumchamber 20,000. 5.

options, with their respective benefits ,and drawbacks, are Magnetic/Inductive (SMI'S 200,000. 21).

discussed below. Please note that the fuel cell option has type)
been selected for our baseline vehicle design, and ali Capacitive 4,000,000. 2,000,000,000.

Batteries 20,000. N/A
information about the alternative choices is presented in
order to document our work ,'rod to put our choice of fuel "FAILLE2
cells in the proper perspective. ES'NMATES[:ORADDITIONALENERGYSOURCETYi'I'S

Description Mass_ kg Volume_ m 3

I. Energy Storage Compressed/Liquefied Air 45,000. 4X5.
SErings 506,000,000. ¢_4,516

A number of possible approaches which have been "l"hermalEnergy(tteatedlt?O) 31,000. 8.
considered but quickly eliminated from consideration rely
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volume of 2 cubic meters. Advances in cell technology 3. Sliding Electrical Contacts
since [!] was written in 1989 have changed the picture for
fuel cells. The fuel cell system that was eventually selected lt would be possible to transfer auxiliary electrical power
for our maglev vehicle has a mass of 1210 kg and a volume into the maglev vehicle via a third rail, catenary, or other
of 1.74 cubic meters, frictional sliding arrangement. Though ugly to behold,

these approaches are comrnonly used for tr,'msferring
2. Power cable link propulsion power to transit cars and electric passenger

locomotives, so the mere 186 kw power requirement is not
Another approach to generating onboard power would be a limitation on such an approach. There are several other

to utilize magnetic fields from the high voltage +/-15 kvdc obvious factors that take precedence, as follows:
power cables that run from one inverter to another. The
present plan is to bury these cables or run them beneath the • Transferring power at the full vehicle speed of 500 kph
guideway beam, but we did consider running them on top makes the approach different from its present applications.
of the guideway beam (protected, of course) in order to lt would be expected that at such a high speed, the pickup
create an onboard power source. Obviously it is tricky to equipment on the vehicle and the guideway would wear out
mount 15 kv equipment on the beam The cables forming quickly.
this power cable link could alternatively be specialized,
extra dc cables at very low voltage whose sole function is • At 500 kph, maintaining contact between vehicle and
to create onboard power. Such a dedicated arrangement guideway halves of the pickup would be difficult. If
would effectively be a weak "inductive pickup" system, occasional bouncing of the pickup could be tolerated, then

the associated wear problems are aggravated, and
The cables would be located in the magnetically neutral electromagnetic interference (EMl) problems become more

plane in the center of guideway. The cables would severe.
crisscross every quarter meter (0.25 m) as illustrated in • Safety concerns of such an approach are heightened. One
Fig. 1. The calculations for the power cable link that are way to mitigate this is to choose as low a voltage as
found in the appendix to [3] are generous approximations possible, placing more emphasis on the current collection
and simplifications for calculating the field and induced design of the pickup equipment as opposed to the voltage
voltage in the coils. Many refinements could be made; design factors.
however, the computations give a good indication of the • The cost of this approach is high because pickup
unfeasibility of this concept, equipment must be provided on virtually the entire

guideway length.
The calculated voltage per turn (84 miilivolts)on the
vehicle pickup coil is a weak voltage level. The resulting Some of these concerns could be lessened if the vehicle
projected mass of the vehicle coils is 29,110 kg. Not only were not required to pickup power at full speed, but only up
is this too heavy, but the space required for this much to some fraction of full speed instead. For the sake of
copper wire simply is not available. And ali this is at the discussion, let us assume that the sliding contact approach
vehicle speed of 150 m/s; lower speed operation gives is used up to 350 kph, and above that speed the pickup
proportional reductions in capacity. For these reasons we mechanism on the vehicle is lifted or otherwise physically
dropped consideration of the power cable link approach to disconnected from its guideway counterpart. Most likely
onboard power generation, batteries would be employed to run the onboard power

system above 350 kph, which does have merit in tile case of

Dctaboos_,_sta,oaontopof_.,,Jo_,sy a system which closely follows an interstate highway and
therefore goes up ,and down in speed often in order to go
around the many ,associated curves. The resulting
dependence upon batteries would increase vehicle weight
and thereby further increase system cost. In addition, the
amount of power transfer must necess,'u'ily increase, ,'rod the
batteries must be able to take a very, very fast charge
during the power transfer times. This approach c,'umot be

F,_,t entirely discounted without in-depth study of hybridPowel cable link

systems, but we regard this approach as unviable due to the
m,'my obvious technical headaches associated with it.
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4. Linear Generator substantial amount of work ill order to include the effects of

both time variation of current and position variation of the
The linear generator in the context of this paper is a device pickup coil simultaneously. The average pickup coil
which uses the currents induced in the levitation ladder voltage was predicted to be about i mv per turn, showing
rungs on the guideway for producing onboard power. In that the extraction of sufficient power from the levitation
concept, the currents in the stationary ladder rungs produce ladder would be difficult at best.
a varying magnetic field with respect to the moving
vehicle, due both to the variations in the current with time 5. Linear Transformer

and the changes in the rung-to-generator-coil proximity as
the vehicle moves past the ladder. This magnetic field is A transformer in its commonest, stationary form transfers
linked by simple nonrotating coils of copper wire on the power from one side of an electrical circuit ("the primary
linear generator mounted on the maglev vehicle. As the side") to another side of an electrical circuit ("the
magnetic field varyies with currents in the ladder rungs and secondary side"), with an associated and desired change of
by the varyiation of distance of the coils from the rungs, voltage taking place as weil. The linear transformer for
changing flux linkages induce voltage in the pickup coils of maglev applications would be employed not so much
the linear generator. This voltage would be fed into a because a transformer can change voltage levels, but
rectifier/inverter for use on the vehicle, because it transfers power from one piace to another. The

linear transformer for maglev would have its primary
No additional equipment would be required on the circuit laid out along the entire guideway, being fed power
guideway or on the ground; the present ladder arrangement by wayside inverters specially built for the onboard power
would provide the onboard power, almost for free. There is requirement alone. The secondary circuit would be
no such thing as "free power", though. The onboard power mounted on the vehicle very close to the primary circuit on
would be derived indirectly from the linear synchronous the guideway. Physical contact between the two
motor which would have to overcome the increased drag transformer halves is not necessary or desirable; magnetic
due to the linear generators; however, this would be an fields working at a small distance are responsible for the
extremely economical way to pickup the onboard power power transfer.
because the LSM power only costs 8.5 cents per kilowatt
hour in this SCD. There are several ways to arrange coils and cores to effect

a linear transformer capable of transferring 186 kw of

lt is envisioned that there will be one linear generator in power. Engineering judgment was invoked to justify the
each space between each pair of bogies for a total of ten configuration shown in Fig. 3. The ferrite core is molded
units as shown if Fig. 2. The dimensions for each unit, into a rather flat channel. The cutout in the channel
containing many power pickup coils each, would be 90 cm provides space for turns on the winding. Each primary turn
high, 60 cm wide, and 9 cm thick. An individual pickup runs completely down the channel for 25 meters (one
coil was sized at 30 cm high by 9 cm deep. These concrete beam iength), then returns along one of the outside
dimensions were chosen based upon the physical space edges. The width of the secondary core is closely allied to
available between the bogies, the size of the levitation the width of the primary core, though its depth can be
ladder ,and the desire to have the linear generator as close as greater. Each secondary turn wraps around the 0.8 m long
possible to the ladder, secondary core in a similar fashion to the primary winding.

The secondary halves must be guided by a hydraulic or
An analysis was performed by calculating the pickup coil aerodynamic mechanism on the vehicle to maintain the
flux linkages at many positions along the ladder. The rung small air gap between the primary and second,'u'y halves.
currents were assumed to be varying per the results of a
dynamic circuit analysis of the magnets and ladders as the Wherever the linear transformer would be located, it will
pickup coil and vehicle positions changed. This required a not be pretty. We do keep the appearance of the guideway
-- - F,g.2 in mind, and placing electrical equipment on it will neverSide wew o_Lucent Generator Loca_aon

improve its apperance. The appearance considerations are
_,_,t, om indirectly manifested in reliability issues in the sense that

..................................._:_:_:_:_:E::_:_:::_:_:_:_................................................................,,. ....... adding kilometer after kilometer of electrical equipment is
|iiiiiiiii ii!!!!i::/ more likely to have associated reliability and cost penalties,

_,_bo_ |: i_llll_!_q _"_' so one is well advised to keep the appearance issue in mind,

_iiiiii::i:.il !i:::::%iiiiiii::if.iid_ _ t"!_i:::_ ::ii!iii!i::::iii:.iii::iiiiii!;i:).ii::i::iiii_:iii_!_:iii:_i_iii_iiil]whether artist or engineer or otherwise.
I

Larle_r Generalor Cod Set LOCalK)n
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cores would have to be switched in and out of the
connection circuit to the inverters. This would severely and
detrimentally impact the cost and reliability of the linear

A:C:12.6 cm , B=12.__ _ transformer system.

E=12.6, F=2_.6
._|I=5,N2=7turns

Core depth 2cre / A most important result is the cost per km of the
Coil depth 17 transformer itself. If we double the cost to include the

• inverter supplies and connection circuit costs, the result is
2 2.4 million dollars per kilometer, or almost 4 million

cm _ A Ferrite The inductive pickup approach is different from a linear

B _ A _ dollars per mile. Clearly this is a cost prohibitive approach.

o : wire transformer approach. The inductive pickup nomenclature
implies a magnetic coupling of coils on the vehicle to dc
magnets on the guideway. Relative motion of the vehicle's

Fig.3 coils through the dc fields induces voltage in the vehicle
LiaearTraasformer that can provide for its onboard power. Although the

operating principles are much different from those of the

A computer program was written to optimize the linear transformer, the type and amount of materials and
transformer parameters and dimensions. The optimization labor to provide and inductive pickup system are probably
was done in a manner that maximized a figure-of-merit quite similar. In the absence of the time required to do a
function based on power factor, cost, and output voltage, conceptual design of an inductive pickup system, and with
Cost was computed by multiplying raw material costs by a a myriad of configuration possibilites to be evaluated, we
factor of four. Material costs were $3.3 i/kg for copper Litz deferred to the design of the linear transformer and simply
wire for the windings and $7.00/kg for ferrite core assumed that the costs would be (in the light of hindsight)
materials. Not ali design parameters and dimensions were similarly unacceptable, lt should be noted that an inductive
allowed to vary during the optimization process. The air pickup system has a low speed power capacity problem, as

gap was fixed at 2 centimeters after realizing that the the voltage induced in the vehicle coils is proportional to
design was hopeless at the nominal 5 centimeter clearance the vehicle speed.
used at ali other places between the vehicle and the

guideway. The final optimized design is shown in Fig 3, 6. Wind Turbine
and the numerical listing of its performance parameters is:

When the maglev vehicle is traveling at a high enough

• Cost per km $1.2 million velocity, it is possible to guide air to one or more wind
• Frequency 5862 Hz turbine generators to provide onboard power for the
• primary voltage 1528 volts vehicle. Our concept for this alternative power source
• primary amps 681 would be to provide two streamlined ducts in the nose of
• primary power factor 0.24 the vehicle to feed a pair of wind turbines located in the
• core dimensions: see Fig. 3 fore equipment compartment. The low velocity ("spent")

exhaust air would be ducted downward or sidewards to the

Its performance is poor due to the unavoidably large exterior of the vehicle. Each turbine would have its own
amount of leakage reactance. Leakage reactance is control subsystem to regulate its voltage and frequency (+/-

proportionalto the length of the core, and the 25 meter 5 percent)via variable pitch blades. We would expect each
length is so vast that the little can be done to reduce the generator driven by the turbines probably to be a
leakage reactance. Using a shallow, wide cutout in the lightweight synchronous generator.
channel helps. So would using shorter core lengths, but this
is impractical since the secondaries always span a total The power indirectly must be supplied through the linear
length of 24 meters and have to couple to active primary synchronous motor on the guideway. As a matter of fact,
cores, the wind turbine efficiency would only be about 62 percent.

When combined with the generator efficiency of 0.9, the

As it is, the vehicle would span two primary cores most of increase in linear synchronous motor power turns out to be
the time, so two primary sections always have to be 344 kw.

energized. As the vehicle moves along, the proper primary
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• diesel internal combustion engine
• gasoline internal combustion engine

-,. / • jet-fueled aviation turbine/

s,,n / , other less common fuels driving either engine type
(JUPB) ,,_

:s,// / Each would ha., e a 400 Hz three phase generator mated to
/ / it. Most likely, as with so many other systems in this SCD,f ,,--

two half-sized systems would be provided in order to/ provide redundancy and fault tolerance. No inverter would

' "I / / I/ be required in such an approach because the rotating/ zs%,. _., / _ generator would provide the required power type directly at
/ /I _'-

///" The aircraft turbine would be the lightest of these options.Ali would require a fuel tank for operation, as well as
significant ancillary equipment. Although muffled, ali
would be noisy and would emit undesirable exhaust gases.

•" These are major drawbacks to using engine/generator sets- K] _JnTTS

Fig.4 for the onboard power source. The great advantages of this
Turbiaediameter(in.)vs. Power aad Air Speed option are the simplicity, absence of inverters, low cost,

and the availability of full power at any vehicle speed.

Estimates of turbine size and weight were provided by 8. Baseline Choice: Fuel Cells
subcontractors at the University of Illinois via, the

Sunstraad Corporation, a commercial supplier of ram air Recent technological developments have made fuel cells a
turbines. Sunstrand has provided a graph (see Fig. 4) of very attractive and practical power source alternative.
turbine size versus power and airspeed for two-bladed While fuel cells have long been considered too bulky and
turbines. At 500 kph, a four bladed turbine would be more

costly for many practical uses, recent research by General
desirable and would reduce this diameter by 23 percent. In Motors into fuel cell application on hybrid electric
any event, the curve shows that at 93 kw each, the turbines automobiles has made tremendous advances. The type of
would be 0.94 meters in diameter. Regarding the mass of fuel cells proposed for maglev onboard use has been
each turbine, additional information from Sunstrand gives developed and tested in a GM test facility and is a viable
the following rules: application of present day, or at least foreseeable future,

technology. This methanol-reforming PEM fuel cell is
• Mass (kg) of turbine and strutffidiameter in inches described in a cowpa. :on paper [4].
• Mass (kg) of generatorffipower (kw)

9. Comparison of alternativesThe projected combined turbine/generator mass becomes
.94"39.4+93=130 kg per unit. Clearly this is the smallest Table 3 condenses some of the information from the

projected power source mass of any of the alternatives so foregoing text and the companion paper. The inclusion of a
far (and upcoming as weil) and is a distinct advantage for cost column in table 3 and the exclusion of a safety column
this alternative, does not imply anything about our emphasis, but instead

The disadvantage of wind turbine generators is obvious: merely shows that cost is more easily quantified than
they lack power capacity at low vehicle speeds because the safety.

low air speed will not drive the turbines at full capacity. One of the advantages that has been somewhat of a
This requires the onboard batteries to be larger. In an

"sleeper" is the emergency power capability. The ability of
emergency power situation where a maglev vehicle is a power source to operate continuously in the event of total
stopped, the wind turbines are totally useless, failure of the guideway electrical systems tempts one to

7. Engine Generator Set speculate about driving the vehicle with one or more
deployable dc motor-driven crawler devices ff somehow the
vehicle does not coast to a preferred stopping point.

Obvious options for an engine in an engine/generator set
include:
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The choice we made for our baseline maglev concept is the References:
fuel ceil, based on the advantages and disadvantages of ali
of the alternatives described in the text of this paper. 1. Palmer, David N., "Downsized Superconducting
Although a fuel cell of the type proposed has not been Magnetic Energy Storage Systems, Proc. IECEC, Vol. I,
developed at the 186 kw level, we expect the development August 7-11, 1989, Table 6, page 456
of this technology over the next few years, in parallel with
a maglev system development effort, to achieve the 2. J.L.He, D.M.Rote, and H.T.Coffey, "Computation of
projected weight, volume, and performance levels quoted Magnetic Suspension of Maglev Systems Using Dynamic
in this paper, The presen performance of this fuel cell is Circuit Theory", International Symposium on Magnetic
not far from those levels, and development of the Suspension Technology, NASA Langley Research Center,
technology is already under way at GM relative to electric Hampton, VA, August 19-23, 1991
automobiles. If the safety issues of this fuel cell turn out to
be addressable relative to automobiles, then they should 3. Bechtel Corporation, ]_.Bgig_v SCD Final Report.
certainly be addressable relative to maglev vehicles as weil. September 30, 1992, Volume I, pages C-I to C-121.

4. B.T. Concannon, "Methanol Reforming PEM Fuel Cells
as an Onboard Power Source for Maglev Vehicles", 12th
International Conference on Magnetically Levitated
Systems and Linear Drives, Argonne National Laboratory,
May !9-21, 1993 (companion paper)

TABLE 3

COMPARISON OF ALTERNATIVE POWER SOURCES

l_,chptlo. Advantages Dlsadvamtages "Capitni"Cost Rating

Storage Appmac.hes No transfer mechanism required Impractical ....Various last
Power Cable Link Uses cables to meet more than one Insufficient power a lower High 7

need speeds, dependence upon cable
current level...........

Sliding Contacts High capacity at any speed Wearout, EMl, safety, High 6
appearance

' Linear Generator Low capital cost, reliable Insufficientpower at lower Low

speeds

'Inductive Pickup High capacity Low capacity at low speed, "'Very high 4

appearanc% un.known reliability, ,,

Linear Transformer High capacity .. Unknown reliability, appearance Very high "4

Wind Turbine Very lightweight, no inverter Low speed c_,acity Low 3
.......... required .....

Engine/ Simple, reliable, no inverter Fuel onboard, high operating Low ..... 2 '
Generator required cost, noise, vibration, pollution,

weight..........

Methanol-Reforming Lightweight, noiseless, ] Fuel onboard, higher operating Low first
PEM Fuel Ceils,, nonpolluting, overload capacity ;_cost . ,.
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Comparative Analysis of EDS and EMS Maglev Systems

Antonino Di Gerlando, Ivo Vistoli
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Piazza Leonardo da Vinci, 32 - 20133 Milano, Italy

Marino Galasso
Ansaldo Trasporti

Viale Sarca, 336 - 20126 Milano, Italy

Abstract - In the present paper some ele- The EMS type vehicle is equipped with elec-
ments of analysis of transportation MAGLEV tromagnets for the field excitation and for

systems driven by long stator linear synchro- the lateral guidance: the field electromagnets
nous motors are proposed, are employed also for levitation, based on the

Some basic comparative evaluations are electromagnetic attractive effect. Considering

performed, about active material quantities the intrinsic instability of this kind of
necessary for the armature (conductive, insu- levitation, a great importance is assumed by
lating materials) and energetic performances, the feeding systems and active control of

these electromagnets, also considering that in
I. INTRODUCTION the EMS system the air-gaps are significantly

lower than those of the EDS case, of the order
The MAGLEV systems here examined are the of ten millimeters, both in vertical and hori-

EDS types, with repulsive levitation, equipped zontal direction.
with superconducting (SC) field windings, and The feeding of the on board loads is assu-
the EMS types, with attractive levitation, red by a linear synchronous generator, whose
characterized by conventional field windings, armature conductors are arranged in the pole-

Aim of the paper is to perform a compara- pieces of the excitation-levitation system
tive analysis between the two systems, in disposed on the vehicle; a feeding scheme
order to evaluate, where possible in quantita- similar to that of the EDS system can be adop-
tive terms, the main structural and functional ted, connected at the LSG output terminals.

parameters: to this purpose, the peculiar
features of the systems are briefly described. II. COMPARISON CRITERIA BETWEEN MAGLEV SYSTEMS

In the EDS type, the structure includes, as
known, a "U" shaped track fixed to the ground: The considerable differences between EDS
at the sides of the track, the armature three- and EMS systems make difficult to find univo-

phase windings are disposed; in the Miyazaki cal criteria suitable to perform this compari-
test-track the levitation windings are arran- son: the adopted methodology employs simpli-
ged horizontally [i], while the levitation lied models and partially refers to data of
windings of the Yamanashi expel imental track constructed (or being constructed) prototypes
[2] are in lateral positions and have a "8" (Miyazaki [i], Yamanashi [2,4,5], Emsland
shape. The EDS vehicle is equipped with SC [3]). In order to operate a homogeneous
magnets, faced to the track windings; their comparison, it is necessary to assume the
functions are: linear synchronous motor (LSM) equality of the following quantities:
excitation, levitation and lateral guidance. - route length of the track;
As regards the last two functions, it is im- - maximum speed;
portant to point out that the behavior of the - number of carried voyagers/(hour.direction) ;
EDS system is intrinsically stable: given any - armature insulation class.
perturbation of the operation trim, the system In general, these quantities are not the same
reacts, by automatically generating suitable in the mentioned systems: actually, only their
forces that restore the stable equilibrium, basic features have been assumed, applying to
The distances between vehicle and track are of them suitable variations for a homogeneous
the order of hundreds of mm, both in vertical comparison.
and horizontal direction: these distances, For a better effectiveness, the comparison

together with the intrinsic stability, are will employ p.u. quantities: as much as pos-
important elements for the system safety, sible, all the quantities considered during

In the EDS vehicle, a linear synchronous the analysis will be expressed as ratios in
generator (LSG) feeds both a battery and the which the values of the EDS system are refer-
on board loads, through some converters: the red to the corresponding values of the EMS
LSG armature conductors exploit the harmonic system. Generally, the subscript "d" will
m.m.f.s gcnerated by the stator armature or mark the quantities of the EDS system, while
the levitation windings, the subscript "m" will be used for quantities

Also the basic structure of the EMS system of the EMS system; where necessary, the sub-
includes a track fixed to the ground, but with scripts "dl", "d2", "dy" will mark quantities
shape and composition considerably different of the MLU001 and MLU002 Miyazaki prototypes
from the previous one, mainly for the arrange- and of the Linear express Yamanashi project
ment of three-phase armature windings within a respectively.
slotted ferromagnetic structure [3]. Among the parameters employed for the com-

parison, there are the following quantities:
Manuscript received March 31, 1993. -- ratio between the flu'< density values:

Work suD|)oFtcd by the Itri|an _esearch National Counc|| (CNR) Ks = Bd
PFT2 P_oJ_t_ c,,_t_t N'gZ.OI97Z.Pr74. _ ; (i)

- ratio between the rated thrusts:
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Fd

KF = F-_ ; (2) u_i Ft (td + _d) ;Lcd= _.qd._-_-- ratio between the LSM polar pitches:

_ _d (3) u_ Ft (_ + _) (4)Kp rm " Lcm = a-_'qm'_-_m"
The flux density values considered in (i)

are spatial average values, calculated within Defined _d
the plane of the armature winding. Ks = _ , (5)
As known, in the EDS case the field near the
SC coils is considerably higher than that in the ratio between the wire lengths becomes:

the proximity of the armature (Bd), because of
the appreciable reciprocal distance and be- Lcd_ am qdud Ks'_m + Kp'rm 1 (6)
cause the magnetic field develops totally in Lcm ad qm'U-_" _m + rm Kp "
the air. Vice versa, in the EMS system the Then, denoted with:

small air gap allows to simply refer to flux - p the total number of armature poles;
density, without further specifications. - U the total number of conductors in series

As regards the ratio KF between the per phase (for all the track length),
thrusts, it is known that the drag force ap- we have:
plied to the vehicle at high speeds (300+500 U.a
km/h), is due to the air mainly, and depends u= c-_ ; Ft = r.p ; c = 3.p.q. (7)

on the vehicle front section, length and speed Considering that:
squared. This means that (being equal speed,
shape and steady state running operation in Ft = pm'fm = pd'rd , (8)
plane) the vehicles should be thrust by the
same propulsion force. On the other hand, the from (7) one obtains:
armature electric power input is converted not ud _ Uu ad'q_.K p . (9)
only into mechanical power, but also in elec- um Um am'qd
tric power for the on board LSGs.
In the EDS system, the LSGs feed the cryogenic By substituting (9) in (6) we have:
system and the on board auxiliary services Lcd _ Ud Ks'_m + Kp'rm (i0)
only. Vice versa, in the EMS system the LSGs Lcm Um _m + rm "

must feed also the field, levitation and gui- As known, on the basis of a power balance
dance conventional coils, equation, the LSM thrust can be expressed in
Moreover, the EMS type train has a higher mass the following manner:
per unit length, due to the on board ferromag-
netic material and the higher rating of the F = 3.E.I.cos(_)/v , (ii)

generation-conversion on board units: this where:
requires a higher propulsive force along the - E and I are the e.m.f, and the current of
track sections not in plane, one armature phase;
In conclusion, in the EMS system the LSM me- - _ is the angle between the phasors I and E;

chanical power must be higher than that of the - v = 2.f.r is the vehicle speed.
EDS system and, correspondingly, the EMS rated Considering that:
thrust must be higher, n

As regards the ratio Kp, it is directly E = --.f.#.Ui.k_ , (12)
linked to the different maximum frequencies V_

for the feeding of the armature, where k, is the winding factor, Ui the number
of conductors in series per phase faced to the

III. CHARACTERIZATION OF THE ARMATURE inductor and # = B.r._ the flux of one pole,

In the following, some expressions invol- (Ii) becomes:

ving the quantities of armature active mate- F = 3.n .B.I.cos(_)._.kw. Ui (13)
rials of the different systems and their ener- 2.v_
getic quantities are obtained and analyzed.
It is clear the importance of this analysis: On the other hand, indicated with Li the
the characteristics of the armature, arranged length of the track portion faced to the pl

all along the track, give a considerable con- inductor poles placed on the train, we have:
tribution to the construction cost of the L, = pl.r = Ft.(UJ/U) (14)
infrastructure and greatly affect the choices
regarding the feeding devices and the system By the ratio between the thrusts (13) of the
efficiency, two systems (with UL expressed by means of

(14)), one obtains the following expression of

A. Armature conductive material the ratio between the armature currents:

Id _ Um K_ _m COS(_m) Lim k_
Let consider the armature phase winding of Im Ud K. _ COS(_d) Lid k-_ (15)

a generic MAGLEV system; the following quanti-
ties are defined: If we consider the same type of conductive
- u: number of conductors per slot; material and an equal global thermal exchange
- (: active length of every single conductor; coefficient, from the equality of the armature

- q: number of slots per pole per phase; winding temperature rises one obtains:
- Vr: total length of the track; Sm'Am = Sd'Au , (16)
- L_: total length of the phase wire;
- a: number of parallel paths of each phase, being S and A the superficial and linear cur-
The length Lc of the phase armature wire of rent density respectively. Considering that A
each MAGLEV system equals: can be expressed as follows:
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3"U'I subsequent projects, to concentrate the SC
= --_ , (17) coils within the extreme positions of each

the ratio between the densities S becomes: coach [2], in order to extend the usable pas-

Sd Am Urn'lm senger zone immune from the fields.
St = _ " Ud.l,i (18) Then, the following ratios can be assumed:

By expressing the ratio of the wire nec- MLUO01: Lld*/Lim = 1
tions Ac of every parallel path in the follo- MLUO02: Li_2/Lim = 0.75 (30)
wing manner: Linear express: L, dy/Lim = 0.25 .

Acm Im am Sm On the basis of (28), (29), (30), the values
Ac. Im ad Sm ' (19) of the ratio Qc between the quantities of

on the basis of (15) and (18) we obtain: conductive materials, evaluated by (_7), are:

A_J _ (KF cos(y.) lm Li. U. k_] z am Ud MLUO01: Qcdl/Qcm = 0.91
Ac. [_'COS(¥d)'_'_'_'_) "_'_" (20) MLU002: Qcd2/Qcm = 1.56 (31)

Linear express: Qcdy/Qcm = 7.78
By inserting (i0) and (20) in the expression
of the ratio Qc between the volumes Qcd and It must be noted again that the values given
Qcm of conductive material: by (31) do not correspond completely to the

experimental conditions, because only partial

Qc - Qcd _ ad _m Acd (21) reference to the real parameters has been made
Qcm a_ Lc. Acre ' for the homogeneous comparison.

one obtains: Adopting again the first eq. of (28), fig.l

Qc K_.t.+Kp.r. (KF cos_. I. LI. k_12 shows the ratio Qc, for the three considered- _m+r. " _ coned _ Lid _ " (22) EDS systems, as a function of the ratio Kp.
It is evident the dramatic increase of the

Eq.(22) can be simplified, by observing that: quantity of conductive material necessary when
- the two systems have approximately the same passing from a train of the Miyazaki type to

length _d and _ of the active conductors: that with an inductor of the Yamanashi type.
Moreover, the following remarks must be made:

K, = _/_ = I; (23)
- in case of a MLU001 train type, the quantity

- by adopting the same control strategy of the of conductive material is lower than that of
LSMs, one can assume that: the EMS system, for all the Kp values inclu-

ded in the utilizable range;
COS(;d) = COS(y.) ; (24)

- in case of a MLU002 train type, the quantity
- from the study of the levitation of the EMS of conductive material is lower than that of

system, it follows that: the EMS system for KI, < 4.5, that is for a
frequency fm > 47 Hz (with fm = 215 HZ);

= rm ; (25) - in case of a train having the same ratio
- about the winding factors, we can assume: LId/LIra of the Linear express, the quantity

of the armature conductive material is al-
k.d/k_ = 1 . (26)

ways higher than that of the EMS system;
Given these hypotheses, eq. (22) becomes:

2 tL,m . (27) 14_ A

/In order to perform the quantitative analysis _
of (27), for now the following ratios are 12 _

assumed: _- _

K,_ = BdlBm = 1.210.6 = 2 ; (28) i 0
K[ = Fd/Fm = 0.9 . - K i = 0.25

AS regards the maximum output frequency of the _ - (LINEAR
converters, taking the experimental data as a O -
starting point, we have:

--

Transrapid 06 (EMS, Emsland): 215 Hz 6 -
MLUO01 (EDS, Miyazaki) : 27 Hz
MLUO02 (EDS, Miyazaki) : 28 Hz - '

Linear express (E_S, Yamanashi [4,5]) : 56.6Hz. _ _ _ 1 • i _l_ ]Ki = 0"75[

Therefore, we have the following Kp values: IKi = 1.0 I(MLU002)

K_,I= r,ll/_,,= fm/ld! = 215/27 = 7.96 I(MLU001) ) _ )
Kp2 = rd_/'[m = fm/fdz = 215/28 = 7.68 (29)

K_,y= r,ly/Im = fm/fray = 215/56.6 = 3.80 -_- c
The ratio between the inductor lengths ...... ' ' '

4 8(Li_/Lim) is an important parameter, as shown _)
by its quadratic influence in (27): it has _4_-_
been considerably modified during the histori-

cal evolution of the MAGLEV systems. As a Fig.l. Ratio of the quantity of the armature
matter of fact, in the EMS system the presence conductive material of EDS systems referred to
of a ferromagnetic circuit allows the disposi- that of the EMS system (Qc = Q_m/Q<m), as a
tion of the field electromagnets all along the function of the ratio between the correspon-
train, while the high values of the flux den- ding polar pitches (Kp = td/fm) ; parameter:
sity in air in the EDS system obliged, in the KI=L_m/L_m, ratio between the inductor lengths.
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- by adopting for the EDS system the same 8
maximum frequency of the EMS system (Kp=l), _ Ki=0.25

the values of the ratio Qc are: -k K.=0.75

Fig.2 shows, for MLU002 and Linear express \ K =3.8

type trains, how the ratio Qc is modified when -_ k p
the flux density Bd increases (that is Ks = .%C
Bd/Bm increases) being unvaried the other 4, _

conditions of (28)+(31).
The rise of the flux density can be obtained _ K=p 1

by one or more of the following ways: _
- variation of the shape of the SC coils; 2 'K -8 _ _ ""
- increase of the SC current; _ _ "- --

- reciprocal approaching between SC coils and ___ ----"- -- _ _ _ -- .
armature windings, r%l ..................

Fig.2 shows that the rise of the flux density
always implies a reduction of Qc. The amount 3 4
of this reduction is higher in the Linear MB
express type system; in case of Kp=l (fd =215
HZ) the condition Qc = 1 occurs with KB = 3.6 . Fig.2. Ratio between the quantities of conduc-

tive material (Qc=Qcd/Qcm) as a function of

B. Armature insulating material the ratio between the average flux density
within the armature plane (KB=Bd/Bm); parame-

Assuming that the insulating width of the term: polar pitch ratio (Kp=rd/rm) and ratio
wire is approximately proportional to the between the inductor lengths (Kt=Lt_/Lim).
maximum feeding voltage (VH), the ratio bet-
ween the quantities of insulating material These values show that also tna ratio of the

quantities of insulating material is unfavo-
equals: Qi Qid VH_ Pd Lc_ (33) rably affected by the reduction of the ratio

= Q_---_= V-_'_-_'Lc---_' L,d/Lim.
where T is the perimeter of the single wire. Figs.3.a,b show, for a Linear express type EDS

If we assume the same shape for the wire system, how the ratio Ql=Qid/Q1m decreases
sections of the two systems, the perimeter when the ratio KB=Bd/Bm increases, considering

ratio depends on the section ratio as follows: Kv=VHd/V_ as a varying parameter, for two

2_ _ /-_ (34) different values of the ratio Kp=rd/rm.

Pm _A-_cm 6 Ki=O 25
Thanks to (20) and (23)+(26), eq. (34) becomes: i

(Linear express)

?d KF Lira/ Urn'am (35) _ _

mm m

2--m= K--B'L,---d"Ud.ad " [ _Kv=I. 5 a: Kp=3.8

As a first approximation one can assume: 2_.4

VN_ ~ KB Ud . (36)
w "V_ 1[5-

Finally, on the basis of (10) and (35) and Z _-'*_ _

taking into account (36), eq.(33) becomes: 2 [_'_--'--

LKV=0 5L,_i + K_.[K_]_'__ (37) "

having put: _ , j , _ , , , , ,

= . (38> S Ks 4 5A complete quantitative analysis of (37) would _

require to know the values of Kv = VHd/VHm and 3
ad/am. For the mentioned cases, the ratio Kv !- Ki=0"25 b: K =i

could be deduced from literature data _=I 5 P
(V_m=4.25kV; VHdI=3kV; VHdZ=5.8kV; VHdy=29kV), __ " (Linear expres.s!

while it would be difficult to deduce the _%i2 [Kv_values of the ratio between the number of

paths. But, in any case these values i __parallel
are not meaningful, because they belong to _-v.__

systemssuitable havingto a homogeneousdifferent comparison,ratings, thus nut 0_ ......... 3 _ _ .... i i 14,- .......
Considering that both these ratios represent,
within certain limits, arbitrary design choi- M B

ces, for the analysis of (37) Kv will be assu-
med as a parameter and ad/am will be supposed Fig.3. Ratio between the quantities of arma-
equal to unity. In these hypotheses,.and assu- ture insulating material (Qi=Qid/Qim) as a
ming again the (28)+(31), the ratio Qi equals: function of the ratio between the average flux

densities in the armature plane (Ks= Bd/Bm) ;
EDS type : MLU001 MLU002 Linear express parameter: ratio between maximum feeding vol-

Ql/Kv :j/;_: 1.43 1.84 3.06 tages (Kv=VHd/VHm); a: Kp=3.8; b: KI,=I.
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By examining fig.3 one concludes that: Therefore, indicated with

- an increase of Ku allows a discrete reduc- KL = ['ad/F_m (42)
tion of the insulating material quantity, at

least in the first rising range of Ks; the ratio between the fed segments of the

- the reduction of Kp (associated to an incre- track, the following relation is obtained:

ment of the maximum output frequency of the _,i Lcd

feeding converter) implies favorable effects Km - KU'L-_cm ' (43)
on the reduction of the ratio Qf;

- the increase of the ratio Kv implies a con- Thus, on the basis of (i0), (20), (42) and
siderable increase of the ratio Qi. considering (23)+(26), the ratio between the

corresponding phase resistances equals:

C. Armature magnetic material Rd Lad am A_m = KL'I + Kp ILid KW Ud] 2
= L_---_'adAcd _" [Lq_m'K-7"U_) . (44)

The comparison between the two types of

system is not homogeneous and it cannot be Finally, on the basis of (15), again conside-

performed in quantitative terms: actually, the ring (23)+(26), the ratio between the armature

presence of SC field windings in the EDS case Joule losses becomes:

makes unnecessary the use of a ferromagnetic { ]
core both with regard to armature and PJ = PJd R__d.Ia 2PJ--_= Rm _ = Ku'I + K_______£ (45), 2
vehicle, while it is necessary to employ a

ferromagnetic core in the EMS system. Eq. (45) shows that the ratio between the arma-

On the other hand, the EDS system is cha- ture Joule losses depends on the ratio between

racterized by the presence of some elements, the polar pitches (Kp) and on the ratio bet-

that are absent in the EMS system: ween the fed segments of the track (KL).

- levitation coils, all along the track; Indicated with Pu the total useful power

- suitable magnetic shields, disposed on the given by the LSM and with Pa the input power

train for protection from fields, absorbed by the fed armature segments, we
have:

D. Energetic characterization Pa = Pu + PJ (46)

A significant index of the system energe- Therefore, the efficiency of the EDS arma-

tics is the armature efficiency: in the pre- ture can be written as follows:

sent analysis, all the power electromagneti-

cally transferred from armature to vehicle is nd= 1 PJd 1 + Kn . PJm
assumed to be useful power; therefore we have: - Pa---d= 1 _ AL'_-_ (47)

Moreover, considering the following relations:Useful power

= Useful power + Armature losses (39) Pud Pud
Pad -- - K_ , P_ = _m'P_m , (48)

AS regards the armature losses, only the Wd ' P_

armature wire Joule losses will be considered: one can write:

doing so, there is a lack in the losses eva-

luation for both the types of system: Pad = P_m"0m'KF , (49)

- in the EMS case, because the losses in the Wd

ferromagnetic material are not calculated; from which, by insertion in (47), one obtains:

- in the EDS case, because the losses in the 1 + K_, KL _d'P3m

levitation coils disposed all along the nd = 1 - 2 " K-_ " "qm'P_m (50)
track are not considered.

On the other hand, in both the cases, these By observing that:

losses are practically concentrated along the P3m

track portion engaged by the train. Pam - 1 -nm (51)
The calculation of the armature Joule losses

must be performed with reference to the track and solving (50) with respect to hd, we have:

sectors really fed: subdivided the total track nd~ 1

length into a suitable number of adjacent n-_ ~ KL I + Kp . (52)
sections, each having length F_, the track Wm + K--_'---_" (i - Dm)

segment really fed usually consists of two

adjacent sections, the first of them being It is interesting to find the parametric

partially engaged by the train; then we have: conditions for which the different energetic

F.,d = 2.F_d , Fam : 2"Fsm , (40) quantities assume the same value in the two
types of systems.

where:
By imposing in (45) the equality of the

- Fsd and Fs_ are the length of each section, armature Joule losses, one obtains:
for the EDS and EMS systems respectively;

- Fa,J and F,_m are the corresponding fed seg- PJ = 1 _ KL = 2 (53)
ments of the track. 1 + Kp

For each system, the length of the phase wire Vice versa, the condition of equality

corresponding to the fed segments of the track between efficiencies, imposed in (52), gives:
can be expressed as follows (see (4)):

2

F,,,lu_ qa. Ft (&1 + ra) F_,J nd = nm _ KL - K_" (54)
L_, FL ad r-_" = __Fq.L_ d 1 + Kp

(41) Finally, by .imposing the equality of the

r_..u, q- F,. (_ • _.,) F_.
L<- : F,-a-_" "r_" = --_'L_m absorbed power in (49) and taking into account

(52), we obtain:

340



2 1 - KF'Dm This condition can result not compatible with

P.,.i= P_m :7 KL = 1 + Kp 1 - _m (55) a regular and reliable operation of the

system: as a matter of fact, too much short
Eq. (53) shows that, in case of adopting the sections can make more critical the correct

same polar pitch in the two types of system feeding sequence of the sections themselves.

(Kp=l) , the equality of the armature Joule In any case, the reduction of the length of

losses occur with KL=I. each section implies a rise of the number of

In case of a value Kp=3.8 (situation of the three-phase switches (proportional to I/KI).

Linear express), the equality of the armature Therefore the length of the armature sections

losses would occur with a value KL=0.42; vice must be chosen on the basis of a compromise

versa, the hypothesis of KL=I would lead, in between the need of an acceptable efficiency

this case, to PJ=2.4 . and the need to maintain a reliable operation
Fig.4 shows the dependence of the efficien- and to limit the number of switches.

cy ratio Nd/n,, on the efficiency nm of the EMS

system: one can observe that, being equal Kt, IV. CONCLUSIONS

the adoption of a value Kp=l implies nd/nm

values that are indeed more favorable than In the present paper some parameters have

those corresponding to Kp=3.8: moreover, with been analyzed for the comparison between EDS

Kp=l, it is sufficient to adopt KL=0.9 in and EMS type MAGLEV systems, with reference to

order to obtain n_=nm, the problems of general design and energetics:

Vice versa, with Kp=3.8 the efficiency nd this comparison, far away to allow a final

appears quite lower, approaching the nm values judgment about the superiority of one system

for KL values that are considerably lower then with respect to the other one, allows a qood

the previous ones (nd=_m occurs for KL=0.375). (even if partial) evaluation of their charac-

Similar remarks about the reduction of Kp teristics.

and/or of KL can be made referring to (55). The adopted methodology has shown the de-

The previous analysis shows the need, in pendence of the quantities of active material

the EDS case with Kp>l, of adopting, for the (conductive and insulating materials) and of

length of the fed sections, a value lower than the energetic quantities (armature efficiency,

that of the EMS case, with the aim not to input power and losses) on the functional

worsen the efficiency excessively, parameters (flux density, thrust, voltage) and

i • 1 on the constructional parameters (polar pitch,

ratio between fed segments of the track, ratio

between the inductor lengths of the vehicles).

_;d The studies have shown the advantages, in

_ case of the EDS system, in reducing the polar

_m _ pitch and increasing the average flux densityin the plane of the armature, with the aim to

IL_._=___._6___ compensate the negative effects of the concen-
l 0 - tration of the superconducting windings at the

• extremes of the coaches only.

The analysis will continue, both as regard

_ _ the extension of the comparison to other

components of the MAGLEV systems, such as the

_ / / conversion-feeding devices, and in the
KL=0.50 / / perspective of a comparison in economic terms.
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Abstract - The power needed for feeding the armature winding characterized by unity values
on board apparatus in the EMS MAGLEV systems both of the N ° q of slots per pole per phase
is obtained by linear synchronous generators and of the N ° u of conductors in the slot;
arranged in the field poles of the LSM. then all the harmonic m.m.f.s are tooth harmo-

In the present paper some operation aspects nics and their winding factors equal unity.
of these machines are studied, with the aim to The harmonic orders of the LSM m.m.f.s equal:
analyze their design criteria: different to-
pics are examined, in particular the interac- n = 1 + 6.k , k = ±i, ±2, ±3, ...; (2)
tion with the LSM operation, the winding con- from eq.(2), the positive values of n (7, 13,
figurations and a possible modular arrangement 19,...) correspond to harmonic m.m.f.s running
of the generation-conversion units, in the same direction of the fundamental

m.m.f., while the negative values (-5, -II,
I. INTRODUCTION -17,...) correspond to harmonic m.m.f.s run-

ning in the opposite direction.
In the EMS Maglev vehicles equipped with From (i), (2), the speed of the n-th m.m.f.,

long stator linear synchronous motor (LSM), measured with respect to the vehicle, equal:

the feeding of the excitation and guidance _ 1 - n ]
windings, together with that of the auxiliary v'n - v v = v. ; (3)
services, requires an adequate level of the on n [ n

J
board available power, that must be generated then the frequencies of the e.m.f.s induced in
during the motion of the vehicle, the armature of the LSG are given by:

Among the different possibilities, till now I v'n I
only the solution consisting of a linear syn- f'n = [ I = f-]l - n I = 6.f.[k I (,I)chronous generator (LSG) has been studied and 2"rn
experimented: it is an electrical machine Eq. (4) shows the interesting result that the
capable to obtain A.C. energy from the harmo- LSG "sees" the harmonic m.m.f.s, two by two,
nic magnetic fields produced by the currents with the same frequency, multiple of a factor
circulating in the LSM armature windings. This [l-ni with respect to LSM feeding frequency.
energy, suitably converted, is subsequently In particular, both the 5-th and the 7-th
used for recharging the batteries and feeding harmonic m.m.f.s induce e.m.f.s with frequency
the on board loads, f' = f's = f'7 = 6.f; the ll-th and 13-th

harmonic m.m.f.s produce f',1 = f'13 = 12.f =
II. CALCULATION OF THE ELEMENTARY E.M.F. 2.f', and similarly for the higher harmonics.

Neglecting the presence of the teeth, the
The LSG, arranged in the LSM pole-pieces, amplitude of the flux density due to the n-th

is obtained by inserting suitable windings, harmonic m.m.f, is given by:
sensitive to the harmonic m.m.f.s produced by
the LSM armature currents. For studying the Mn, _. 3"_-_ I

LSG, some simplifying hypotheses are assumed, BnN = _o" - , (5)
that allow a handy design oriented analysis: 6 6 _ [ni
- the LSG armature currents are considered and the corresponding flux per pole equals:

perfectly sinusoidal; = 2. • I (6)- the effects of the harmonic m.m.f.s are _, _ Bn.'rn'_e = _o 6'_-2_ r _e2 2'
studied neglecting the presence of the te- n 6 n
eth, except for the use of Carter's factors;

- the Fourier series of the m.m.f, waveforms with _ transversal width of the LSM (i side).

is operated by assuming periodic shapes; Lastly, the e.m.f, induced in each of the 2
- the end effects are neglected, conductors forming a full pitch turn equals:

]I - nZ
In the following, all the quantities con- e' _ 6._o _._e f I ' (7)

cerning the LSG construction and operation n= _'f'n'_, .....n 6 n z
will be marked with the superscript '.

Named v the synchronous speed, the speeds Observing eq.s (4) and (7), one can conclude
of the LSM armature harmonic m.m.f.s (measured that it is sufficient to study the LSG opera-
in an armature reference frame) equal: tion and design referring to the 5-th and 7-th

harmonic m.m.f.s only.
vn = v/n = 2.f-r/n = 2"f'_n , (i) Generally the phase harmonic e.m.f, equals: W

with n harmonic order, f feeding frequency, rn
polar pitch of the n-th harmonic m.m.f.. E'n = k'wr,'U''e'n , (8)

Considerations regarding manufacture and where k'wn and U' are the winding factor and
operation aspects lead to construct a LSM the number of conductors in series per phase.

From eq. (7), given the LSM and its operating
M,,nu_.rL1,t,,:_*v_dM_r_:h6. l_ conditions, the e.m.f, e'. is determined:

W¢,rksuH.urt,,dhy th_ ItdllanResearchNdtlo_! Councll (CNR) then, the choices regarding the LSG can affect
PFT2 Project;[:..,,,tractN'92.01972.PF14. the value of the other factors of eq. (8) only.
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X t -- _n ]

III. CHOICE PROBLEMS OF LSG WINDINGS _n = _, n . (i0)

A very important choice concerns the value Inl rn
of the coil pitch r': to show its influence By calculating the polar pitch factors
let consider fig.l. Named _ the electrical (k'rn=E'tn/(20e'n)), some particular values
angle between the magnetic axes of LSM induc- can be obtained, shown in Table I:

tor and armature, fig.l refers to two particu- Table I
lar operating conditions: Polar pitch factor k'rn as a function of r'/_
- alignment between magnetic axes of LSM in- r'/r 1/7 1/5 2/7

ductor and armature (corresponding to _=0) ; k'r5 0.901 1 0.782
- time instant in which the current in the k'r7 1 0.809 0

phase A of the LSM has the maximum value.
The 1-st condition will be removed in the

From Table I one can observe that:

following, showing the effects of angles B_0. - a coil pitch r' equal to the polar pitch of
The 2-hd condition allows to represent easily the 7-th harmonic m.m.f, produces the maxi-
the air-gap m.m.f, diagram and its fundamen- mum 7-th harmonic turn e.m.f, and reduces
tal, 5-rh and 7-th harmonics: in any case the the 5-th harmonic e.m.f., and vice-versa;

conclusions drawn for the e.m.f.s e's and e'7 - a pitch r' equal to the double of the 7-th
have general validity, because these e.m.f.s harmonic polar pitch cancels the correspon-
have constant amplitude and same frequency, ding e.m.f., heavily reducing also the 5-th
The presence of only one turn having pitch _', harmonic e.m.f..

in symmetric position with respect to the Considering the same configuration of fig.l
field pole axis, allows to easily show the for _>0, one can realize that the 5-th and
phasor composition of the two elementary 7-th harmonic e.m.f.s are not opposed each
e.m.f.s (e'n) to give the turn e.m.f. (E'tn).
Observing in fig.l the disposition of the 5-th other any more: this fact because, during the
and 7-th harmonic m.m.f.s with respect to the variation of _, the displacement angle _n of
LSG turn, one can deduce that the harmonic the two harmonic m.m.f.s is different:
turn e.m.f.s (E't5 and E'tv) are two phasors _n = InI._ (ll)
opposed each other (the central halfwaves of Then, the phase displacement between the 5-th
the corresponding m.m.f.s are opposed), and 7-th harmonic e.m.f.s equals:
The amplitude of each turn harmonic e.m.f.
E'tn depends on the value of r': if we adopt a _ = _ + _7 - _5 = _ + 2._ , (12)
value r' equal to the polar pitch rn of the as shown in the phasor diagram of fig.3.
n-th harmonic m.m.f., the turn e.m.f, equals It is worth to notice that in fig.3 E's and
the scalar sum of the e.m.f.s e'n, because E'7 indicate the winding e.m.f.s of one phase,
these e.m.f.s are in phase; of course, the
choice of exploiting both the harmonics leads considering that the angle _ produces the samedisplacement both on the turn e.m.f. (E'tn)
to adopt a coil pitch r' within these limits: and on the winding e.m.f. (E'n).

_7 < r ! < rs • (9) From fig.3 one obtains the following expres-
sion for the amplitude of the winding e.m.f.

From this, one obtains the phasor diagrams of E' resultant of the e.m f s E'5 and E'7:
fig.2: the phase angles _s and _v of the fi- ' " "

gure can be calculated by means of the follo- E,=/(E,s)2+(E,7)2+2.(E,s).(E,7).cos(A_). (13)
wing expression, for n=-5 and n=7:

Before analyzing the different winding

FUNDAMENT_ M M F ' _ ARMA_ M M F structures, it is worth to do some remarks

_/_-'- _ regarding the choice between three-phase or

single-phase armature winding:
- considering that there are no loads directly

I /_5 th '' _I HF_' I' connected to the LSG terminals, the numberHARMDNIC M M F. C M of phases is not a constraint a priori;

__ - a three-phase generator produces, at the

D.C. side of the rectifier, a harmonic pol-
/ _ _// J lution level that is lower compared with

I that of a single-phase generator;

, LS_ARMATURE, e; 2

p=o \\

Fig.l. Alignment condition between the axes of Fig.2. Phasor diagrams of the 5-th and 7-th
the LSM armature m.m.f, and 1 LSG coil (G-:O) . harmonic e.m.f.s induced in the tul:n of fig.l.
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I Iv ANALY I0r I. LE-PHASEWInDINgS
\ In the following the analysis ot single-

phase windings will be performed: these win-
/ _-- _/_ \ I _ i dings are intrinsecally easier to be construc-

| _----_P7 ' ted compared with three-phase windings.
I_ 7__ _, I The LSG is characterized by the presence of
I _7 I some active conductors, distributed along the

air-gap surface of the LSM field poles: the
choices of the number of these conductors, of
their disposition in each field pole and of
their series and parallel connections are
conditioned by several elements:
- phase e.m.f, amplitude and its sensitiveness

• to the LSM operating conditions;
- construction problems of the windings;
- number of converters necessary for a good

operation of the system, both in normal
conditions and in case of partial failure
(problem of the reserve);

- harmonic pollution of the rectified voltage.

Fig.3. Sum of 5-th and 7-th harmonic e.m.f.s. The amplitude of the phase e.m.f, constitutes
an important element for the choice: never-

- on the other hand, the room requested by a theless, being equal the induced e.m.f., the
three-phase winding is higher than that of a configurations that better satisfy also the
single-phase winding, and it can be diffi- other exigences are to be preferred.
cult to arrange it in the LSM pole-pieces. Given a single-phase winding with p' poles, q'
Moreover, in case of a three-phase LSG the slot per pole, u' conductors per slot, U'

two terns of e.m.f.s (due to the 5-rh and 7-th conductors connected in series (U'=u'.q'.p'),
harmonic m.m.f.s, running in opposite dirac- the winding factor (k'wn) that appears in
tions) have opposite cyclic sequence: then, in eq. (8) can be expressed as a product between a
the harmonic composition there is an effect distribution factor (k'dn) multiplied by a
similar to that shown in fig.4, polar pitch factor (k'r.).
The dissymmetry level depends on the ratio For a structure uniformly toothed, the two
between the 7-th and 5-th harmonic e.m.f.s factors have the following expressions:

[_ r'] sin p
amplitudes and on the angle _ (see eq.(12)), sin_2"_-_n) k' ,

In the choice of the coil pitch r' for 3-phase k'dn= _ r' ; rn= [_I (14)LSG windings it is necessary to consider that: q'.sin[_7_._-_n ] p'.sin- a value of r' within the limits of eq. (9) is

not acceptable for the dissimmetry: as a with _. given again by eq.(10).
matter of fact, even if the LSG does not As regards the expressions for the harmonic
feed any 3-phase load, it would 'Lransfer the elementary e.m.f.s (e'.), the phase e.m.f.s
dissimmetry to the D.C. side of the recti- (E'n), the phase displacement between the
fiers, producing there high levels of harmo- harmonics (_) and their resultant (E'), eq.s
nics which are non-characteristic and, what (7), (8), (12), (13) are still valid.
is more, depend on the operating conditions; In order to perform a homogeneous analysis

- a pitch r' that cancels the 7-th harmonic of the different winding configurations, the
e.m.f, eliminates the dissimmetry, but im- following comparison conditions are conside-
plies a severe reduction of the 5-th harmo- red:
nic e.m.f. (see 3-rd column of Table I). - reference is made to the theoretical no-load

In any case, the possible compromise choice, values of the rectified voltage (E'od) in-
consisting in allowing a limited level of stead of the RMS values of the phase e.m.f.
dissimmetry, does not eliminate the construc- (E'); as known, for single-phase rectifiers
tion difficulties, due also to the problems of we have:
end winding crossings.

E'o,i - E' ; (15)H

- the same total number of conductors U',
_c disposed in each field pole, is adopted.

The first hypothesis allows to extend the
comparison also to those cases in which there

!_E are more than one winding portions within each

field pole, and the series connection of these
portions is made at the D.C. side of the rec-

_7 _ tifiers; the second condition allows a compa-
rison being equal the number of active conduc-

E\ tors, and it is intended in a generalized
_7 sense, even in case of more than one winding

portion disposed within each LSM field pole.
The only elements that can be modified in
order to obtain different values of E'.,d are

Fig.4. Dissymmetric 3-phase e.m.f.s from her- the following:
monic terns of opposite cyclic sequence. - the subdivision of the winding;
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- the winding factor, by the choice of p', q', TYPE OF 51NG_-PHASE WI_ING WIN©ING 5_L_

_'"

The maximum allowed N ° of poles of the LSG CASE 1

winding is limited by the length of the field SING_ EXT_ WI_ING
pole (roughly equal to 2.r/3) : the analysis p'=4 ; q'=2 ; u'=l
showed that it is practically impossible to OHE _IFI_

adopt a p' value more than 4, also in order OV O

not to reduce the pitch r' excessively. CASE 2

By observing the 1-st eq. of (14), one can SING_ EX_ WI_ING
realize that the highest values of the winding p'=4 ; q'=l ; u°=2
factor can be obtained for q'=l, because the ONE RE_IFI_

distribution factor becomes unity.

By studying different kinds of windings the CASE 3
following general characteristics have been DOUBLE EXTEND_WI_ING
deduced: 2 x (p'=4 ; q°=l ; u°=l)
- in the range of practical interest of the TWO _IFIERS

LSM angle _ (60 ° s _ s 120 °) , during the

increasing of the coil pitch _', at first CASE 4 _

the function Eod(_,r') increases, then de-

creases, with a maximum occurring for a _' DOUB_ WI_ING WI_ 2 _ILS
value depending on the winding type; 2 x (p°=2 ; q'=2 ; u':l)TWO _IFIERS

- the voltage E'od is an even function, with

respect t° the position _=_/2 (equal to the O O

angle for which the maximum occurs). CASE 5
In order to estimate the characteristics of DfX]B_ WI_ING WI_ 2 _ILS

the different winding types, it is necessary 2 x (p'=2 ; q'=l ; u'=2)
to make reference to the data of a real EMS T%K3_IFIERS

MAGLEV system. To this end, starting from some ----_--

constructed prototypes (e.g. the Transrapid CASE 6
06, studied in Emsland, Germany), a general _S_ DOUB_ WI_ING
design of the LSM has been performed: to the 2 x (p'=2 ; q'=l ; u'=2)
corresponding main data, shown in Table II, TWO _IFIERS
the subsequent results will be referred.

Table II

General data of the LSM considered for the Fig.5. Synthetic descriptlon and schemes of
study of the LSG of an EMS MAGLEV system some LSG single-phase windings (U'=8).

Operation data:
maximum speed .................. v = 415 km/h ist Case: single extended winding with
maximum inverter frequency ....... f = 225 Hz p,=4; q'=2; u'=l.
maximum thrust ................... Fx = 40 kN It is a winding with slots uniformly dis-
rated armature current ........ I = 635 ARMs tributed along the LSM field pole.

air gap flux density ............ Bf = 0.63 T

Construction data: 5__] I

Total N ° of poles (per side) ........ P = 102 [
N ° of poles of each magnetic unit .... pu = 6 E WINDING N°6

air gap ........................... 6 = i0 mm --_-_I" I/_r - _field pole transversal length ... £e = 220 mm

polar pitch ...................... r = 255 mm /_T_D_N_ _°_

LWINDINGN°5 --_

In fig.5 the schemes of some studied windings __

are shown, together with their synthetic des-
cription: an analysis of their characteristics 3
helps to conveniently choose one of the types.
For now, just the winding disposed within one

LSM field pole will be considered" ! __ _i74 _ ---_
In fig.6 the amplitudes of the no-load recti-
fied voltage E'od are shown, as a function of !
the angle _, for the 6 cases of fig.5; in 2
Table III the values of the ratio r'/r are
shown, corresponding (for _=n/2) to the maxi-
mum of the rectified voltage, together with

the value of this maximum (E'od{max}). I

Table III

Values of the ratio _'/r corresponding to the

maximum of the no-load rectified voltage E'od, [o]
for _ = n/2 and for the 6 cases of fig.s 5, 6

(Total number of conductors: U'=8). 0 30 _ 60 90
CASE N ° 1 2 3 4 5 6

r' /r .167 .173 .173 .127 .155 .171 Fig.6. No-load rectified voltages; E'..l o: the
E' ,,lr......} [VI 3.07 4.23 4.19 3.47 4.30 4.82 6 windings of fig.5, as a function ol [_.
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An interesting remark concerns the value of from the previous one, by approaching and
the coil pitch r' for which the maximum of intersecting the two coils, up to obtaining a
E'_,_i occurs: it is exactly the intermediate sequence of uniformly distributed active
value between the polar pitch of the 5-th and sides: this transformation leads to an impor-
the 7-th harmonic m.m.f.s, tant increase of the rectified voltage ampli-
The low value of the rectified voltage (the tude (it is the highest among the 6 cases).
lowest among the 6 shown cases), together with On the other hand, this kind of winding
the constructional complications of two end implies serious constructional difficulties:
winding crossings, suggest that the adoption here, the problem of the end winding cros-
of the structure N ° 1 is not convenient, sings, considered important for some of the

previous cases, is much more worsened by the
2nd Case: single extended winding with simultaneous crossing of four end windings for

p'=4; q'=l; u'=2. each field pole front.

It is a winding having a number of slots
halved compared with those of case i, again The previous analysis leads to recognize
uniformly distributed: in confirmation of what that the configurations of cases 2 and 5 are
already observed as regards the distribution globally more valid, both in operational and
factor (k'_n), concentrating the active sides in constructional terms: however the disposi-
of one pole in the same slot leads to increase tion of case 5 allows further improvement
the value of the rectified voltage, opportunities.
Another element in favour of this winding is As a matter of fact, applying to the configu-

the absence of end winding crossings, ration of case 5 the idea of approaching the
two coils, without reaching their crossing, it

3rd Case: double extended winding with is possible to obtain the disposition repre-
sented in fig.7: the winding has the same

2-(p'=4;q'=l; u'=l), winding data of case 5, but the two coils have
The conductors are arranged in the same the adjacent sides arranged in the same cen-

slot structure of case i, but they are connec- tral slot. This slot has a double width comps-
ted in such a way to form 2 distinct windings, red with that of the slots at the opposite
whose voltages are separately rectified and extremes of the LSM field pole.
added at the D.C. side of the rectifiers. The winding represented in fig.7 can be called
This subdivision partially reduces the nega- "double winding with adjacent coils".
tire effect of the phase displacement between For a correct evaluation of this winding it
the elementary e.m.f.s: then an improvement is opportune to take into account the effec-
occurs, compared with case i, with an increase tire room requested by the active sides, as
of the voltage E'od(max); nevertheless, this shown in fig.7: then, told b'c the width of
voltage remains lower than that of case 2; the slots in the extreme positions of the pole
moreover, it requires the doubling of the N ° (for the central slot, b'c is the distance
of the rectifiers and, above all, implies a between the axes of two adjacent active
high N ° of end winding crossings, with the sides), the middle of the coils is at a
corresponding constructional complications, distance

y = 0.5 (_'+b'c)
4th Case: double coil winding with

2.(p'=2;q'=2;u'=l). from the polar axis of the field pole.

It shows a different connection among the Modifying the b'c value (to be defined during

conductors, arranged in the same structure of the LSG design) changes the position of the
case i, from which it is evident the origin, coils and varies the rectified voltage; the
based on a simple central separation, values of E'odCm_xl are shown in Table IV for
In this case the increase of the rectified 3 possible values of b'c (and for _=_/2): in

voltage, pursued by the subdivision of the all the cases, the coil pitch r' corresponding
to the maximum value of E'od is equal to i/6

winding into two portions, implies the halving of the polar pitch r.
of the number of end winding crossings of case
3, but the amplitude of E'o_ax), compared 2/3._'
with that of case 2, makes this solution not

particularly interesting. , ,

5th Case: double coil winding with r
2-(p'=2;q'=l;u'=2). | I

lution of case 2, from which it is obtained by
subdividing the winding in the central zone:

similarly to case 2, it has the advantage of _--_ _ __]

the absence of crossings.
In case of coil active sides arranged in uni-
formly distributed slots, the rectified vol-
tage value is slightly higher compared with
that of case 2, but with resp_:ct to this case,
the number of necessary rectifiers is double.

6t_ Case: crossed double winding with

2. (p'=2;q'=l;u'=2). Fig.7. Double single-phase winding wit|. adja-

This disposition can be considered derived cent coils arranged in three slots.
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Table IV - /f
Maximum values of the rectified voltage
E'odCm_x) of a double winding with adjacent
coils, as a function of the slot width b'c;

coil pitch: r' = 42.5 mm = r/6.
b'_ [mm] i0 20 30

E'oci_m.,x) [VI 4.63 4.53 4.43

From the previous analysis one can conclude
that:
- the double winding with adjacent coils can

generate values of rectified voltage having
interesting levels, of the order of those
obtainable with the double winding with

crossed coils (case 6); - /11
- quite wide variations of slot width b'e

implies low variations of E'od; - _ /_

- the winding is easy to be manufactured, l T " _ T //_

In conclusion, this winding seems to be the _GIG _ _Jbl
best one among the different examined single- d
phase windings. _

As regard the dependence on the LSM operation /quantities (_, f, I), the following expression T
is valid: L.L,. '_.L,, .J..[-_-]_,o .J L. , J L._

Chosen the traction diagram, consisting of a

first part with constant thrust and a second
part wi_h constant power, it follows that E'od Fig. 8. Scheme of one LSG generation-conversion
linearly grows in the first part (up to 50 m/s module (G) and detail of one magnetic unit
roughly), and then it remains practically equipped with fore series connected coils.
constant in the other part; moreover, the
study shows that _ affects quite weakly the - the characteristics of the LSM harmonic
voltage E'od. m.m.f.s;
This behaviour is favourable to the dimensio- - the LSG elementary and winding e.m.f, ampli-

ning of the battery and of the on board gene- tudes and phases;
rator system. - the choice between three-phase or single-

phase windings;

V. THE GENERATION-CONVERSION MODULES OF THE - the distribution and connection of the LSG
LSG SYSTEMS active sides;

- the structure of the generation-conversion

A suitable configuration of the LSG system modules.

implies the use of several modules in paral- The studies will go on, according to diffe-
lel, each of the kind represented in fig.8; rent research lines:
the characteristics of the module are the - winding configurations of the LSG;

- improvemenc of the model for studying thefollowing:
- every electrical unit G contains all the operation;

fore (or hinder) series connected coils of - choices regarding the conversion devices.
each magnetic unit;

- among all the units G of one module, those REFERENCES
equipped with fore coils are paralleled to
the input of one rectifier, while the units [i] I. Boldea, S.A. Nasar, "Linear electric
with hinder coils are paralleled to the motors: theory, design, practical appiica-

input of the other rectifier; tions", Prentice-Hall, 1987.
- the outputs of the two rectifiers of each [2] I. Boldea, S.A. Nasar, "Linear motion
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- reduction of the D.C. side harmonic pollu- pid", IEEE T[ans. on Magnetics, voi.24,
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On-vehicle Power Generation at ali Speeds for Electromagnetic Maglev Concept

S. Kalsi
Grumman Corporation, Bethpage, New York

Abstract*- The electromagnetic suspension (EMS) maglev the rotor for the field excitation. Because of a large airgap
utilizes attraction force between two electromagnets for length in the Grumman maglev systems and its relatively

generating levitating force. The Grumman EMS maglev small stator winding current, it is difficult to pick up
levitation magnets [1] are iron-cored superconductive type. sufficient power with this approach. Total power of 150 kW
A significant amount of power ('150 kW) is needed on is required on a Grumman maglev car under ali operating
vehicle for powering superconducting magnets and their conditions. This power can be generated from the single
cooling system, for airconditioning and heating systems, and phase field pulsations at ali speeds (from zero to full-rated
for lighting. This power must be transferred to vehicle speed) as discussed above in the abstract. In the event of a
magnetically because it is difficult to employ mechanical power s3stem failure and loss of power on the rail, a small
sliding contacts at high speeds 134 m/s ('300 mph). amount of battery power is still required to keep the vehicle
Grumman has adopted a power generation concept which is a levitated, to coast it to a safe station, and to brake it. These
hybrid of the tbliowing two techniques. The first technique batteries are single use high power density type.
takes advantage of magnetic field variations in the airgap
between the levitation magnet poles and the rail. The airgap II. POWER GENERATION WITH SLOT HARMONICS
field variations are caused by the slots in the rail. These
field variations induce power into coils located in the face of The harmonic contents of the field profile at t_e pole
each levitation pole. The power generation coils are surface are given in Table I. The 19tr harmonic has a
designed such as to generate the required amount of power significant value that is used for power generation. The 19tr
when the vehicle is travelling at the f'.ll rated speed. This harmonic flux pulsations are caused by the airgap permeance

generated power is a strong functior of vehicle speed and it changes caused by the rail slots.
drops as the vehicle slows dowr.. However, the power is

TARLE I

required on vehicle at ali s_-,:e.dsincluding standing still and FIELDHARMONICSATTHE POLESURFACEAT 134mis
for this reason the sec.'-,ad technique for power generation is

, ,, ................

utilized. In this technique, the rail windings are supplied Harmonic Order PeakField_O_
with a single phase high-frequency (600 Hz) current. This 1st 8,884
current creates a stationary magnetic field (with respect to 5tr -884
rail) that pulsates at 600 Hz. This pulsating field induces 7tr -150
power into the power generation coils. Because this power l lth 62713th 106

gener_.'ion sr.heme is primarily dependent on the transformer 17tr 361

action it "s possible to generate the needed amount of power 19tr 1,593

at ali speed. (from standstill to full-speed). The drawback of

this scheme is that the high frequency current (500 A) The pole-pitch of the 19th harmonic is 41.7 mm which is
imposes addi i mal heat load in the traction windings. To equal to the pitch of the rail slots, lt is possible to
alleviate tri'. problem, it is propo,:;d that the power be accommodate four concentric coils in a 200 mm wide

generated at low speeds with the high frequency excitation of poleface. Each pole face has five slots (three slots 10xi5 mm
traction windings, and at high speeds with the airgap field and two slots 5x15 mm). The concentric coils have a bore
variations due to the rail slots. This hybrid power generation width of 32 mm and a cross-section of 5x15 mm. The
approach provides required power at ali speeds and it arrangement of coils in the poleface is shown in Fig. 1. The
eliminates a need to c.".rry batteries on-board on the vehicle to performance of the power generation coils is summarized in
complement the gener_:e,6 rawer at low speeds. Table II. Total power that can be. generated is 4.2 kW/pole or

200 kW for the whole vehicle with a 40 mm gap clearance.
I. INTRODUCTION

in conventional rotating machinery, slot harmonics of the The power generated on the vehicle is linear function of
3-phase stator windings are utilized for generating power on speed and therefore, the generated power is proportionally

low at lower speeds. One possible alternative is to reduce
*Manuscrip' r, ccivcd March 15, 1993. The work was performed as part of the airgap at low speeds thereby increasing the harmonic
lhc EMS Maglc_ System Concept Definition stud)" supported by the U.S.
At m) C_rp._ of Engince.._ under contract DTFR53-92-C-000 04.
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TABI.I-II !!1. POWER GENERATION WITH HIGH FREQUENCY EXCITATION
CHARACTERISTICS OF ON-VEHICLE POWER GENERATION BY OF TRACTION WINDING

SLOT HARMONICS The high frequency power generation approach is based on
excitation of the traction windings of the Linear SynchronousP_ram_er '" Unit Value'

.... Motor (LSM) with a high frequency (600 Hz), single phaseSlot harmonic 19

Pc,le Eitch fortheharmonic mm 41.7 current. The high frequency excitation apploach can
Coils per poleface. 4 generate power at ali speeds (from zero to full-rated speed).
Aml_litude of harmonic field T 0.1593. The main advantage of this approach is the minirmzing the
Flux linkagcspercoil . Wb 0.0012. need for storage betteries on the car. These batteries
Time required to travel one ms 0.31 represent additional weight which requires more powerful
polepilch al lull-speed ..
Induce voltage- ali coils inseries V 9.18 levitation magnets for levitating themselves and the batteries.

(rms).. The single-phase current in the traction winding creates an

Coil current Isingle turn/coil) A 478 additional I2R loss in the traction winding. To circumvent
Coil current density A/mm 2 6.37

'SIo, size (width x depth) mm to x15 ...........t this problem, it is proposed to generate only a fraction of..... power by high frequency (transformer action) to complement
C,_il cross-section _widthx depth) mm 5 x 15 the power generated with the slot harmonics at speeds lower
I.xaka_e ind,clance mH 0.67
Terminal vollage ali coils' in V 8.85 than the full nominal speed. At lower speeds, the traction
series _rnls,) force requirement may also be less which inturn requires. ,_

Power fact_w i lower traction winding current than when operating at the
Power _enerated , kW . 203 full rated speed. Thus at lower speeds, more high frequency

current could be carried in the traction winding without
imposing additional heat load on the traction winding.

_;uPr n_'(_t K: I INk_

,_ _o_.._._.... Description of the high-frequenty po wer generator

CC41. The traction winding is supplied from an inverter with alptr)

pi,_ [I_ variable frequency current. The circuit diagram used for this

is shown in Fig. 2. The ac power drawn from the power
grid is first converted to dc in the rectifier section of Fig. 2.
The inverter section generates ac for supplying current to the

...... traction winding at desired frequency. Capacitors at the
/v'_ output of the inverter are incorporated for over-voltage

[_o,,,,o____,, '."_ __],_ control Three phase traction windings are connected totheoutputof"the inverter.
_I_R OEXt.tlA'IOR
C¢_L CnO_IS _Ft" ls'_

_mp lm , .

rEEOEn t.u_._ / TRACTK)N

I-ig. I. C_ils ft,r Power Generator Mounted on to the Pole Iron [ I [ j¢ s_cTo,_s
-,11, I-

field amplitude at the poleface. This does not work weil. For
example at 20 mm gap, the levitation force increases for the _,cr_ o_,w _'

TERMINN.

sam-.:'cxc'ltatit,n level in the poles. Because the levitation -_ -,_-,_[1 l _z 3-,.I,Jz¢'_j. °"s
torce level must remain unchanged, it is necessary to reduce .__.__ y y _ I" _I'TT
the excitation proportionally which in turn reduces the airgap >_,_-'--T-_ p I , L: L _I _ t -

harmonic field. After adjustment of excitation for the +z_+ _, ___

desired levitalitm ti_rce level, the 19th harmonic amplitude is 1 ]" _,,
c<_mparahlc to the value for the nominal operation. Thus ,E:.r,F,_a _vEar_a supmv ir,.-.,_

reducing the airgap to generate more power will not work. If i [ i ! _ '

the power i'. desired at ali speeds then it would be neces_ry _ ,
to use alternate techniques. I i_

_., •

Fig. 2. 600 Hz Current Supply for Traction Windings
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For power generation on a maglev vehicle, a single pha._
AC is supplied through transformers shown in Fig. 2. The Voltages are induced in the ix)wet generation coils both by
frequency of this power is selected as 600 Hz to minimize its transformer action and by relative motion between the rail
effect on the levitation and propulsion force comrxments. The and the power generation coils. The voltage induced in each
600 Itz lm_wer is supplied through the single phase power generation coil by the transformer action is given by
translormers. The capacitors in the 600 Hz supply circuit of the Eqn. (1) below.
Fig. 2 are for blocking flow of low frequency currents of the
traction windings through the 600 Hz transformer. Vt = (dBn/dt) I (2"r/(nTr)) Sin{(nw/'r)(vt +a/2)}

Sin{(n_r/r)(a/2)} (I)
The power ,s induced into four coils located in each dBn/dt = to Bn

poleface (Fig. I). Mechanism of power generation with this
technique is discus:,_d below, if a single pha._ current is where Bn = Peak field component of nth harmonic
supplied to ali phases, the resultant space harmonic from Table-Ill (T)
waveform is that shown in Fig. 3. The harmonic Vt = Voltage induced by transformer action

components of this wave are summarized in Table I!1. Only in a power generation coil (V)
the fundamental and the 3rd harmonic are the dominant r = Pole pitch (m)
components ttf the waveform and are also included in Fig. 3. n = Harmonic number

Because these harmonics are generated by a single pha_ v = Linear velocity of maglev car (m/s)
current in the rail winding, they are static with respect to the a = Coil bore width (m)

rail but pulsate at the supply frequency (600 Hz). I = Coil length - perpendicular to the plane
of paper (m)

_o 1 ] t = Time (s)
TOTALFIELD td) = Angular frequency (rad/s)

It%1

2_ - ff-._ _ The high frequency traction winding currents also induce
speed dependent voltages in the power generation coils. The

voltage induced in each coil is given by the Eq. (2) below:Z

= Vs = 2 Bn I v Cos{(nTr/r)(vt +a/2)} Sin{(nTr/r)(a/2)} (2)

The Eq. (2) can also be used ibr calculating w)itages
induced by the field due to slot harmonics (make r equal to

] . the slot pitch). The various voltage components are
,o _ _ ,_ ,a_ summanze.,d in Table IV.

D_rAt_ AL_'q_ THE _ tcml
y, ,A

The traction winding must carry 500 A of high frequency
Fig 3 Field Pr_gtu_ed by 600 Hz Rail Current at the Poleface

current to induce 5 V in each poleface coil. By mixing
v^sL_,m contributions of both high frequency and slot harmonics it is

I-I[-I.D HARMt)NICS GENERATED BY 'iOO HZ SINGLE PHASE

CURRENT IN TRAC'TI()N WINDINGS possible to generate the required power at ali speed. Fig. 4
.........l shows a plausible combination of the two schemes. In this

Harm,_ni_; [ V,l,e approach, at standstill the whole power is generated by high
_,mh,:r I (c;i frequency and at full speed the whole power is generated by
I .... 25s the slot harmonics. This way the total increa_ in the traction

3 .9_ winding 12R losses could be minimized.
17

1AHI.E IV

7 1 I VOLTAGE INDUCED IN TIlE I:_)WER GENERAT(')R COILS
' 1

t_ X .................... Transfi)rmcr Speed Spa_.'c

II II Harmoni_ Voltage Voltage ttarmoni_:

I_ 14 (V/turn) at 134 m/s (')rder

I_ _ Ftigh Frequency 2.66 05 1
17 I,'2 257 0.48 3

19 'l
Sh3t Harmonic i.6 'i9

.......
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IV. CONCLUSIONS

-'---'---"- The power generation scheme discussed in this paper
,ow_aR_ou,aE0 provides power at ali speeds for use on a maglev vehicle. In

N,_ future work, mockups of the traction winding and power
conditioning equipment will be developed to demonstrate
feasibility of the high frequency power generation concept.
lt is possible, to extend this concept to Electrodynamic

Suspension (EDS) maglev vehicles.
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Present State of Development of Synchronous Long-Stator
Propulsion System for TRANSRAPID Maglev Trains

Dr.-Ing. habil. Uwe Henning
Siemens AG, Transportation Systems Group,

Erlangen, Germany

Abstract - The synchronous long-stator motor for the The motor voltage is max. 10 kV (phase-to-phase), and
TRANSRAPID maglev vehicle is a propulsion system the output per converter is 15 MVA.
with proven service maturity. The overall concept is The input converter is fed by rectifier transformers
described and new technology prototypes are and consists of four 3-phase bridges connected in 12-
presented for the various subsystems and compo- pulse sequence control. In addition to smoothing
nents. The main focus is on the converter and drive reactors and back-up capacitors, the DC link circuit
control systems, features braking choppers and resistors to absorb the
The converter system used features inverters energy generated in braking mode.
equipped with GTO thyristors. The results obtained Each neutral-point-clamped inverter supplied with
with a test converter system are discussed. The two DC link part-voltages essentially comprises four
concept of the digital drive control system is also GTO thyristors and six diodes per phase. The output
described along with the experience gained at the voltage is adjusted by variation of the DC link
TRANSRAPID test facility CrVE) in Emsland in voltages, while the inverters are operated in the
Northern Germany. lowest frequency range under pulse control. Between

0 and 32 Hz, the primary winding of the output
1. Propulsion system featuring neutral-point- transformer serves as a current dividing reactor for

clamped inverters with GTO thyristors parallel connection of the inverters. In the 32 to 270
Hz range, the transformer increases the inverter

1.1 Task definition output voltage to the required motor voltage of 10 kV.

The synchronous long-stator propulsion system for 1.3 Test results
the TRANSRAPID has proven its operational
reliability at the TVE test facility in Emsland in To verify the operational reliability of a converter
Northern Germany. The concept has been featuring a neutral-point-clamped inverter, a test
systematically refined for service maturity. The converter system was set up and tested under
propulsion system envisaged for revenue service is simulated revenue service conditions. The results
based on the staggered arrangement of motor obtained provide the necessary basic data and
windings. The motor stator sections on the left- and knowledge concerning the response and operation of
right-hand sides of the guideway are offset the system [1].

(staggered) relative to each other in the direction of In order to reduce the fundamental frequency of
travel. They are fed by separate feeder cable systems reactive power, the two voltage sources needed for the
which are supplied at both ends from converters in the neutral-point-clamped inverter each comprise two
adjacent substations. The converter system used fully controlled rectifier bridges. Fig. 2 shows the
features state-of-the-art GTO thyristors, control angle carve aa for the outer rectifier bridges,

as well as the control angle curve ai for the inner
1.2 Power sectionofthe converter bridges as a function of output voltage U,t of the

current controller. The rectifier bridges always
A study of various concepts featuring 4.5 kV, 3 kA operate in set pairs, i.e. the two outer rectifier bridges
(]TO thyristors culminated in a design solution based are always controlled together while the two inner
on neutral-point-clamped inverters and output bridges remain at their maximum control limits, and
transformers. Fig. I shows the block diagram of the vice versa.
converter system which is to be used in future For sequence control of the rectifier bridges, the
revenue service and produces output voltages of fundamental frequency of reactive power curve was
variable magnitude and frequencies of up to 270 Hz. calculated for the conditions of the test converter as a
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Fig. 1. Block diagram ofconverter system.

J = Normal controlL--l
a, Sequence control1
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'
aG=15°__

Fig. 2. Control curve and fundamental frequency of reactive power for sequence control of rectifier bridges

function of limiting control angle (Fig. 2). The individual feeder sections are established, the phase-

comparison with normal control shows a considerable shift angle can always be controlled to minimize the
reduction during the rectifier mode (first quadrant), magnitude of the resonance-exciting harmonics (Fig.

particularly in the low-voltage range. 3).
On the output side, during operation of the neutral-

point-clamped inverters on the common output 2. Digital drivecontrol
transformer, the phase angles of both inverter

voltages are adjusted so that, when the voltages are 2.1 Overview
added up in the output transformer, a motor voltage is
obtained with minimum harmonics. The digital drive control system (DDC) developed by
This is necessary to limit resonant currents in the Siemens in 1989 has proven itself at the TVE test

cable system of the long-stator motor. A method was facility in Emsland [1]. The main functions are (Fig.
developed ._othat once the resonant frequencies ofthe 4): Vehicle position detection, speed control, current
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Fig. 4. Block diagram of digital drive c_ntaol

control, serial data communication with BLT II Processor sampling times were selected to meet

operations control system, target braking with function requirements. For example, since resonant
reference value generator and constant distance frequencies of the distributed system (with output
control, transformer, feeder cable and switch section winding)

DDC is based on the components of the SIMADYN D are at approx. 1.5 kHz, a sampling time of 100 ps is
multi-microcomputer system. The processor modules needed for current and voltage measurement

are designed to perform general open-loop and closed- purposes.
loop functions. High-speed current and voltage The DDC has an enhanced test capability thanks to
measurement, current control and set-point output to more accurate inverter simulation, to the inclusion of
the inverter, processing of ali vehicle position ali switch section parameters, and to the creation of a
detection data, as well as phase-angle control and digital vehicle model including all vehicle position
maglev simulation - all these functions are implemen- detection and location systems.
ted by a special signal processor module.
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Fig, 5. Blockdiagram ofdigital currentcontrol

2.2 Current control guideway according to a specified route-speed profile
(which makes due allowance for the momentary

The current control operates according to the ve,hicie status, the position-related and speed-related
Transvector control principle, which means that the braking capability of the propulsion system, and the
stator current components are adjusted in parallel ride quality conditions) and to come safely to a halt at
(thrust current) and vertically (magnetizing current) a preappointed destination [2].
to the magnetic flux in the motor air gar according to The position-speed message issued by the operations
the speed control (vehicle control) setpoints (Fig. 5). control system to digital drive control defines the

sections of the route, each section with its own start
2.3 Vehicle position detection position and target position, limit speed, as well as

permissible acceleration and deceleration rates. The

Vehicle position detection comprises the functions of f'Lrst section of the route begins with the same start
phase-angle control, absolute position detection, and position as the direction-of-travel message, which
load force sensing (with a controlled vehicle model), serves to prepare the vehicle for entry of the actual
The current control system is based on the principle of start position and relevant vehicle direction and
field-oriented closed-loop control. To be able to break direction of travel. The speed permitted in each route
the currents and voltages down as required into section is dictated by the limit speed, the permissible
components that are parallel and vertical to field speed at every target position is always zero. This
orientation, it is necessary to know the angle between automatic zero position speed can be cancelled by the
motor excitation and the stator (in this case, rotor transmission of a new position-speed message having
excitation = the magnetic levitation field of the a start position identical to the destination of the
vehicle), preceding route section.
Phase-angle control determines this geometrical, This system makes it possible to determine a route-
periodic load angle with the aid of a number of speed profile over the entire dedicated guideway, from
measurement methods and also establishes the actual start position to final destination (Fig. 6).
vehicle speed. The resulting route-speed profile defines the

dedicated, technically secured operation curve. The
2.4 Vehicle control drive command message can be used to select any

speed set-point within this operation curve. If the
Vehicle control encompasses the target brake, setpoint exceeds the limit speed of the particular
reference variable generator, and distance-speed section, digital drive control restricts the drive
control functions, command message to the speed limit.
The target brake constitutes the most significant The reference variable generator provides the link
additional function in the new digital drive control between target braking and setpoint selection
system. It enables the maglev to travel over the according to the drive command message, on the one
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Fig. 7. Record run oi'December 18,1989

hand,and thedistanceand speedcontrolsystem,on The functionsoftheDI)C systemweredemonstrated
theother,ltcontinuallyprocessesthedatafrom the inhigh-speedtrialrunsinmid-December1989,when
internalroute-speedprofileand calculatedtarget recordspeedsofupto435km/hwerereached(Fig.7).
braking curve and compares thisdata with the To demonstrateand testthestaggeredarrangement
specifiedspeed setpoint.It selectsthe variables ofmotorwindings,theDDC systemwas configuredto
currentlyneededand determinesreferencevariables permit operationof switch sections4 to 7
without,overshootfordistance-speedcontroland for alternativelyusing the staggeredmotor-winding
accelerationprecontrolin accordancewith ride method or theleap-frogfeedercircuitarrangement.
qualitystandards (acceleration/decelerationlimit The trialruns verifiedthe principleoperating
value1.5m/s2,jerklimitvalue0.5m/s3), reliablilityof the staggeredarrangementof motor

windings.
2.5 Field experience The test runs performed with target braking control

showed that the vehicle can be controlled according

356



6 of 6

the setpoints issued by the supervisory level and that service. From a technical point of view, the basic crite-
preselected destinations can be approached in almost ria for the realization of a reference passenger-service
optimum time. line have been satisfied.
The performance of the DDC system at the
TRANSRAPID test facility demonstrates that it is REFERENCES
possible and expedient to use a digitally based drive
control system for maglev vehicles, as well as the [1] Henning, U.; Friedrich, R.; Hochleitner, J.; Laber,H.; Weller, A.; Eikermann, J. and Ruppel, J."
current control system for fundamental frequencies of Entwicklungsstand des Langstatorsynchron-
up to approx. 270 Hz tested with that control system, motor-Antriebssystems des TRANSRAPID
lt has also been proved that, on the basis of the Statusseminar Schnellbahnen, Fulda, November
existing configuration, no major problems are to be 1991 (pp. !8.1...18.23).
expected for future applications.

[2] Henning, U.; Knigge, R.; Freitag, V.: Propulsion
3. Outlook and Control System for High-speed Maglev

Trains.

The synchronous long-stator propulsion system for 6th World Conference on Transport Research,
TRANSRAPID has sufficient maturity for revenue Lyon, June 1992, SS 03 (pp. 1100.1... 1100.12)

357



1 of 6

Power Supply System for Superconducting Magnetic Levitation System

Haruo Ikeda, Hisao Ohtsuki

MAGLEV System Development Division, Railway Technical Research Institute, Tokyo, Japan

Jun-ichi Kitano, Yutaka Osada

Linear Express Development Division, Central Japan Railway Company, Tokyo, Japan

Nobuo Katoh

Toshiba Corp., Tokyo, Japan

Naoki Morishima

Mitsubishi Electric Corp., Hyogo, Japan

Hidetoshi Aizawa

Hitachi Ltd., Ibaraki, Japan

Abstract - A development for the superconducting magnetic twisted cable combined with a neutral wire. The change-over
levitation system as a new high speed transportation has been switchgears connect this power cable to the armature coils which

progressing in Jar,,an. Many kinds of running tests have been car- are electrically divided into some sections of a fixed distance.

rled out at the test track with 7 km length in Mlyazaki Prefecture Moreover, these change-over swltchgears need to be operated
since 1977. Now, a new test track is under construction In many times without maintenance.

Yamanashl Prefecture. This paper describes not only the new power supply system but
The driving system for the new test track employs a linear syn- also the function, configuration, and characteristics of each com-

chronous motor (LSM) with primary side on ground which con- ponent for the LSM with primary side on ground in the supercon-
sists of the superconducting magnets aboard the vehicle and the ducting magnetic levitation system.
armature coils on the ground. The 3-phase ac current with vari-

able frequency and variable amplitude, which synchronizes with I.INTRODUCTION
the vehicle speed, is supplied to the armature coils. The power

converter installed at the power conversion station feeds the driv- In Japan, a new test track for MAGLEV, which employsing power to the armature coils, and the vehicle speed is con-

trolled by the amplitude of ac current. The circulating current LSM (Linear Synchronous Motor) with the superconducting
type cycloconverters with a rating of 16 MVA have been used as magnets aboard the vehicle and the primary armature coils on

the driving power source for LSM at Mlyazakl test track. This the ground, is now under construction in Yarnanashi Prefec-

type cycloconverters have great Influence on the utility power sys- ture. Feasibility tests for MAGLEV will be carried out at the
tem. Then, lt is decided to adopt PWM (Pulse Width Modulation) new test track.

Inverter at Yamanashl test track. Therefore, PWM Inverter with The feeding system with three power conveners shown in

a rating of 10 MVA was Installed and some experimentations Fig.1 is adopted at the new test track. The adoption of this

have been carried out at Miyazaki test track, system enables a vehicle to run even if one of the three power
The driving power Is fed to the armature coils through change- converters does not operate.

over switchg,ars and power cable which represents a three-
The devices for power supply used in the new test track are

Manuscript received March 15, 1993. This development has been f'man- being manufactured at the factories of the specified makers,

cially supportedby the JapaneseGovernment. and some of them have been completed.
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Fig. 1 Power Supply System at the New Test Track

The prototypes of power convener and power feeding cable type cycloconverters with a rating of 16MVA have been used

were tested at Miyazaki test track. And 4 prototypes of as the driving power source for LSM at Miyazaki test track.

change-over switchgear were produced on trial basis, and a life This type cycloconverter has great influence on the utility

test of more than 300,000 switchings has been carried out at the power system. Then, it is decided to adopt GTO (Gate Turn-

factories. The result of these experimentations shows that this Off Thyristor) inverters with PWM (Pulse Width Modulation)

type devices for power supply can be employed at the new test control at the new test track.
track.

This paper gives an outline of these devices for power sup- 1. Power Converters for the New Test Track

ply which have been already manufactured to be employed at

the new test track, and reports on the results of the experimen- At the new test track, 2 groups of power converter are re-

tafion which has been carried out at Miyazaki test track and the quired, because 2 vehicles are operated at the same time ac-

factories of the specified makers, cording to the test plan. Each group of power converters con-
sists of 1 convener and 3 inverters. A GTO inverter with

II. POWERCONVERTER PWM control is employed in both groups. However 2 differ-

ent type converters are employed in each group. One is a com-

The power converters with large capacity, which supply the mon (reverse blocking triode) thyristor converter with firing

driving power to the LSM, are required for MAGLEV system, phase-angle control. The other is a GTO converter with PWM

In the LSM system, 3-phase ac current with variable frequency control. Table 1 shows the specifications of power converters

and variable amplitude, which synchronizes with the vehicle for the new test mack. The main frames of converter and in-

speed, needs to be supplied to the armature coils. The power vener have been manufactured, and are ready for installation at

converter installed at the power conversion station feeds the the new test track. The external appearances of the converter

driving power to the armature coils, and the vehicle speed is and the inverter are shown in Fig.2.

controlled by the amplitude of ac current. Therefore, the

power converter for driving LSM is required to have the fol- 2. Prototype Inverter Installed at Miyazaki Test Track

lowing capabilities;

(1) Changing the output frequency from dc to high fre- In the actual use of PWM inverter, some problems need to

quency (around commercial frequency), be solved such as changing the main circuit constitution of in-

(2) Supplying necessary 3-phase currents even if an electro- verter between low speed and high speed circuit, suppression

motive force of high voltage ispresent. The circulating current of magnetic saturation in transformer and reduction of high

359



3 of 6

TABLE i SPt_Cn_CA_O_CWPOWERCo_.'Egr_ POaTt_ Ni_w TaST TRACX

For North Line For South Line

Type of ctmtrol Firing phase-angle control PWM control
Capacity 69 (MVA) 33 (MVA)

Converter Input voltage 66 (kV) 66 (kV)
Input frequency 50 (Hz) 50 (Hz)

Output voltage +_,450 (V) dc +7,625 (V) dc

Number of phases 3 3

cap_ity 38(MCA) 20 (MVA)
Output current 960 (A) sinusoidal wave 1,015 (A) sinusoidal wave
Output phase voltage 3,530 x 4 (V) 2,300 x 3 (V)

Inverter Output frequency 0 - 56.6 (Hz) 0 - 46.3 (Hz)
Carrier frequency 500 (Hz) 300 (Hz)
Element GTO thyristor 4,500V - 3,000 A GTO thyristor 4,500V - 4,000 A

Element composition 4S - lP - 4A /full bridge 3S - IP - 4A /full bridge
Cooling type Water cooling Water cooling

Fig. 2 External appearance of inverter for the new test track

harmonics caused by PWM control. In order to confirm the supply the necessary voltage from the output transformer.

effectiveness of methods which solve these problems, a PWM Therefore, at the low output frequency, an inverter constitution

inverter with a rating of 10MVA produced on trial basis was which has not the output transformer is needed.

installed at Miyazaki test track, and the performance and char- In the system shown in Fig.3, when the output frequency is

acteristics of the inverter were confirmed by running tests, low, one of the two unit inverters functions as a half-bridge

(HB) inverter which does not need the output transformer, and

2.1 Constitution of Inverter the other unit inverter functions as a full-bridge (FB) inverter.

When the inverter is not operated at change-over sections,

A. Main Circuit Constitution the switching from the main circuit for low speed to the one for

Fig.3 shows a diagram of the main circuit (bridge connec- high speed is done by opening and closing the switches (SWL,

tion) and Table 2 shows the specification of the inverter. In SWH) shown in Fig.3. The frequency at which the main cir-

order to realize high output voltage with less harmonics, the cuit for low speed is switched to the one for high s'W.ed de-

inverter consists of 2 unit inverters with an output transformer, pends on the maximum output voltage of the main circuit for

and it is designed such that the output voltage can be summed low speed and the capacity of the output transformer. In prac-

up by cascade connection of the transformer, as shown in tical use, the switching frequency is from 6 to 8 Hz because of

Fig.3. However, in case of low speed, since the output fre- change-over sections.

quency of the inverter is low, it is impossible for the inverter to
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Fig.3 Maincircuitof PWMinverterfor Miyazakitesttrack

TABLE2 SPe:n_CATIONOFLVVERT_RFORMIVAZA_TESTTRACZ
C. Filter

DCinputvoltage O-P,N-ODC-_,450V(DC3,650V)
Capacity 3,024kVA(3,195kVA) Many harmonics caused by PWM controller are contained

performanoeOutputvoltage ACI,680Vz2 (1,780Vx 2) in the outputvoltage of PWM inverter. To reduce the harmon-
(onephase) Outputcurrent AC900A

Output frequency 0- 30Hz ics content, a filter is installed at the output of inverter as
Ca_¢r frexlu_ey 500Hz - - shown in Fig.3. The filter serves to suppress harmonics reso-
Conversion type AsynchronousPWMtyped inverter

Type, Cooling type Water cooting nance occurring in feeding circuit in addition to reducing the
Structure Element GTOthyristcr4,500V-3,000A harmonics.

Elementcomposition 2S-IP-4AJfull-bddge

2.2 Output Control

B. Output Transformer A. Output Current Control

The output transformer for LSM drive, which is different In order to supply an output current to LSM corresponding

from the ordinary transformer used at the commercial fre- to the output current reference given from the speed controller,

quency, is used at a very low frequency and under an unbal- the 3-phase output currents are totally controlled on d-q coor-

ance between positive and negative output voltage caused by dinates and also the zero-phase component is individually con-

asynchronous PWM control. Then saturation or asymmetrical trolled to make the neutral line current zero. On the other hand,

magnetization tends to arise in the iron core of the transformer, in case of low speed main circuit where zero-phase component

In order to supply stable power to LSM under this situation, it does not exist, the d-q control without zero-phase control is

is necessary to so design the iron core of the transformer as not used.

to cause saturation or asymmetrical magnetization. Since the

maximum flux density of the transformer has been designed B. Output Voltage Assignment Control

for about 1.4 times the rated value, the flux does not attain the In order to prevent the magnetic saturation of output trans-

saturation area in the rated operation. Moreover, the trans- former in the main circuit for low speed, the rate of the output

former does not produce output voltage under 2 Hz, and the voltage from FB and HB is controlled. The output voltage is

time required for current rise at starting operation or current wholly assigned to HB under 2 Hz. On the other hand, when

fall at stopping operation is set at integral multiples of output the frequency is more than 2 Hz, the output voltage from HB is

frequency so that any residual flux does not remain in the iron supplied depending on the V/f characteristics of output trans-
core of the transformer, former. In the main circuit for high speed, 2 FB are assigned
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each to supply half the necessary output voltage. 1. Change-Over Switchgear

C. Asymmetrical Magnetization Suppression Control The change-over switchgears connect the power feeding

The magnetic saturation of output transformer can be basi- cable to the armature coils which are electrically divided into

cally avoided by large magnetic flux density in the iron core of some sections with a fixed distance, and open or close accord-

output transformer. However, very low output frequency or dc ing to the position of vehicle. Therefore, it is necessary that the

component contained in the output voltage, which is induced change-over switchgears can be operated many times with

by positive and negative output voltage irregularities caused quick movements. Vacuum switches are employed as the

by PWM control, tends to asymmetrically magnetize the iron main contacts of the change-over switchgear for the following

core in the output transformer and finally leads to magnetic reasons;

saturation. Therefore, it is necessary by controlling the output (1) The size of devices can be small.

voltage of the inverter l_ ,grevent the output transformer from (2) Repeated operation can be. done.

being asymmetrically magnetized. When the exciting current (3) High _peed operat_.o, can be done.

exceeds a specified magnitude, the asymmetrical magnetiza- (4) Total cost including maintenance cost is low.

tion suppression controller detects the occurrence of asym- Table 3 shows the specification of the change..over

metrical magnetization and prevents the iron core of output switchgear used at the new test track. The switchgeat ,.ontains

transformer from being asymmetrically magnetized with the a disconnector and a switch of earth, which are used for main-

imposition of a volta f,e for canceling the asymmetrical magne- tenance of ground armature coils. The tanks of switchgear are

tization on the output voltage control signal being given from filled with insulation gas for the purpose of reducing the insu-

the output voltage assignment controller, lating distance.

Four prototypes of change-over switchgear were. produced

2.3 Results of the Experimentation on trial basis, and a life test of more than 3 00,000 switchings
has been carried out at the factories of the makers. The results

In order to confirm the basic performance of the inverter in a of these experimentations show that in the change-over

trial, running tests with and without vehicles were carried out. switchgears no wear was detected after the life test.

The results are summarized as follows; The external appearance of the change-over switchgear used

(1) PWM inverter is available for the power conversion de- at the new test track is shown in Fig.4.

vice in LSM drive to supply stable power.

(2) Switching from the main circuit constitution for low 2. Power Feeding Cable

speed to the one for high speed can be done while the operation

is suspended at the change-over sections. At the new test track, a cross-linked polyethylene insulation

(3) Even in the area of low frequency, under the asymmetri- power cable (X-cable), which represents a three-twisted cable

cal magnetization suppress'.on controller, the output trans- combined with a neutral cable, is employed as the power feed-

former is available, ing cable, for the following reasons;

(4) The harmonics in output voltage caused by PWM con- (1) The space for laying is small. (Particularly, this is im-

troller and the harmonic resonance caused by feeding circuit

can be reduced, if the filter is inserted at the output of inverter. TABLE 3 SPEc_cA_ouof,_C,_-OVF_.RSwrromE_m

IlL FEEDING CIRCUIT FACILITIES For North Line For South Linet = , ,o, ,_ _ =,,, .

_'oltage (kV) 24 i'; 2) 12 (7.2)
Current (A) 960 (i50) 1,015 (150)

The main parts of feeding circuit are change-over Frequency(Hz) 0-60 0-60

switchgears and a power feeding cable in MAGLEV system. Numberof phases 4 (including neutral) 4 (including neutral)
Closing hour (ms) Less than 300 Less than 300

Most of the change-over switchgears to be usPxlat the new test Ovming hour(ms) Lessthan300 iLessthin300
track were manufactured. A prototype of power feeding cable, Lifeof switching Morethan300,000 More than300,000

whose specification had been already completed, was experi-
( ) ; For neutral

mented at Miyazaki test track.
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(1) Frontview (2) Rearview

Fig.4 Externalappearanceofchange-oy"."switchgear

port,antattunnels.)

(2)The costforlayingislow,becausethecablecanbe me-

chanicallylaid.

(3)The influenceonotherfacilitiessuchasinductiveinter-

ferencecanbereduced.The crosssectionofthepowerfeedir_g

cableisshown inFig.5.

In theoutputvol_geof PWM inverter,many harmonics

causedbyPWM controllerarecontained.The influenceofthe

harmonicsupontheinsulationlifeofX -cablehasnotyetbeen

clarified. Therefore, a long -term-deterioration test is carried

out on X-cable. As the stressing voltage, a harmonic voltage (2

kHz) is applied in addition to the fundamental voltage (50 Hz) ....
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Current control for Thrust Force Controlling Inverter of HSST

lchiro Miyashita Youichi Ohmori

Technical Research Lavoratory, Toyo Electric Mrg. Co., Ltd.

Yamato, Kanagawa, 242 Japan

Abstract -- This paper discusses tile current control

systems of the thrust force controlling inverter of HSST, inverter.
which improves the feeling of aecoustic noise genarated

from Linear Induction Motors (LIM). Since the maximum

allowable frequency of the inverter is limitted within a Table 1: INVERTER SPECIFICATION

small value, due to the switching capability of GTO, any HSST-04 HSST-05 tlSS'I'-100
oi.hor method is needed to suppress the noise, without

increasing inverter switching frequency. Some newly de- Input voltage [V] 750 750 1500
Output voltage [VI 5.50 550 1100

veloped PWM and current control methods are eox.,gared Output current [AI 800 800 800

ft'ore tho viewpoint of the perception of electromagnetic C_pacity/car [kW] 740 740 330

noise and the current controllability, using some running Slip frequency [Hz] 17.5 12.5 12.0

test data. Switching freq. [Hz] max 210

1 INTRODUCTION

The mechanical noise of HSST is very low, because HSST is a

Maglev car, and it doesn't have any mechanical noise gener&t- 3 THE RESTRICTION FOR THRUST
ing components, such as gears, tortional shafts, or drives wheels to
transmit the power from motor to the vehicle body. Since the elec- FORCE CONTROL
tr,magnetic noise generated from LIM is greater than mechanical

,vise, especially z_t low speed,it is required that electromagnetic A LIM module of HSST is composed oi three phased I,'M _'t,il
noise be suppressed to a level lower than that of conventional dec- and a pair of levitation magnet coils. Though each coil system is
tric motor coaches. The capacity of the cooling system for GTO electrically independent, the normal force oi LIM which act:_ across

inverter was severely restricted in order to make the body light, the air gap between magnetic cores and reaction plates interferes

In conseqnence, the upper limit of switching frequency of GTOs with the levitation force. Fig.2 shows the characteristic curve of
was limitted to about 2001Iz, while 400tlz is allowable in normal thrust force and normal force vs. slip frequency of LIM. "l'ht, thrust

_,h,ctric m,t_,r coaches. Therefore, a way to improve the feeling force reaches its maximum value when slip frequency equals t,

of noise wa._ chosen, instead of attempting to lower the absolute 51Iz. But the normal force at that slip frequency still takes a large
quantit.v of n,,ise, by reconstructing the current control loop. The negative value. The normal forcegets to zero when slip frequ_uwy is
cnrrt, nt ,'t_ntrol sy._tems of three types of experimental IISST car, 17.5Hz, while the thrust force considerablly goes past its maximum

such as -,ries 04, 05, and 100, are evaluated from the viewpoint of value. In IlSST-04, the slip frequency was fixed at 17.511z to keep

both a,'m_tic noise and current controllability, using actual run- the normal force zero. In HSST-05 it was changed to 12.511z I.

nlttg test data. improve the thrust force characteristics of LIM.

2 OUTLINE OF HSST
4 THRUST FORCE CONTROL

Tal,le 1sl,,w._ the principal specifications of thrust force controlling

inverters. IlSST-04 and -05 series were tested in transporting of The fundamental equations of voltage, current, and thrust force

vi._itor_, at '_ .qaitama Exhibition and '89 Yokohama ExoticShow- of LIM are shown by equation (1) anti (2), a.s similar to r,t:,ry
ca._e. Both series were designed for 200km/h service with 1500V induction motor with cage rotor.
input voltage, however, their operating speed were restricted only

by _;0 km/h with 750V, a half of rated voltage ; because the tracks

w,,r,, t,,, sh(,rt to run at a fa.ster speed than that, in both exhibi- / ] [ ] [ ]
lions, t)z_ the contrary, HSST-I00 series was desiged for 100km/h v, R1 + pLl pM i,

operation, with 1500V rated voltage, lt is composed of two motor o = (p - jw,-a)M R2 + (p - 3w,n)L2 i_ [I)
,ats. Each of them have a driver's cab and 6 msdules of 3 phase
LIM coils. Ol,e inverter mounted on one car leeds the 12 modules

,,f LIM. il_ all. IISST-100 recorded il0km/h in the test track. F = (Tr/Zp). Mi_ × ia ............................... (2)

Fig I shows the main circuit diagram of HSST-100. The main

(ir(uit of IISST*05 is fundamentally same as Fig.l, but in each car
of 1155'I'-(_5 has its own inverter and 8 modules of LIM fed by the Here,
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Fig.l Main Circuit Connection Diagram Fig.2 Thrust and Normal Force of I,IM

/t_: I'rimary resistance R2: Secondary resistance The magnitude of spatial vector of current i, is exl)ressod by
Li: l'rimaty inductance L2: Secondary inductance equation (7).

M: Mutual inductance Zr: Pole pitch I_ = 2(i_ + i,,iu + i2v) ................................ (7)
.c, I'rimary angular frequency

(_., = 27rf,, f,: lnverter frequency) The steady state voltage equation is obtained a.s (8) front (I),
.',,,: Mt,tor angular frequency substituting p as jw,and using the relation w, = w, - _,,,.

(,.,,, = 2_ f ,,, , _ , = oJ, - _o,,,)

(_, = 2_f,, f,: slip frequency) t_t RI + jwiL1 jw, M i,

i, Primary current vector i_: Secondary current vector 0 = jw, M R2 + jw, L_ i2 ....... (al

I": 'l'htust force ' By eliminating i2 from equation (2) and (8), thrust force c;t. I.,
Th," .patial vector of primary current i, is defined equation is expresseed by equation (9), using the magnitude of spatial vt,cl_,r

a_ h,lh,w.- I of primary current.

/T a" " x w, R2M 2 i_

Ilere,t_,t,,t_, are the detected LIM input currents. The current
The magnitude of spatial current vector I given by equation (7).

components in d-q coordinates is, iq are expressed by equation (4), As the slip angular frequency _, is fixed at a constant vMue, the
._ing eqtlation (3). current vector I must be adjusted to control thrust force F,

= i ................ (4) _ = Mi, + L_i_ . ................................. (Io)
[,, 0 -2_ - i_

Eliminating from the second column of equation (8), and (I0),
lho v,,ttage spatial vector is also defined by the same form as q_ is expressed by equation (11), using w. and i, . And usin_ tit.

,'¢lllati,,ll(l) rt.I)lacing i by v. Using the relation i. + i_ + i_ = 0, magnitude of _2 obtained from (11), and tltrust furct, is rt,writteu

rh,. c,m,i.,,n,,nts of spatial vector are simplified _ euations (5),(6). as equation (12).

:4_ R2M i ................................. ( I ii'4 = _ .......................................... (5) q_ - R_ + ja4L_

,, _ ......................................... (s) F= z_. _,_ .................................... (,_)
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a. current control block

,,,,^ I'_I vz I .I --

"I t'
I e ...... I

I !ILPr I ,I I ,,'_//_.
.............' I'v--Z,I I _'li'_"

,s" ,_ Vo V V4

b. frequenc---'-_control block _o"F_"_I c. PWM control block V5 V6-_ 3 Vg
V2

(a)HSST-04 V 2

b. frequency control block . I x

$ fo=f I $/_Z _ -

_. li _ _ 2 nI_ ' 0

.......................... "' ....... :. -- i

I v, Ltl ,z ....!..............i '°
+ VI ,. V2I f°rward J I_l- ......................I ............."..' sv

Iv.,o,,,i
s' - Vector

rator TableI I AAAI _i_., Qua.,i-Circ,,lar Voltag/. l.oc,,s
a. current control block / r y i _ c. PWM control block

Sawteeth Carrier

(b) HSST-05

Fig.3 Control Block Diagram

'l'hi_ moans that the thrust force is controlled by adjusting voltage. The length of each side on this locus is the product ,,f the

rh,, se,',mdary flux _2 with fixed slip angular frequency oa,, while magnitude of output voltage vector and its output time. If the
t,nqu,, is controlled by adjusting the slip angular frequency with output of inverter is controlled so that the flux vector traces al.,g
the s_.... i.lary flux kept constant in usual vector control of induc- with this locus, with a certain frequency f0, lh,_ lower fo i,_, Ilo,

li,,11 tnol.r_ ' larger the radius becomes. The tracing speed can l)e de('roast,d,
without changing the radius of the locus, by output tfr zc.r,_ v.ll ag,o

5 CURRENT CONTROL METHOD vector on this locus with appropriate timing. 'l'h,, trace is int,,r-
rupted when zero vector is output, and restarted wheu it relut_ved.

Thus the average tracing speed can be controlled. Fundamv.tal
5.1 The c_u'reut control of HSST-04 and -05

behavier of each part of current control system is ,as follows.

The thru._t force can be controlled by adjusting primary current I,

with fix(,l ..lip _a,, a_ mentioned above. The command of the square a. Current control block

.f curretkt I-' is made by solving the equation (9) for 12. Actual 12 The fundamental difference between (a) and (b), in Fig.:;, is how

is calculated from detected LIM current iu and i_ by equation (7). to treat the error signal of current sq,ared 12. In (a) meth.d,

Fig.3 show the block diagrams of 12 control system. (a) and (b) error signal is directly transformed into an zero w_ctor colull|al|d
art rh,. coutrol systems of tlSST-04 and -05, respectively. Both VZ, by hysteresis comparator, while in (b) method,it is in,lir,','tly
_ystelns have many common parts. They are divided into three transformed, by comparing with triangular carrier waw,, thr.ug, h

parl._: the average voltage command v" by Pl amplifier, in b-th system,
zero vector command decides the actual zero vector output timing.

,_ , ,rr,,,t ctnltrol block In VZ=0, zero vector is output, and VZ=I, zero v(,ct_r is r,,m,,v_,,l.

/,. fr_,(lUeucy c_)ntrol block The average output frequency of zero vector is adju,_t4,,I t_, I.,
c. I'V<M control block 400Hz, from the limmit of GTO switching capability

I:ig.t shows a quasi-circular vector locus obtained by connecting The perception of electromagnetic noise seems to b_, coucerm,d

6 ,,utput wAtage vectors of inverter, alternately with appropriate deeply with the zero vector generating pattern. The metl..I ,sing

limiug. Th,' flux vector is expressed `a_ a point on this locus, be- insta_taneous control, as shown in (a), generates n,fis_, ,d ;, ra.,h,l,I
Cltll.'4_!flux of I.IM equals to 'he time integral of the inverter output nature, while the o,le using constant frequency carri,,r, as iii (hl,
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Thrust Force
Coaand F

Com,and (Su, Sv, Sv) =

i_ ,+ '; r'-----1 + V= ,J Vd (0,0.0) or

_- x VI VZ: I

( Vq T _ (Su Sv Sv):' - '...... Vfol+'l'Vr, | , ,

F _. i vd

v* feed

forward 8 -[ %/v' 2.v 2,, I (l,0l_lO)/(I,0, , 1,0)Vq

. . suj Isvls
, ; 1_'--'-13/2 phaseJ_---'ti .... ¢".... ': ....... :"............. i_
I I dql Ii,, I ]nverLer Ii,, l! lbl _SL l_Sv ii "_: _ I ..,,---._Lle Iia

tdl

LIH Speedsensor

Fig.5 IISST-]00 Control Block Diagram

l)r_,dures vloise witil a monotonous feeling. O, 02 begins to decrease. Finally, when Vg' reaches l, fit = 0, _: O.
This corresponds to I pulse mode.

b. Fre(luenc'y control block
Adding slip frequency command j'_' to LIM frequency fm, inverter

frequeno' command f, is obtained, shown as equation (13). 5.2 A feedforward of voltage command

.f," = .f,,, + f_' ...................................... (13) The voltage command operating block, in Fig.3(b), oparates the

voltage command V*, using equaton (15). This signal is fe(I for-
.f; ('orresl)ml(Is to the average tracing speed of vector locus in ward to the output of current PI controller. Effective stabilization

J.'ig.4. Note that the instantaneous inverter frequency f0 is equiv- of current control loop can be obtained by this feedforward sigwal,
ah,nt to the instantaneous tracing speed, and the average tracing even if with approximate operation. In fact, by this feedforwar(I
speed (lerreases to f0 • V-'-Z', because it will be stopping while zero signal, P gain of current controller. Because it supplie:_ al,n(,st ali
vector is api)lied, ltere, V--Z'is the time ratio of zero vector. There- signal which the PI controller must generate by am l)lifi,g error

fore, tits inst,xnlaneous inverter frequency f0 is obtained by divid- signal. This method is applied to ]tSST-100.
i,g lhc give, aw, rage frequency command f," by the time ratio
t'--Z,,a.g,_ll()W. iii equation (14). B. /3" 1"

v°=(2rf.A+ R, "_)_/_ _- ....................... (lr))

J_)= .EIv--7_........................................ (_4)
A = _/B 2 + C 2 ..................................... (lc;)

By judging the polarity of frequency command f/', the rotating

direction controlling signal is generated, w, R2M 2

B= R_ + _L_ .................................... (17)
r. PWM _mltrol block

rhis bl.ck decides which voltage vector is suitable for inverter w_ + L2M 2

voltage l)ha_,,' angle 0, from six non-zero vector VI "" V6. 0 is cal- C = LI - e_ + w,:2L22 .............................. (la)
(ulated hy illlegralion of frequency f0 , in the period while VZ=I.
When VZ=0. zero vector Vo or VT, which can be reached by fewer

switchi,g numhers is selected. The voltage vector is outpu, for this 5.3 Current control system for HSST-10(I
hh,(:k, exl)ros.-ed by inverter switching state variables (Su,Sv,Sw).

lib're. ,_,.Sv,%w=l, when inverter output is switched to positive The line voltage for Series HSST-100 is raised t,p h) the rah'd

I),g. a.d .'4,,._v,Sw=0, when switched to negative bus. 1500V. II becomes more difficult to suppress electrovnagneti(' nuise

•rlu, i)ha-ge angles 0], 02 in Fig.4, are gradually decreased to zero, and stabilize the current control system, than in 750V liwe v(dtag(,.
as I;Z increa-ges to 1. At first only 0_ decreases. After 0_ gets to Therefore, current magnitude control was divided int() twu axis
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Filter Capacitor ;__ ' ' 'Voltage V do

Slip Frequency f, fsI _ Command I _* I' i,
I _ Detected ]5_

LIP{ Current I.

Line Currnt I L

LIP{ Speed f. IlOkmYh LIP{ Speed_J_
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Vdc

III/ lm*

_/(SOOA)' ,. J

'_^"Q_Illl'iUl_lllllIIUIlilllll,I_tt , t_

LIH Speed ]tokm/h

(a) HSST-05

(b) HSST-100

Fig.60scillogr_m of Running Test
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,,,ml,,,m',_ts, ar,I controlled indepe,,h'ntly, in order to improve 6 RESULTS OF RUNNING TESTS
tlw stability of control system.

Fi_.5 sl,ows tire control block diagram. A direct voltage vec- Fig.6 shows the oscillograms of running teat. ta), (b) are of I[.'-;ST-
tt,r sph.ctitm method was applied instead of tile qa.si-circular lo- 05, HSST-100, respectively. A common feature to both is that no
cns conltol method in IlSS'['-05. An appropriate voltage vector stepwise change can be admitted in current waveforms, caused by
is ir_slanlam,ously selected by judging in which segment does the pulse mode change. In fact, step change in acoustic noise from

w,lta_e phase arr_le/9 exist; the segment given by dividing a cicle LIM could not be heard. The different points between ta) and (b)

iul. six equal unes. This method increase tile freedom of volt- are ; l)instantaneous ripple of current amplitude in ta) issmalh,r

age vect_r selection than quasi-circular locus method, which espe- than in (b), because in ta), the output voltage vectors are pro-

tinily improves lhc stability of current control near zero frequency, grammed in regular order ; 2) the current waveform, rsi)e( iMly at

Zet. veclors are controlled using constant frequency carrier signal, zero frequency in braking mode, is smoother in (b) than iu ta).
'l'his 7er_ w,ctor control method is as same one as HSST-05, which This is because the degree of freedom in selecting suital)lo v_dta_,e

had comparalively g.od reputation as for acoustic noise feeling, vector is higher, in (b) than in ta).

The (,h'clr_,m,lgnetic noise from I,IM ha-_ monotonous like the one

frmu cl, qq)er controlled I)C motor. Uncomfortable stepwise tone

change of ni,isr, raised by the step down of carrier frequency, in 7' CONCLUSION
con ve v lion al s u I)harmonic PW M method with synchronized carrier

signals, irt acceleration and deceleration. In Fig.5, current control New current control systems for HSST are discussed from the view

is done by making i, and i# follow the curren' command i_ and i_, points of noise perception and current controllability. The electro-
rt.spe('lively, llere, i, and i a are the c_-axis al J B-axis components magnetic noise from LIM strongly depends upon the zero w,'cl_r

of ,_ -/_ coordinates rotating with the inverter frequency rf. And control method. Zero vector control method by carrier signa.I with

current commands i_ and i_ are given by equations (19) and (20). constant frequency seems to have good perception of noise, because

i, is given by solving equation (9) for current I, while i_ is kept it doesn't generate the stepwise tone changes in noise, which has
zt,ro a! any instant. By keeping _-axis component zero, current been one of the defects of conventional synchronized sul)harmc,nic

c(mtrol sv.,,lem can I)e simple. PWM method. The instantaneous voltage vector control method
• using 6 equally divided segments of a circle, has good current con-

/._ )L 2 trollability.• 2rf, R2M2 F . ..................... (19) Although the current control system of tISST-100 has the excel-
lent features of both method, further improvement and reduction

of electromagnetic noise should be done.i;,: 0 ............................................. (20)

The detected I,IM input current i, and i_ are transformed to i_ and Acknowledgment
r,_ in a stationary d - q coordinates by coodinates transformation

hlock, as shown in equation (5),(6). The authers would like to their thanks to the members of CIIS,qT

:\n(I _,t and _,t art, further transformed to i, and iB in a torn- Co., Ltd., and Prof. IsaoTakah_hi of Nagaoka llniversity,,f'l'ech-

tionary _ - /_ coordinate using equation (21). nology.
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[1] I. Miyashita and Y. Ohmori: "New modulation mcthod /or

The currenl error signals (i_-i,_) anti (i'_-io) are independently VVVF Inverter for HSST-05 ", 1lth International Confi, rence
amplified by each PI controllers. The outputs of PI controllers
impressed to the inverse transfomation block. At that time, the on Maglev, July, 1989, pp.185-190

fe¢,(IftJrwar(l signal of voltage command is added to the output of [2] T. Koseki and E. Masada: "Lateral motion of a. short-st,tor

Pl ,onlruller. llere, 0 can be obtained by integrating the inverter type magnet wheel with electromagnetic suspension s!/.¢tcm ",

frequency f,'. The output of inverse transformation block are given 10th International Conference on Maglev, June, 1988, I)P. 10 I-

I_.,['WM bh,ck,_.s final voltage commands v_ and Vq in stationery 110
d- 9 coordinates. One voltage vector is specified to every segment,
Illelltiorwd above.

The zero vector command VZ is obtained by comparing the

magnitude _f voltage vector with, arrier signal. If the voltage com-
mand is greater than the carrier, then VZ=I. Otherwise, VZ=O.

I'\VM control block outputs zero vector, if VZ=0. And it outputs

the specified voltage vector of the segment to which the angle 0
belongs, if VZ=I.

369



A Novel Maglev System Driven by Air-Cored, Linear Induction Motors

E. Levi,Z. Zabar, L. Birenbaum,and S. Y. Yoo
Polytechnic University

333 Jay Street, Brooklyn_NY 11201

Abstract- The propulsion, suspension, and guidance
system, presented here, consists of two principal parts. The
first is a horizontal linear co-axial array of coils energized in f
polyphase fashion. The second is an exterior conducting

f /sleeve with a longitudinal cut along the bottom to provide
an opening for mechanical support of the coils. The paper
presents some encouraging results of a preliminary study.

Today's major competitors in the field of magnetic
levitation for high-speed ground transportation are
Germany and Japan, despite the early lead that the United
States had acquired in the 70's. Both the German and the --(a)
Japanese systems employ linear synchronous m __ors
which are energized by the wayside. The difference is that, _. / \ /
while the German motor utilizes iron cores to carry the
magnetic flux, the Japanese one lets the flux be carried by (c) (d) (d) c)

air [1,2]. The main disadvantage of iron-cored motors is the "_/_" co)
need to maintain an air-gap clearance between the two /f\\ co)-u/,/\_ (e)
parts in relative motion not exceeding 1 cre. At high speed I I_
this is difficult to achieve and implies high track- I /
maintenance costs. The main disadvantage of the air-cored
motors is the need for superconducting magnets which, with _ Proposed Maglev System with energization from the
today's technology, are impractical, and expose personnel wayside.
and passengers to high magnetic fields. Moreover, (a) vehicle, (b) air-cored linear induction motor, (c)
operation in the synchronous mode with energization by the energized motor primary: array of circular coils, (d)
wayside necessitates the maintenance of a perfect match motor secondary: passive conducting cut cylinder,
between the vehicle's speed and the frequency of the and (e)vehicle support.
energy supply system, which requires expensive power
conditioning apparatus extending over the whole length of
the track. In both the German and the Japanese systems
the air gap through which energy is transferred from one
winding to the other is planar, and only a fraction of the
current-carrying conductors contributes to the generation of

usuorcII. DESCRIPTION

The air-cored, induction, magnetic levitation system
which is the subject of this paper bypasses ali of the above -_ f_

difficulties. Since it is air-cored, it allows an air-gap |
clearance of a few inches" since it is operated in the 1induction mode, it allows energization by means of
constant, industrial-frequency supplies. Moreover, its
special topology with cylindrical air gap develops force
components which are strong enough to provide
suspension and guidance, as well as propulsion, and to -(a)

which the conductors contribute over their whole length. _-_'//%"_ \_//The special topology and the presence of a massive _---_d) (d
secondary sleeve also may solve the problems of high (c)_,---__, c)

compliance and low damping which plague the other _..__b)
Maglev systgms [3]. ,,- "_e)

/
A schematic representation of the proposed system

is shown in Figs. 1 and 2 for energization by the wayside _ Proposed Maglev System with energization on
and on board the vehicle, respectively. The energized part board the vehicle.
of the motor or primary consists of an array of coaxial (a) vehicle, (b) air-cored linear induction motor, (c)
circular coils or of a helically wound cylindrical solenoid, energized motor primary: array of circular coils, (d)

motor secondary" passive conducting cut cylinder,
and (e) vehick s_Jpport.

Manuscript received March 15, 1993.
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The primary is divided into sections which are energized Another feature deriving from the cylindrical
sequentially by a polyphase system of alternating currents, symmetry of the primary and secondary is that ali portions of
thereby producing a traveling wave of magnetic flux density, the current-carrying conductors contribute to the generation
This flux is coupled to the passive part of the motor or of useful forces. This tends to increase efficiency and tends
secondary, which ideally would consist of a cylindrical to minimize material stresses, size, and cost of the
sleeve made of conducting material, such as aluminum, apparatus.
located concentric and exterior to the primary.

The decision on whether to locate the energized
The relative motion, or slip between the wave primary by the wayside or on board the vehicle depends on

(traveling along the primary) and the secondary would economic considerations. Energization from the wayside is
induce purely azimuthal currents in the secondary sleeve, advantageous when the density of traffic is high. The
The interaction between the primary and secondary primary is then energized in blocks of about 5 miles length
currents would create a longitudinal force component used for the sake of efficiency and in order to allow for
for propulsion and a strong radial centering force emergency braking by means of phase reversal. In this
component used for levitation and guidance. However, in case, the vehicle carries only the passive secondary and is,
order to allow for mechanical support of the interior primary, therefore, cheaper and somewhat lighter. When, instead,
the exterior cylindrical secondary sleeve must be cut the energized primary is carried by the vehicle and the
longitudinally. In this case the currents induced in the passive secondary lies along the road way, the track is
secondary maintain their azimuthal direction over most of cheaper. However, energization on board the vehicle
the cylindrical surface and turn longitudinal in the proximity implies the need for either current collection by catenary or
of the cut to close along its two edges (See Fig. 3). The ribs third rail or the need for prime energy store and conversion
which line the edges provide a low-resistance longitudinal apparatus located on board the vehicle. Tests conducted
path for closure of the azimuthal currents, and also provide by the Office of Research and Development, Federal
mechanical strength. The currents which flow in the Railroad Administration, U. S. Department of Transportation
cylindrical portion of the sleeve in the azimuthal direction in the early 70's have shown that properly designed
are denoted (Fig. 3b) by roman numerals I and III. The distribution and collection systems can transfer the required
currents which flow in the rib in the axial direction are electric power to vehicles traveling at speeds in excess of
denoted by roman numeral II. 300 mph (134 m/s) [4].

III. APPROACHTOTHEDESIGN
(a) (1) (b)

/ This novel Maglev System is a spin-off of an ongoing

_) " effort for the development of coil-gun-type electromagnetic

(6) launchers. The approach to the design will follow parallel

Lt _,LX.__ ___ lines. Determination of the dimensions of an electrical

._Q,_ (4)._.._ I. Ii I___ I I iIZi motor and optimization of the design are of necessity

___ __ iteration processes that can be best performed using the
I I--I" I l - II I i-- IT- _ simplest mathematical model. Significant simplification can
' .L_ ; L. __ _ _._'__ _; be obtained by limiting considerations tc the _teady state.

_/-,_/'/_"_,_--(') _- , On the other hand the physical dimensions must be
(3)...,_/ \ selected by making sure that the maximum allowable

! \ values of the electrical, mechanical, and thermal stresses
"//////////>/- are not exceeded. These local stresses can be determined

only by using a field approach. To facilitate the analysis,
i_ Current path in motor: (a) front view; (b) side view. one must simplify the geometry.

(1) vehicle, (2) primary drive coils, (3) primary
support, (4) motor secondary: passive conducting An approach that has been successfully tested
cut cylinder, (5) edge, and (6) support for the reduces the primary and secondary windings to current
secondary part. sheets at equivalent radii and proceeds to the analysis of

the cylindrical geometry by way of two intermediate-step
approximations, the planar and modified planar ones [5].
This procedure leads to the determination of the parameters

These longitudinal portions of the secondary for the equivalent circuit of Fig. 4 and, as an example, to the
currents, being in opposite directions along the two edges, dimensions listed in Appendix 1. In the figure, the
and having no counterpart in the primary, produce no 'Coupled' part. represents the energized part of the primary
appreciable force and, therefore, degrade only minimally that is coupled to the secondary sleeve. The 'Uncoupled'
the performance of the ideal motor in its propulsion, part represents the energized part of the primary that is not
levitation, and guidance functions, coupled to the sleeve. A special problem that was not

contemplated in the previous work and that has been
A main feature of the concentric location of the addressed by numerical computation, arises because of the

primary and secondary is the confinement of the magnetic loss in the symmetry of revolution caused by tne cut in the
flux that is carried by the inner core of the primary and that exterior secondary sleeve. This will be dealt with in the next
closes mainly in the cylindrical air gap between the primary section.
and the secondary. This makes it unnecessary to use iron
cores to reduce the magnitude of the magnetization-current Once the optimal physical dimensions have been
needed to establish the magnetic field, and to reduce the determined, one can proceed to predictions of the transient
exposure of personnel and passengers to the magnetic performance. In linear induction motets, this involves edge
fields, and end effects. Whereas in the Maglev system described

here the edge effects are limited only to one part of the
motor, the passive sleeve, the end effect is particularly
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n=Rb ncXal ncXa2 suspension with energization by the wayside. That is the

and the sleeve is attached to the vehicle. The sketch on the

Rs 'Coupled' upper left-side assumes that the vehicle with the sleeve is
nc's | part lowered with a displacement d. The sketch on the lower

right-sideassumes that the vehicle is elevated.

j -(_ _ Starting with the ideal case of a fully cylindrical1'vpi, sleeve, (_ = 0°, it appears that the net force on the sleeve
| \ opposes the upward and downward displacements equally.

The net transverse force is then a restoring one. As the
Uncoupled'

nuXex_ nuXln / part angle (z,of the sleeve openingis increased to 15° and 30°,

J the force continuesto be directed upwardswhen the sleeve
-,vv_ • - axis is below the driver coils axis, as shown on the left hand

nuRb side of Fig. 5. For a given displacement, the force increases
as (_ increases because the downwardcomponent of force,

Single-phase equivalent circuit of an air-cored, that would have been produced by the missing section of
linear inductionmotor, the sleeve, is absent. The net force thus opposes the
Vph- phase voltage, Rb- primary resistance, Rs- displacement that would be produced by gravity and
secondary resistance, S - slip, Xex" reactance of the provides suspension. In contrast, in the situation depicted
exterior open space, Xin - interior open space on the rightside, that is, in which the vehicle and with it the
reactance, Xal, Xa2, Xa3 - air gap reactances, nc and sleeve have bounced upward, the net force is still upwards
nu denote the number of coils-per-phase coupled for a relatively small value of d, but changes its sign for
and uncoupledto the sleeve, sufficiently large displacements. As before, the reason is

that the cut eliminates those sleeve currents which would
providea restoringforce.

troublesome with "short stators." When the energized
primary is located on board the vehicle, the passive
reaction rail finds itself suddenly exposed to a magnetic
field, as it slides under the leading edge of the energized
structure. When the cruising speed of the train is higher
than the velocity with which the electromagnetic field /
diffuses through the conductor, the voltage induced by
transformer action predominates over the motion-induced ........
voltage. The resultant currents oppose the inducing
magnetic fields, thereby causing a considerable reduction , I
in the attainable thrust. An analytical treatment of this

phenomenon and a bibliography on the subject are . "/ 1.4 _fspresented ir_ _ef. 1. The transient performance is being ,% j
handled using a computer simulation code based on the

mesh-matrix approach [6]. This has been successfully 1.0 _ = -applied to electromagnetic launchers [7], albeit in a case _""_ _ .I ,.,,...N ,, , 1.5

wtout o0eIV. EDGEEFFECTS

The longitudinal cut in the passive sleeve which _,2_',_ _'=',._,4"2 dconstitutesthe secondaryof the new Maglev motordestroys _q _ -.,,,_ u
the cylindricalsymmetry of the structure. Such a symmetry, _,.o _o., -o.,-., o., ,ohowever, is violated also in the case of an electromagnetic _ ,..

withinthelauncher'whenbarrel.theprojectilesleeve is not exactlYdynamicsCentered -0.2- .,,,, _,_ "=
of the projectile in the barrel, a special computer simulation
code was formulated [8]. This program sums up the
contributions of ali the current elements in the sleeve
according to Biot-Savart's law of force and, since the
computation i._not symmetry dependent, it applies also to -1.0
the Maglev case. Studies of the Maglev dynamics have not
been performed. Only the steady-state performance has
been analyzed. As could be expected the cut in the sleeve
causes a loss in propelling force which is roughly di,
proportional to the loss in the sleeve area facing the _.v
primary. More complex is the effect of the cut in the sleeve --'_E" ......
on the transverse force which provides suspension and /
guidance. Figure 5 shows the normalized net force fs on ,_
the sleeve as a function of the normalized displacement d /
between the axes of the energized coils and of the passive
sleeve, with the angle o_of opening in the sleeve cut as a _ Transverse force vs displacement between axes
parameter. The sketches in Fig. 5 show the case of with sleeve opening-angle as a parameter.
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V. CONCLUSIONS APPENDIX1

The paper describes a new relatively simple Maglev Example of Preliminary Design
system driven by air-cored, linear induction motors. The
motors provide the necessary guidance and levitation The following example of a single-vehicle MAGLEV
forces as well as the propulsion force. The concept itself, system gives an idea of the dimensions of the new
the principle of operation, behavior of azimuthal currents configuration presented here.
induced in the secondary passive part, and some basic
relations of the transverse forces acting inside the motor's Performance SDecifications
air-gap are presented. In conclusion, this preliminary
investigation has confirmed the potential of the novel Cruising speed ........v = 400 miles/h = 179 m/s
Maglev system, but it has brought to light the complexity of Vehicle weight .........W = 50 tonnes = 4.9 x 105 N
the forces which govern its dynamics. Power ........................P = 65 MW

Traction force ...........F = P---= 3.65 x 105 N
v
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Abstract - Drive requirements for linear synchronous motor Typical pole pitches for EDS suspension maglev systems are
propulsion systems are described, and the potential converter on the order of half a meter or more, yielding maximum
architectures fort his application compared. A serlesconnection output frequencies below 150 Hz. EMS systems typically
of eurrentsoureeconverters is propoaedwhkh makes it feasible have a shorter pole length, and thus a higher maximum
to take power directly from a medium dc voltage distribution output frequency. For comparison, the Japanese EDS design
bus through a chopper, reducing transformer and distribution has a pole pitch of 2 meters, while Transrapid uses a poleline costs. Design tradcoffs for series connected converters are
also discussed. Finally, a brief discussion of the economics of pitch of 0.258 meters.
converter design is presented. Table 1 gives a rough idea for the power requirements for

level travel at different speeds for a maglev vehicle capable
INTRODUCTION of carryingabout 120 passengers. This table assumes

aerodynamic drag power varies as the cube of speed, eddy
current loss is proportional to speed, power loss in theLinear synchronous motor propulsion systems represent a

challenging application for power conversion technology, magnetic suspension is constant, and the linear motor losses
Drives for this application must be designed to handle the are proportional to the square of thrust [5]. These
transition of vehicles between blocks of the LSM [1]. If a calculations are in line with the 200 passenger TR07 maglev
load-commutated drive is used, such as the cycloconverter vehicle, which is estimated to consume 4.2 MW on a level
system at Miyazaki, the system must be designed to only gnideway at 111 m/s, as well as other power analyses [6].
deliver power when a back emf is present for commutation For a maximum speed of 135 m/s, the inverter must be able
[2]. Even if the system is force-commutated, such as the to provide about 6.6 MW for level cruise. However, while
German designs and the newer Japanese design [3], [4], the a typical maglev vehicle requires around 40-50 kN of thrust
converter must be able to handle the rapid load changes for level cruise at these speeds, peak thrusts on the order of
which occur. Fault-tolerance is also a critical issue for any 120 kN are necessary to accommodate acceleration
commercially viable propulsion system. Power converters requirements [5]. Thus, the inverter should be sized for
for this application must be designed to survive at least a almost three times the power required for level travel at the
single point failure in any device or winding and remain maximum operating speed. If the guideway is level and
operable to provide high availability. The special nature of straight, a reduction in acceleration may be acceptable, but

we will assume that the power converter should produce peakthe load thus places stringent requirements on the power
conditioning equipment, power on the order of 10-20 MW.

While the power required is specified by the mechanical

PROPULSIONPOWERREQUIREMENTS requirements, there are possible tradeoffs between voltage,
current and number of phases. Most practical designs use

The LSM requires power electronics for converting fixed between 3 and 6 phases for the motor. The motor voltage is
voltage, fixed frequency power from the utilities to variable determined by the length of the propulsion magnets, the
frequency power for exciting the N-phase motor windings, motor width, the average magnetic field, and the number of
The powerconverters must have independent control over the turns per "slot" (1 or 2 being most common in today's
magnitude, frequency and phase of the currents induced in designs). Voltages which result vary from a thousand volts
the windings. Depending on the motor design, the back emf to over 10 kV. This trade.off has a major impact on the
(and the desired current waveform) may not even be design ortho power converters.
sinusoidal. Other parameters of major importance in the design of the

The fundamental output frequency the power converter power converters are the inductance and resistance of the
must synthesize is determined by the vehicle speed and the motor windings. Motor reactance per unit length is
pole pitch of the motor (1). determined by the materials and geometry of the motor

windings (along with the effects of any magnetic materials),

f = V (1) and determines the practical limit on block lengths [7].
2--'P Typical winding inductances can range from below a

millihenry to over twenty millihenries per phase, with typical
ManuscriptreceivedMarch15, 1993. This workwassupportedin partby per phase resistances on the order of an Ohm [3], [4], and
theU.S. Departmentof TransportationundercontractDTFR_3-e i-42-00070. [5].
Support from th_ MassachusettsInstituteof TechnologyDepartmentof
ElectricalEngineeringand ComputerScience and the Laboratoryfor
ElectromagneticandElectronicSystemsis alsogratefullyacknowledged.
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TABLEI Voltage-Source Inverter
BASELINE POWER RF_.Q_ENTS FOR LEVEL TRAVEL FOR A TYPICAL 120

ii The Voltage-Source Inverter (VSI) is the most widely used
power inverter up to the low megawatt range (Fig. 2).

sp_a ras 30 60 90 120 135 150 Sinusoidal output currents are obtained using sinusoidal or
Power MW 0.86 1.23 2.45 4.86 6.65 8.91 programmed Pulse Width Modulation (PWM), or hysteretic

current control [10],[11],[12]. This converter has the
' advantages of a wide output frequency range, limited only by

switching losses or thyristor commutation, and frequencies of
over 200 Hz are easily achieved at the megawatt level. Input

CONVERTER ARCHITECTURES and output harmonics are well del'reed, and both harmonics
and output voltage can be controlled via the PWM scheme.

Converter architectures for this application can be broadly Also, VSIs may be paralleled to increase power rating, with
classified into 3 basic type,s: those that convert directly from the potential to improve waveform quality and fault tolerance.
ac to ac, those that convert a controlled dc voltage to ac, and Paralleled VSls are the basis of the German and newer
those that convert a controlled dc current to ac [8], [9]. Japanese designs [3], [13]. It may be preferable to use an ac
Direct ac/ac conversion requires an ac distribution bus, while power distribution scheme with VSIs to allow the distribution
the dc link of the other methods may be created from either voltages to be easily converted to the lower dc link levels.
ac or dc distribution using either rectifiers or choppers, as However, if regeneration is desired, two quadrant input
required, rectifiers are needed. Furthermore, the number and size of

the transformers required for this approach is significant.
Cycloconverter Some designs, such as Transrapid, even need additional

transformers to boost the inverter output voltage for high-
speed operation.

Cycloconverters use bridges of switches to directly
synthesize an ac output waveform from ac line voltages, Current-Source Inverter
without any intermediate energy storage (Fig. 1). This type
of structure was employed in the MLU002 Japanese maglev Current-Source Inverters (CSIs) function by switching a dc
system to generate power at up to 34 Hz [2]. Despite the current link to generate an ac output current waveform, and
large number of switches required, the elimination of energy are often used at the megawatt level. Two approaches are
storage elements makes this converter an economic solution widely used for current-source inverters. The first approach
at high powers if natural commutation is employed, is to generate quasi-square current waveforms using pulse-
However, the lack of energy storage also leads to some commutated SCRs, as outlined in [14], [15]. The single-
serious drawbacks. The output voltage and the input line phase ASCI Inverter of Fig. 3 is of this type, with the
current both have significant harmonics which vary with the capacitors serving to both commutate the SCRs and absorb
output frequency and load, making them hard to filter, the reactive energy stored in the out-going motor phase. The
Furthermore, the converter fundamentally operates with less second approach is the use of fully controlled switches (such
than unity power factor, and the power factor degrades as the as GTO's) and a separate capacitive filter network, shown in
output voltage is lowered. These drawbacks, along with a Fig. 4 for a single phase and described in [16], [17] for
limited output frequency, make this converter an unlikely three-phase bridges. The switches are controlled to generate
candidate for a commercial propulsion system, a PWM waveform in the filter/load circuit, yielding quasi-

sinusoidal currents in the load.

The relatively high inductance of the motor windings poses
T ,_,-° o a major problem for the design of the inverter. The peak

_,, , .. t ,, ,-a, p ,_.. ,, o output frequency of both types of CSIs is limited by the need
..... r_ o ,__ _,..t to commutate the link current between phases of the motor,
,, o o _, o _ with typical maximum frequencies on the order of 60 - 120

_ .__--o."_ -----,---- Hz. The peak output voltages dfa CSI are also determined
• by the winding inductance. If the winding inductance is too

high, a CSI is probably not a good choice. As a rough
measure, assume the waveforms are sinusoidal, and compare

1-.... __.... the voltage across the winding inductance to the magnitude of

P.... _.._¢o the motor back voltage. If the inductive voltage is less thans _.o,_ ,_, half the motor voltage, then a CSI may be a good choice.
Otherwise, a voltage source inverter is probably preferable.

An advantage of CSIs for this application is the ease with

_o----..----- which be connected in series Forthey [18], I191, [201.
example, assuming that there are dual 3 phase motors, or a

_o------_ 6 phase motor, we can construct the circuit with two three
Fig. 1 A Cycioconverterstructure.
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SERIES-CONNECTED CURRENT SOURCE INVERTER

\_ .... ,l As previously discussed, a series-connected current source\
, _ inverter (SCCSI) can be advantageous if the required output_ _""" frequency is not too high, and the winding inductance is

voc _-=. _ ""°'" sufficiently low. The ability to drive the series-connected
ou_,,_ converter directly from distribution level voltages eliminates

the transformers that would otherwise be necessary.

Furthermore, if bypass and breakout is provided for eachseries-connected converter, it is possible to achieve a degree
of tolerance to single point failures in the converters or motor

Fig. 2 ^ three-plumeVoltageSourcelave_r, windings.
The selection of a SCCSI design approach depends heavily

on the load parameters, including back voltage, current,
winding inductance and number of phases. Design selections

phase bridges in series, as described in [20]. We can carry include the choice between quasi-square wave (QSW) andthe series converter idea one step further by using a separate
H-bridge for each phase, and putting ali the phases in series. PWM architectures, use of three phase or separate h-bridge
A series-connected design makes it feasible to take power converters, and which quadrant is used to provide
directly from a medium voltage dc distribution bus through regeneration.
a chopper, redacing transformer and distribution line costs.
A degree of fault tolerance may also be obtained by this
approach. For I.SM designs where the maximum frequency Quasi-square waw vs. PWM architectures
not too high and reasonable care has been taken to reduce the
winding inductance, the advantage of the series-connected The selection of a CSI architecture for a given design is

driven by the devices available and the parameters of the
CSI may be quite significant, load. One major concern when designing these converters

is the sizing of the filter and commutation elements, which
Other Alternatives must be tailored to the load parameters.

In soft-switched architectures, switching losses are For quasi-square wave architectures, the fundamental
decreased by using a resonant or quasi-resonant auxiliary limitation comes from commutation time requirements and

the need to absorb ali of the energy in the motor phase.circuit to obtain a zero-voltage and/or zero current switching
opportunity for the main devices [21],[22]. The reduced Consider the single phase ASCI inverter of Fig. 3. The
switching losses which result can be used to improve capacitor size is selected as large as possible, while still
efficiency or waveform quality, or reduce converter size, at meeting commutation time limits at the highest frequency of
the expense of complexity. Unless one of these benefits operation [10]. Unless a separate clamp circuit is used, the
becomes an overriding criteria in a design, these architectures capacitor has to absorb ali the energy in the load, and will
probably offer no advantage for this application, charge to a peak voltage roughly proportional as:

I---,-

(2)

l_/_ which determines the ratings of the switches and capacitors

c

in the circuit. Thus, as the inductance and/or maximum

_, ___ [ current increase, the device ratings grow in size, andeventually make the approach impractical.
III! For the P_Vl circuit of fig 4, the limitations are somewhat

_ _ _ __ different. The capacitive filter should be sized such that a
quasi-sinusoidal current passes through the load, while the
switching harmonics are shunted through the filter. For a

_" simple capacitive filter then, the capacitance should be chosen
by the criteria of (3), while remaining large enough such that

_ lP' _ r_ the peak capacitor voltages are limited. The capacitor

ii voltage limitation implies that as the load inductance andI

__,¢_ _Jr - 1
,.. I f,,,<< << fr-,, (3)

I 2_ Lv/_-_
Fig. 3 The ASC! quasi-uluare wave CSI.
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configuration [23]. Depending on the space available for the

t+ windings and voltage limits, it may be possible to wind the

J o c LSM with separate single phase windings. In this case, one
has the option of driving each phase separately with an H-
bridge, and series connecting the bridges.

The major criteria for selecting between a series

__ _ connection of single or three phase bridges is how the total

voltage compares with the distribution level voltage, lt is
instructive to compare the two options, however, since the
distribution voltage itself is a design parameter.

The primary advantage of the three-phase bridge is that it
requires only half as many switches (and gate drives,
snubbers, etc.) as an equivalent set of single phase
converters. Comparing the device ratings of single phase
converters to a three phase bridge driving a Wye connected

l load, we find that the voltage ratings in the single phase
- converter are lA/3 as large [19]. The penalty for using a

I single phase, setup is therefore not as severe as it would
appear.

The filtering requirements are also different for the two
Fig. 4 A PWM Current Source Inverter topologies. In general, because of the flexibility in

switching, the link inductance does not have to absorb as

current increase, so does the switching frequency, large a volt-second integral in the single phase connection,
In many situations, either converter structure is practical and thus the inductor can be made smaller. In one design, it

from a design standpoint, and selection is based on was found that the link inductance could be reduced 30-35 %
economics and performance characteristics. PWM converters for the same current ripple [19]. For QSW converters, the
typically have smaller capacitors and link inductors than same total energy storage is required in the capacitors.
QSW converters, but require fully controlled switches such However, the increased commutation flexibility in the single
as GTOs. Furthermore, the waveforms available with the phase circuit allows larger capacitors to be used at a lower
PWM converter are essentially sinusoidal, while QSW voltage, reducing the device ratings in the circuit even further
converters generate stepped waveforms, either of which may [19]. Thus, while the single phase circuit requires more
be preferable depending on the motor design. Finally, the switches, the reduction of switch ratings and link inductor
dynamic response of the PWM converter is faster, but is size help offset this cost.
more sensitive to transients and requires a more complex The reduction in switches also implies that the three-phase
control system, converter cannot generate waveforms with triplen harmonics.

The simulated waveforms for the QSW CSI of Fig. 3 are This is desirable for sinusoidal back voltages, but may not be
shown in Fig. 5, for a motor with Ll_ , = 1 mH and a peak optimal otherwise. Many linear motor designs have back
back voltage of 1500 V running at 80 Hz. The simulation voltages that are substantially nonsinusoidal, and may have
assumes 130 tzF commutation capacitors, and the 150" third harmonics as large as 20% of the fundamental. For
conduction patterns employed in [19]. The simulated LSMs with significant third harmonic terms, a series
waveforms of the PWM converter of Fig. 4 are shown in connection of single phase QSW converters allows power to
Fig. 6 for the same motor parameters, a 60 /_F filter be transferred via the third harmonic, increasing the thrust
capacitor, and au average switching frequency of 720 Hz. for the same peak voltages and link current. Furthermore,
Fquations for simulating these circuits can be found in [19] the use of single phase bridges increases the flexibility
and [5]. The simulations illustrate the trade-offs between the available in generating PWM waveforms [181.
converters. For this motor design, the QSW converter In the final analysis, a series connection of single phase
requires far more capacitive energy storage than the PWM converters may be more expensive than a three phase
converter, and also requires higher device, ratings. However, connection. However, it offers flexibility in control, a higher
if the back voltage was trapezoidal, this converter could stacked voltage, and the opportunity to use the independence
transfer nearly 30_ more power than the PWM topology, of motor phases for fault tolerance.
The PWM converter can generate an accurate sinusoidal
phase currents using relatively small filter elements, at the
expense of fully controlled switches and a high switching Input converter design options
frequency.

One advantage of series-stacked current source inverters is

Single phase vs. three phase bridges that they can be driven directly from a medium voltage
distribution bus. If a three-phase AC bus is used, then a

Most long-stator I..SM propulsion systems designed to date phase-controlled converter (either 6 or 12 pulse) can be used.
have used 3 phase stator windings, connected in a wye If allowed, regeneration can be provided by running the
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to be rated for the full 30 kV bus voltage. Alternatively, a
converter can be used which provides a positive output

_ooo voltage, but can reverse the !ink current to regenerate power.
g" 3000 This technique allows the simpler chopper implementation of

. _000 Fig. 8, but requires bidirectional switch implementations in

,000 the inverter. The selection between these two approaches is> 0 fundamentally an economic one. In either case, fault
tolerance and performance of the chopper can be improved

. -1000 using interleaving of multiple converters [7], [24].
_ -2000

-_-3ooo i ECONOMIC ISSUES
-4000o.2_6o.i3s o.h o.i,2 o.i4_ o.i,6 o.i4s o.2s

time (Sac) Consider the pricing of industrial variable speed drives.
Typically, companies manufacture standard "off the shelf"
drives up through the 400-600 Horsepower range, while

ID¢_.- vt1 --vK ] drives above this range are usually made to order. Most
standard lower power units are of the PWM voltage-source

Fig. 5 Simuhtzd behavior of the QSW C$I of Fig. 3 type, employing various devices from transistor arrays to
GTO's. Higher power drives (1000-10000 HP) are typically
of the current-source type, either of the classic ASCI QSW
type or the recent GTO-based PWM variety. (One exception
to this is in the transportation industry, where weight and
volume are often important.) Information from high power

,ooo drives manufacturers indicate that a value of -.-75-125 $/kVA

g. 3000 is a reasonable figure for industrial power inverters at the
. _ooo few megawatt level. Below a few hundred kVA, the price to

_, 1ooo power ratio increases due to fixed costs, and may increase
o above the 10 MVA level as well due to the lack of a large
:_ 0 market.
. -1o00

: An important observation is that the power switching
o -=ooo devices often contribute to only about 5 or 10 % of the total
-_-3ooo cost. Three-phase transformers alone are estimated to cost

-4ooo on the order of $20/kVA, and may therefore be a sizeable
0.,s 0.,'e20.,'s40.1'a60.,'es o.i_ 0.1'920.,'940. 96 fraction of the cost of an inverter station. Energy storage

Hme(s,_) elements, control, heat removal equipment, and skilled labor
can also represent a sizeable fraction of the cost. Thus,

[D _. _ vc ] while it is considered that a factor of 2 to 3 reduction in cost
may be possible via economies of scale, it is not clear that a
factor of 10 reduction is possible.

Fig. 6 Simulated behavior of the PWM CSI of Fig. 4

CONCLUSION

converter in the inversion region, while maintaining a
positive link current. Drive requirements for linear synchronous motor

Alternatively, the series-stacked CSI architecture can be propulsion systems have been described, and the potential
driven through a chopper from a dc distribution bus, with an converter architectures for this application have been
attending reduction in transformer and distribationcosts. The compared. A series connection of current source converters
dc bus can be used for transmitting regenerated power from has been proposed, which makes it feasible to take power
a braking vehicle to one which needs the power. By using a directly from a medium dc voltage distribution bus through
30 kV bus, it is possible to transmit power at least 30 km, so a chopper, reducing transformer and distribution line costs.
the probability of finding a vehicle to absorb the power is Design tradeoffs for SCCSIs have also been discussed,
relatively high. The 30 kV bus could be created using including the selection between single and three-phase
separate + 15 kV and -15 kV voltages, halving the maximum topologies, QSW or PWM converters, and appropriate input
voltage to ground, converters. Finally, a brief discussion of the economics of

Regeneration can be provided in one of two manners with converter design has been presented.
this type of system. One method is to use a chopper which
can generate positive or negative output voltage, while ACKNOWLEDGEMENT
maintaining a unidirectional output current. One possible
implementation of this approach is shown in Fig. 7. The The authors wish to thank Ray Wlodyka and Frank Raposa
disadvantage of this method is that the chopper devices have of the National Maglev Initiative for their comments and
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Analytical evaluation of the influence of the armature coils distribution on the thrust
of linear synchronous motor for Maglev

Marco Trapanese
Centro Ricer(he sui Sis(crni Elettrici di Potenza - Consiglio Nazionale delle Ricer(he

cia l)ipartimento di lngegneria Elettrica - v.le delle Scienze 00128, Palermo. Italy.

Abstract - The paper deals with the role of the armature
structure on tile thrust of a superconducting linear synchro-

nous motor Ibr EI)S (EiectroDynamic Suspension) Maglev. Armature coils
Ali the coils of the motor have been analitically mtxlelled as
filiform square shaped coils. Double and single layer armatu-
re structures can be described by the mcxlel mid have been
exmnined, lt is shown that the thrust of the single layer struc-
ture is sm('K_therthan the thrust of the double layer structure.
The role of the spatial distributio'_ of the coils is "alsoexami-
ned. lt is shown that exists a cAtical dimension, which is
derived, that states the maximum dimension of the allowed

irregularitics ota the armature coils lX_sition. Irregularities, Superconducting Magnet
which are larger than this critical diilleilsion, arc shown lo Fig. 1. Slruclure of a sui_rcondut:ting synchronous IIIOIOl',

affect seriously file average thrust.

1.INTR()I)IlCTI()N ducting field coils are vertically placed on the moving train.
The armature coils are supplied by a three phase current

The thrusl of superconducting synchronous linear motor system. The superconducting magnets are used both to levita-
has unavoidable oscillation even if the time dependence of te and to ._t the excitation field. Thanks to the presence of
rite armature current is perfectly sinusoid',d. 'l'he_ moduia- the superconducting magnets the motor is an ironlcss core
tions arc generated by various causcs: tile spatial locali_tion type and this implies _, lighter vehicle. Mar(over, ii must be
of the armature coils, the imperfectly assembly, the struclurc noted that the most rt:cenl design requires a double layer

of the secondary etc. Such modulations have been widely structure fi_r the armature coils.
investigated with numerical techniques [1-31, but there is still Under the hypotheses to substitute tile objectivc slructurc
a lack of analytical investigation, which could allow to focus of the coils with square shaped coils it is possible to develop
the role of each machine par,'uneters on this phenomenon. III an analytical model of tile motor which takcs into account tile
this paper an analytical model of linear synchnmous motor finite thickness of the coils 141. This model can bc fur(bcr on
for EI)S (l?icctroDynamic Suspension) Maglev system is simplified if one wishes to investigate only thc propulsion
tntr((Iu(cd. Such a m_xlel allows to estimate the thrust ascii- force, because it has been shown 141 that the finite thickness

la(ions and to get some insights on the influence of the anna- of the coils slightly affects the field calculation. Mar(over in
turc coils clistribution on tile ai'xwc mentioned oscillations, order to calculate the propulsion force only the field produ-

ced by the vertical sides of a race track coil musL bc taken
!1. SIMPI1FIF.i) M()I)EI. ()F SYNCIIR()N()[1S MOTOR FOR MAGIA:V into account, l:rom these considerations ii lbllows thai the

model shown in Fig. 2 will be used to describe thc real
The fundamental structure of tile superconducting linear motor. In this figure the series of coils of lhfitc thickness h_L'_

synchronous motor fftf FDS syslem is shown in Fig. !. In been replaced by a series of filifonn coils. The coils ;uc s_,_-
the motor tile field coils and tile armature coils have race po_d to be supplied by a three phase system of sinusoidal
track configuration, lt can bc seen that the armature coils arc current. 'File side AB is the vertical side of an ;u-malure coil

vertically installed on tile side walls and that the super(on- and is long L. The pole pitch is 3d and each coil is SUl_poscd
Manuscript received March 22, 1991.This work wa._ suppler(cd m part to be 3d horizontally long. Froln Fig. 3 ii C_tll bc als_ SCCli

by MURST.
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law the x component of the flux density generated by the ver-

tical sides of the coil must be calculated. In t:ig.3 a. cross sec-

tion of the armature coils arrangement of Fig.2 is shown. The

field generated by one vertical side of the generic phase coil

can be obtained with the usual expression for file field gene-
rated by a filifonn conductor of finite length:

A

B(x,y,z,xo, Yo)= PO I ×
4rr f(X_XO }2+(y.yo)2

Ii2 +z 4

B x (4(x.xo)2 + (y.yo)2 + (l./2+z) 2

L ld2-z )

+ /(X.Xo)2+ly.yo)2+(L/2_z}2 (1)
Fig. 2.Simplified model of synchronous motor for Ma#ev.

that the armature is supposed to be infinitely long and that
the moving magnet consists of one coil. where the coordinates of the middle point of the vertical side

are x = x0, y = Y0 and z = 0. L is the length of tile vertit.al side

of the armature, _ the vacuum penneabiiity, x,y and z arc

III. TIlE MAGNETIC FIELD GENERATED BY TIlE ARMATURE the coordinates of the point where the field is calculated. The

con.s, direction of the field is orthogonal to the plane identifi_ by
the vertical side and the vector which connects its middle

In order to calculate the propulsion force from Laplace's point and the point (x,y,z). I is the peak value of the sinusoi-

', dal current which flows in the generic phase. The equation
O , (1) can be specialised to a particuh'u" pha:-;e specil'ying to

, which phase the conductor belongs: that is equivalent te spe-

'_' b ,=,_,y,z,t,_o,yo) cify the coordinate xo,yo and the current phase angle _. TheO / V
,. y coordinate of the vertical side of the i-rh coil can be expres-

sed as:

I Yier= Yoer+ 6di (2).

(x y)

, h,

i " Where i indicates the number of coil and can span from

l _ to + ,,o, e can be equal to + 1 or -1 and indicates respecti-
vely the front and back vertical side, f indicates the phase and

ii c s  f omm
In table 1 the c_mrdinates of the O-th coil and the ph_Lse angle

O a_ of each phase are shown.

,,_,,

"FABLEi
{_ Coordinalesof O-rhArmaturecoil andcurrentphaseangle
', Phase X0 Yol, Yd.e •
I, V f=l _ 1.5d. -i.5d 0

IJ f=2 -a/2 3.5d, 0.5,t -2K/3W f=3 -a/2 -0.5d, -3.5d 2 rr.l:t

l:ig, 3. Cross section of arrangment of coils shown in Fig. 2
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synchronous speexl, the y c(_)rdinatc of the front end vertical
The Yo column gives the c_×_rdinate of the front and the side can be expressed as:

back end of tile armalure coils. In the phase column the

indexes whicli identify each phase in the mathematical Y = Ys+ v._t (6)
expression arc explicitly given.

lt must bc noted that in order to take inlo account the where Ys is the position at t=0 and vs is the synchronous
double layer structure of the armature the Xe coo_ 4;','_e of
the i-lh coils is given by: .... speed. The x coordinate is assumed to be

Xfi= X0f(-1)i (3), X= X_ (7).

The propulsion force can be calculated substituting (6) andMoreover, it is important to note that the expression rate
(7) into (5) and using Laplace's law, which in the ca_c ui_der

brackets in (1) represents the correction introduced from the
study assumes the following form:

fact that the vertical side has a finite length. To obtain the x
comlx.)nent (which is the component needed to calculate the

propulsion lorce) of the field produced in a generic point x,y /. L_¢._

by a single _mnature coil, the superposition principle can be Fy(x,y,t) = / Bx(x,y,z,t) isdz (8)
used. lt must be stressed that the current is positive on one .,-L_¢:
side of the coil and negative on the olher. Fig. 3 shows a geo-
metrical sketch of the coils location, lt follows that the x where ts is the current in tile superconducting coil and I.., is

comlxment cml be cxpres.,,;edas: the length of the vertical side of the superconducting coil. Bx

is given at (5). Inserting (5) into (8) and exchanging lhc sum
] with the integrals it follows: .r_

Bxfi(x,y,z) = _ -e B(x,y,z,xif, yief) Y - Yief (4)

where ali syml_)ls have been already defined. The multiplica- e=l;i=,,_:f=3

tion by c in (4) lakes into account file fact that tile sign of F_(x,y,t) = _ -e Y -Yicf is x
current in the from side is opix)site to that (;ne in the back _/(x xif)2 +(y Yief)2
side The ratio that multiplies the magnetic field represents e=-l;i=-o,_,f=l - "

the sin of angle or, which is scx_nin Fig.3

The x comimu_ent of the field which is generated by ali [Ls/2

coils of the three phase system c_m be derived sumxning (4) x 2/ B(x,y,z,xif, Yief)dz. sin((t_ +q_u) (9)
over ali coils and ali phases, lt is convenient also to insert the J-Ls/2
time dependence of the current. 'lhen the x component of _e
field is:

where the factor lwo describes the fact that the ln)lll and

e=l;t=_,,,;f=3 tile back end of the superconducting coil give a contribution
Bx(x.y.z._) = _ -e B(x,y.z,xtf,yief) × tOthe lolal propulsion fl)rce

,.--._;i=-_:t=_ Each integral contained in (9) presents tile following form:
x Y" y;':f sin(mt+ CPu) (5)

fix- _,? +(y-y,_

C= tld ! x

-1, 4rr 1/_S0}2 + (y.yo) 2when.' lhc sin factor _,:d<csinto account the lime dependence

of the field and is generated by tile time dependence of the l J2 + z×( +

three phase currcnt system, co is 0_c supply frcqucncy, t is _/ix_xo_.+ (y_yo}2+(iJ2+z)2lhc time variable.

+ Ii2 - z )dz

II1.Til!"PR()PIri2,;IONi.()R(,!.." 4(x.x0 }2+ (y.y0)2 +{l./2_z)2 (1()).

Such an integral can tx'. ca.sily i_rfonncd alld lhc result is:
SuPlx)sing that tile superconducting magnet is travelling al
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IN)

25OOO

C =2(_/(x- xif)2 + (y-yief) 2+(L/2+L_/2)2 + 2oooo

- _(x- xif)2 +(y-yief)2"_L/2-Ld2)2 ) (11)

Notice that (11) becomes simply equal to L_ in tile case of ,oooo

infinite length of vertical sides of the armature coils.

Substituting (11), (6) and (7) in (9) one finds that the propul- 5000
sion is:

0 0 1 ;

O.OOE. OO 1.00E-OI 2 .O01:-O1 3.00E-01
Time (11

Fx(X,y,t) =
Fig. 5. Instantaneous thrust vs. time ina double layered structure

e=l ;i=**;f=3

= _-_--isl _ - 2e Ys + Vst - Yief x TABLE I1
4_ e=-l;i=-o*;f=l (Xs-Xif)2 "_Ys+Vst -Yief)2 NUMERICALPARAMETERSUSEDTOOBTAINNUMERICALRESULTS

' Arn_t'iJrecoils' :_uperconducffngCOli

d = 0.43m Yo = 0.0
x C. sin(_ + (Pu) vei = 100mis xs =0.2m

(12) L = 0.6m Ls= 0.5m
I = 48kAt Is = 700 kAt
a = 0.05 m (in the double

Equation (12) can be used to compare the time dependen- layercase)
ce of the propulsion force in the single and double layered

structure. Fig. 4 shows the time dependence in the case of a IV. THE INFLUENCE OF ARMATURE COILS DISTRIBUTION ON
single layer structure. Fig.5 refers to double layered structure THRUST

is adopted. The parameter used to obtain the numerical
results are shown in table II. lt can be seen that the double A. The average thrust

layered structure presents stronger thrust oscillation.
In order to get the role of armature coils distribution on

thrust, it is useful to calculate the average thrust that can be
defined as:

T= lim 1 F(x,y,t) dt (13)
tNb T _..T .1.T25OO0

_oooo To simplify the integration it is possible to assume

L >> Ls (14).
15000

With this assumption (12) becomes:
_ ,oooo

_,ooo Fx(x,y,t ) =_--_--4slLsx

e=l ;i=**;f=3
o t i • : Ys +vst "Yief

ooo_.oo ,o_o, 2oot.o, 3.ooFol x ,T_, [-e ,sin(_ + q)f)] (15)
r,,,, ,,, e=-I ;i=-oo;f=l (xs-xif)2 +{Ys+ Vst-Yief) 2

Fig.4. Instanta,eous thrust vs. time in a single layered structure
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lt c_ul be seen from (13) that to have a non null average pitcli is not constant file sum on i iii (18) rous! ix,' carefully

thrust tile integral of F(x,y,z,t) on t must be proix}rtional to T examined. This lenn can be expressed iu this way:
(i.e. divergent wlmn T gc_es to infinity). As a result it is tree-

resting to study the integrals in (13) and ii can be easily
shown thai result is [51 ' = +_"

(exp(j (°6di))=

Fx(x,y,t) cit =btOisll_s ×
•,-, n = y, i5(6di-y) (cxp(i t0._y)) dy=

i=-,_, V S

e=l;i=,,o;f=3

x Y_ i-e...L cos(q)f_5.__(ys.Yic())] _"" i=+_

e=-l;i=-*,,;f=l vs vs (16). = )__ y_ 8(6di-y) (exp(j _-_--y))dy (20)
i = -_, VS

The summation on e can be performed in (16) and it gives: where the 8s are i)irac's functions. Their sum is tile density

of the probability of the Ix_sition of tile coils when lhc ideal

,,,. ,set of coil positions is obtained iii tile assembly phase. Such

I Fx(x,y,t) an interpretation allow to mixlel any deviation of the coil=-_-_OisI! ,dt X

Ix)sition replacing tile ideal distribulion (which consists of a

i=_,;f=3 set of I)irac's functions) with a distribution density suitable

x Z 2---sin (--_yol( - y0-tt)) x to describe the real situation.
Vs 2V si=-,,,,;f= 1

_Tysto +k_4Xliv,_+ _.'(v°l( + yo.lt)) (! 7) B. Some examples of lh,, roh, of. armature coils distribution
× lnKcxp(j(_u -

Otl thrust.

The equation (18) is suitable to _uudyse tile role of anna-

l_uation (17) can bc rewritten as: lure coils distribution on Ihrust, Iii reld systems tile armature

coils distribution call presents many kinds of defects:

.... Fx(x,y,t) dt=___l.sil,s 3 2___in(---_Y0lt- y0-1t))x (i) kx:alised deviation of the coil froul tile ideal Ix_sitionrt " f=i vs 2vs because of errors in the assembly stage, tempcralure effects,
weather effects and so on;

xim(cxp(j(tpf- _-ys + c° (yoll + yo-lf)) xvs (ii) long range alteration of the IX_Ic pitch duc lo assembly
i=,,_ em}rs.

x y_ (cxp(j _.-_¢_tiI) (lg) A localised deviation from the ideal position can he

i= -,-, vs mt_clled assuming thai tile distribution of the [x)sition of the

i-lh coils is a gaussi_m distribution which has (xli as avcmgc
where the dependence on i Ims been sep_mated from thai on f. and o as st_mdard deviation. This means tirol in order to cai-

Equation (18) gives the average thrust but in order to get culate the average thrusl tim following expression must bc
more information on tile role of tile coils distribution some considered

more manipulation on tile sum on i is needed. Moreover, tile

only way to gel ml average thrust different from zero is to

make infinite the sum Oil i iii (18). [ Ill(lCr tile assumption thai exl ()di-}'_1 (cxp(j LO_y)) dy (21)
the ix}le pitch is perfectly constant and equal to 3d, it means i...... v.,
Io have:

v._= 3t,x_.___!!
rt (19) (A is the normalisation const_mt) instead of tile one expressed

in (20). E'quation (21) can be easily calculated and gives:

which is the usual synchronism condition. When the IX)lc
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force of this model it is found that:

i=+_ f_,_.,j6di_y_2 -the thrust oscil 'lation of the double layered armature are
i=-_, bigger than the ones of the single layer structure:

-theresultsof sucha simplified model qualitatively agrees
i=+_, _:..,_.,_ _.. with numerical and experimental analyses from other

= y_ explJ-.--_--_|eXl_- t° al (22). authors; this implies that the model can be used to understand
i=-_ -_ Vs t _ 4Vs ! the various aspects of the working condition of the synchro-

nous motor;
As regards the role of the distribution of the armature

The equation (22) gives the same result of (20) multiplied coils:
by an exponential factor. The exponential factor in (22) -it has been shown that short range irregularities do not
when: affect the average thrust;

-it has been derived that the length that can be used to
define the short range is the pole pitch;

-it has been shown that long range in'egularities strongly
too>> 1 =_ 0>> 4 Vs=26d (23) reduce the thrust.4rs to
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Abstract - On the threshold of the first maglev demonstration 2. SAFETY ASSESSMENT OF RELEVANT
project TOV's safety experts have successfully completed in SUBSYSTEMS AND COMPONENTS
the recent years the safety assessment of relevant subsystems
and components which may be regarded as prototypes for a In the past four years T(JV's experts have successfully
revenue application of TRANSRAPID. Safety and reliability completed the safety assessment of relevant TVE subsystems
of the specific maglev properties such as contact-free and components which - on the threshold of the first maglev
levitation, guidance, propulsion, and braking (key functions demonstration project - may be regarded as prototypes for a
of maglev technology) have been successfully approved, revenue application of maglev.

During test operation on TVE problems due to the stator These items comprise a complete new vehicle (two-car
mountings became obvious which could affect the guideway trainset), the TR 07, the OCS (.Qperational Control System)
safety. The way to face the problems and to re-establish the to operate the TR 07, guideway components and the
operational safety of the guideway is shown, operational safety of the entire system.

1. INTRODUCTION 2.1 The Maglev Vehicle TR 07 (Fig. 1)

In Germany, each transportation system must be examined Of course the vehicle was and is in the centre of attention of
and certified prior to operation by an independent ali development and safety assessment activities as the
organization in order to get release by the competent levitation and guidance system may be looked upon as the
supervisory authorities. "heart" or "key" component of maglev technology.

TUV Rheinland - together with T0V Hannover - is the Following the safety goals met with the vehicle TR 06 the
responsible organization for safety certification of the vehicle TR 07 should provide passengers and employees with
TRANSRAPID maglev system opera.ting at the TVE test the highest practical level of safety. This means that in an
facility. The process applied by TUV Rheinland when emergency the TR 07 will no more stop at any spot along the
achieving the overall TVE safety is called PASC (_rogram guideway (like TR 06), but is required to reach a station or
Accompanying Safety Certification). designated stopping piace.

TI3V Rheinland's work comprises study and approval of This approach leads to fundamental system requirements
safety proofs submitted by the developers/manufacturers or concerning a maglev vehicle with regard to the rescue
operator of TVE, completed by acceptance tests on strategy; the resulting properties are
laboratory and/or manufacturers' plant level and/or TVE
level.

Since more than a decade, TI_IV Rheinland is involved in the

safety certification of maglev technology of the _:_

TRANSRAPID type. In a series of reports addressing high
speed maglev safety [1, 2, 3] this report addresses the work
of the safety experts within the past four years on the
threshold of the first maglev demonstration project. In the
same time safety requirement goals covering specific maglev
system properties were established that must be met by the
maglev system developer [4].

Manuscript received March 15, 1993. This work was supported in
part by the German Federal Ministry of Research and Technology
under Grant No. TV 9106.

Fig.1 TRANSRAPID 07 on TVE elevated guideway
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safe hovering The requirements of the stresses in all mechanical and
programmed braking pneumatic parts to control the vertical, lateral, and roll
fire protection, motions of the vehicle under ali loading conditions are met.

Before discussing the requirements on system level and how 3) Levitation/Guidance System:- Mechanics

they are met, the requirements on the maglev vehicle The magnets are connected to the levitation frames by
component level shall be discussed in detail, means of primary suspension and links. Especially the

levitation magnets are connected together like a chain
2.1.1 Vehicle Components with hinged supports; at these hinge points the skids and

tile pneumatic springs of the secondary suspension are

The following items of the vehicle were identified to be allocated.
safety relevant, and were reviewed on behalf of the safety In each car of TR 07 two opposite guidance magnets are
assessment: replaced by the eddy current brake magnets.

The requirements of the stresses in all structural parts

1) Car Body (strength analysis; side/end doors; vehicle rh.der ali loading conditions and abnormal operatiohs are
couplers; interior materials (fire performance); glazing met.

materials (car end)) Electrical/Electronic Equipment

2) Secondary Suspension (load assumptions; strength analysis) o Magnet or Gap Control Circuit (basic unit of the
modular-oriented design of the levitation/guidance

3) Levitation/Guidance System system)
Mechanics (load assumptions; strength analysis; There was an extensive testing on the components of
supporting skids) the gap control circuit as their proper function and
Electrical/Electronic Equipment (safety devices in the behaviour under ali normal and abnormal operations
magnet control circuit; eddy current brake) determine predominantly the safety of vehicle and

passengers.

4) On-Board Energy System (batteries; outside power feed; Among the components of the gap control circuit -
linear generator feed; electrical safety; energy distribution; chopper with safety properties, controller, gap sensor
wiring) system, limitation of magnetic forces versus gap,

magnet with coils - the chopper, the gap sensor and

5) On-Board Control System (on-board control inclusive door the magnetic force limitation device must meet
and levitation/guidance control; hinge point control) special safety requirements to ensure contact - free

operation especially between levitation magnets and
the stator packs of the guideway with the exception of

The main results of the safety assessment are outlined briefly, rare events with permissible loads.
To ensure safe hovering, the levitation/guidance

1) Car Body: function can be safeguarded by a large number of the
The requirements of the stresses in the structural parts under aforementioned autonomous, decentralized units (64
ali loading conditions and abnormal operations (e. g. levitation and 48 guidance gap control circuits).
emergency braking), of the end doors to function as fire Considering the maximum conceivable number of
walls are met. failed units (due to faulty units, loss of some power
The requirements of the side doors and their control in supply) the overall levitation/guidance function will
accordance with the requirements of ICE-doors, of the be maintained (see Fig. 2).
glazing materials (car end) in accordance with DB The requirements of ensuring contact-free operation
requirements for high speed trains are met. by the single unit and of the system property "safe

hovering" are met as well.
Requirements of fittings and linings in the passenger

compartment: _ _'

Due to a revenue application-oriented rescue strategy the _ _ _ _ _ _ _ , ,,x ,,[_s__j ,[_sU_jd]B
criterion for the assessment of fire behaviour with regard to ,. ,,_ 2- _ _ _....... _ 5,_ s,_ ,- °._ ...... ,. ,,_

avoidance of corrosive and toxic decomposition products (_ _ __ _r-_n_ _ _

increased resp. additional requirements of density and _ ° _
composition of smoke gases and of heat release

have been increased. _
itr. 1tA _LL _tll _tt 3t_ ,ttr *tA Str _tR 0Lt 0t_l /tr 7tri 8tr 8LR

The guidelines for material selection are the recently __
81 1 [

established fire protection requirements of passenger or .1 , ] _ _ _-_--r-z_-J---- II,q

crew compartments for aircraft. _. ,_ ,_ ...._. at a_t'wt r.onv.rct ctrcutt _ - _vttett_ c_p_r _ - Ill-eh. m_,ltf,oi _ntul tzt,ol_ r Brlkl, ct,,w_,,ir,
- r

I_t_ I_.t N Ste_-up af_.t_tra _alter

As to the TR 07 the requirements are met. _"..... ,_, .....

2) Secondary Suspen;sion: Fig. 2 TR 07, allocation (schematic, one car) of magnet control
(connection of car body to the levitation frames) circuits with levitation choppers and power networks
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o Eddy Current Brake separated, and allocated in the car body underneath the
The TR 06 skid brake system turned out .a be un- passenger compartment.
suitable for a revenue application, so for the TR 07 a
maglev adequate, no - contact secondary (emergency) Electrical connections in critical areas and in areas with key
brake system with safety properties was designed and functions are executed in ground fault - and short circuit-
realized, which acts on the lateral guidance rail. proof cabling.
This brake decelerates the vehicle safely from h/ghest The cables and lines are halogen-free and time-resistant.
speed:, below a pre-set threshold velocity (about 120- Preserv_ien of function under a 3-hour flame effect is
110 km/h), then there is a transition to a skid brake given. The n,_*..xinmmvoltage for operating equipment in the
system up to standstill of the vehicle. This is due to passe-.gcr _,_',dcrew compartment is 24 VDC.
l_s of effectiveness of the eddy current brake at low The requirements of the on-board energy system with due
spe,-ds, regard to safe hovering and fL,,eprotection are met.
As to a revenue application vehicle the skid brake
system will be activated at 10 kn_. 5) On-Board Control System:
The eddy current brake consists of eight autonomous, The on-board control mainly serves to control and monitor
decentralized braking circuits with regard to activation the levitation/guidance system and the doors. It receives ali
and connection to the on-board power supply. The commands from the vehicle-based safety computer (see later
brake must be activated safely, if there is a failure in on, OCS) where ali safety-relevant functions oZ the TR 07
the primary (propulsion) brake system. In a wide are concentrated.
speed range deceleration rates similar to the prcpul- The on-board control transmits the levitation and set-down
sion brake must be achieved (about 1 m/s 2, see commands to the levitation/guidance system. To avoid set-
Fig. 3). down commands untimely or due to a failure during running
The single brake circuit must be specially qualified operation at high speed, the set-down command is
and reliable. In the event of a failure there is no pre- interlocked in each gap control unit unless vehicle speed is
ferred direction. To realize the overall safety prop- below a pre-set threshold velocity (see also eddy current
erties of the eddy current brake the principles of re- brake, transition to skid brake). The speed signal is
dundancy and failure-t )lerant behaviour must be generated independently in each gap control unit.
applied. The eddy current brake has properties of an The hinge point control disables partly the pneumatic spring
active system, over the hinge point in case of failure of one adjacent gap
Six out of eight circuits (loss of two redundancies) control unit. Should both adjacent units fail, then the spring
determine the safety relevant braking distance, is completely disabled. In this case, skid-to-guideway
The eddy current brake is directly controlled by the contact of individual skids is possible at any speed,
OCS. After extensive testing it can be stated that the However, this is a permissible abnormal operation.
requirements of a maglev adequate secondary brake The requirements of the on-board control system with due
system are met. regard to safe hovering aremet.

4) On-Board Energy System: 2.1.2 System Properties
There was an extensive testing as weil, because on the one
hand high fire protection requirements, on the other hand Remarkable features of a revenue application-oriented rescue
functional requirements with due regard to safe hovering strategy for high speed maglev vehicles are
and supply of safety relevant sinks had to be met.

For this purpose, the TR 07 has eight battery-buffered 440 increased fire protection requirements and
VDC-networks and eight battery-buffered 24 VDC-net-
works for safety relevant sinks (four per car). The networks
are mutually independent, electrically/mechanically safely ability of programmed braking (emergency stop no

more possible at any spot of the guideway),

1.s ' ' ' ' --_ , , because vehicles will operate on guideway sections without
, safety areas. The necessary technical prerequisite is "safe

1.2 /__2 hovering" - the property that defines the system and has
3 consequences for almost ali subsystems,

- "Safe hovering" characterizes the property of the high-speed
o.s maglev train of being able to maintain its levitation function

s ,t, even in the event of the maximum conceivable breakdown

_ _._, o_ of .,,,_ _,_-,,,_, and/or emergency at least to such an extent that limited and
s o., 3 s,.,_ of .,_ _,_,,_ short-term continued operation is possible to reach the next
'_ station or designated stopping piace.

Thus, the levitation function must have a safe life, since there
o ' _ ' -_ J ' J is no reliable failure direction for this as a whole.

O 60 lL>O "" " 1,40 300 360 420

v,t.._. _ _,_ This safe hovering is achieved by the so-called active vehicle

subsystems levitation/guidance and on-board energy supply
Fig.3 Braking characteristics of TR 07 eddy current brake with a structure of autonomous, decentralized and redundant

(resuhofTOV acceptance tests) units with failure-tolerant behaviour; energy needs are

388



covered from vehicle motion-starting at a speed of about 100
km/h-by way of linear generators. This ensures safe hovering .... ---___
even without active propulsion, i. e. with sufficient motion
energy. In addition, interlocking of the set-down command in
each gap control unit (see above) contributes to safe
hovering.
The increased fire protection requirements are met by __o
appropriate material selection for the interior of the
comparLment and by tile energy supply safety mP._k_Ul'eS. The

compartment does not contribute to f'tre propagation; one car
is considered a fire segment. In an emergency, passengers Fig. 4 Stator mountings for the double-span steel prototype girder
must move to the adjacent car. The end doors (escape route) (cold redundancy, schematic)
have an approval of at least 30-minute fire barrier so that
there is enough time for rescue. The occurrence of a system- Upon failure of the first branch there is a vertical drop of the
inherent fire in the car body underneath the passenger stator of max. 2 mm. This deviation of the stator functional
compartment is unlikely, surface is permissible for the levitation function, but
TRANSRAPID vehicles are provided with two braking measures for detection are required.
systems of different principle which are conu'olled by the For this purpose an on-board measuring system to monitor
OCS. This ensures programmed braking with both types of the stator pack functional surface integrity has been
brakes. Under normal conditions braking will lust act on the developed, based on the principle of gap sensoring of the
propulsion (thrust reversal); if a failure occurs or under levitation system. Data of the guideway as projected are
abnormal operations the eddy current brake must provide the collected and stored in the measuring system as reference
necess_y deceleration, data. With the existing measuring system there is an off-line

comparison between reference data and measured data
The fire protection and programmed braking requirements collected during a test run with TR 07 (e.g. at the end of daily
with due regard to the successfully achieved property "safe operation).
hovering" have been met. There is an online measuring system underway which allows

the aforementioned comparison during each test run. Basic
2.1.3 Summery TR 07 requirement is the reliable detection of a surface failure; a

system malfunction shall be detected safely.
Based on its design, concept and the submitted safety proofs
the TR 07 has got release for operation on TVE. The lt can be stated that the requirements of a safely operable
operational safety is ensured up to maximum speed on TVE guideway can be met by means of redundant, failure-tolerant
(up to now 436 km/h), lt can be stated that safety and stator mountings together with a stator surface measuring
reliability of the specific properties such as contact-free system.
levitation, guidance, propulsion and braking ("key" functions
of maglev technology) have been successfully approved. In 2.3 Operational Control System (OCS)
addition, T0V Rheinland's experts continue safety
certification through an ongoing test program on the TVE test Though the actual OCS to run the TR 07 on TVE is a subset
facili;y, of a future maglev revenue application OCS (one power

substation, one trainset, single-track guideway), it has been
2.2 Guideway components designed as a complete system. The use of modular vehicle -

and wayside-based components in hard- and software
There is made a distinction between the structural parts technology of future OCS's is a common concern; standard
(guideway girders etc.) of the guideway and the guideway safety computers of the wheel-on-rail technology are applied.
equipment (stator packs and their mountings etc.). The To make use of the efficiency of maglev, speed and location
structural parts must meet the local construction code, informations must be generated to ensure best utilization of
whereas the equipment is considered maglev specific, speed and brake profiles. Due to the guideway-oriented

propulsion system the components must be split up in mobile
For the new double-span concrete and steel prototype girders (vehicle -based) and stationary (wayside-based) components
in the channel track a new type of stator pack mountings was for purposes of vehicle control and _fety. There is a need for
dcsigncd (due to problems with guideway integrity chapter 3 safe data links to and from the vehicle; the OCS utilizes a 40
gives attention to the stator mountings). GHz radio link system (see Fig. 5).
The property of these mountings is a design that does not The basic safety objectives of TVE OCS are to provide a safe
threaten overall operation in the event of failure of one switch travel when running through the northern and
component. The solution is "cold redundancy" where the load southern loop, to supervise the speed profile, to provide
is supported by one of two branches. If the Iu'st (operational) programmed braking (either with the propulsion or the
branch fails the load is supported by the second (redundant) vehicle brake system), and .safe propulsion shut-off when the
branch for continuous safe but limited operation (,see Fig. 4). vehicle brake is activated.
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.............. connecting the stator packs to the guideway girders (stator

................ l L .... I will be highlighted:

l they react with the levitation magnets, their bottom surface is
the functional surface for the gap control circuit

[-_.7.-L-,.j"_._'-'_ _I7-,_,-----S_7-1_. they produce the travelling magnetic field for the propulsion,
L_--___f_fl/<'-" _----q-7--'- -L-J__,,,,,,,<,,,,,i ._ _ and provide vehicle power through induction for the linear

t_--_;_--' _-----7_ ....._---'t generators'*'_ "'---- by way of four fastening points per stator pack ali loads

__- _ _-_--.Z-]- ofgeneratedby the vehicleareintroducodintothe smicturalpartStheguideway.The latter elements arc vertically allocated, prestressedscrew
bolts.

Fig. 5 TVE operational c.,_ntrolsystem (schematic)
These elements are the deciding factor for the positional

T0V Rheinland's part is certification of the TVE OCS safety safety of the stator packs (that means guideway geometry)
properties. Key component is a 2 x 3 standard computer of and - as far as the failure tolerance of the vehicle against
railway signalling systems to provide vehicle, wayside, and vertical deviations of stator packs has not been approved - of
communication links safety, high safety concern (see Fig. 6).
The following items are in the process of certification:

Experiences gained with the design of the stator mountings in
1) Vehicle - based systems (safety computer specification; the recent years showed the following:

hardwareconfiguration,maglev-specific hardware;location;
eddy current brake control; supply of OCS components; due to thebig numberof statorpacks (TVE: about 2000per km)
source code (application software); executablecode) materialand mounting defects cannot be reliably excluded

2) Wayside • based systems (safety computer specification; the design with due regard to the stator packs and to the
hardware configuration; propulsion shut-off and switch guideway structureis similar to a rigid frame
control; sourcecode (application software);executablecode; stress values in the bolts gained by testing show dynamic
input equipment (central operator'sdesk)) portions of about 30 % of the static or mean value; the

3) Communication links (safety computer specification; hard- frequency is determined hy the levitation magnet - even pole -
ware configuration, maglev-specific hardware; source code division and ,..hevehicle speed
(application software); executable code; safe data links due to the rigidness of design there are distinctive eigenvalues
procedure) due to vehicle speed (e. g. northern guideway loop type

concrete: about 200 km/h; see Fig. 7, TR 07 test run).

As to the status of certification process the safety proofs have thestresses aremore unfavourable than the load assumptions the
been submitted and studied. Adequate hardware and software original design was submitted to (number of load cycles;
validation and verification procedures are utilized. The check amplitudes in case of resonance frequency)

of the source code versus the specification serves to prove the The result is that the planned behaviour of the stator packcorrectness of the code. By checking the spe_:ification versus mountings is not maintained, as critical deviations of stator
the computer environment and TVE system requirements the packs due to failure of one mounting axle cannot be
validity is proved, lt is emphasized that the computer excluded.
specifications are powerful documents within the safety

proof.Further within the OCS ' "I /_ L_lt: ' "'tt_"'_f/__.v/__ :_ "_i;'!i "

steps safety proof are the acceptance _.'f//_ :;'t ! t,4/

year safety test operation with minimum requirements of " : ! . _.

daily OCS test rides and covered distance; safety critical ' _'-_"-:_ >""-_'_' "_"" I_. "
failures are not admitted. ,,-,-,-,,-----tt711 "_ '_'_ liP, <,_.....
If ali steps of the safety proof have been successfully ..... _1_ Ja _ ....
achieved, there will be release for operation of TR 07 under _1 ....: :_ ._

full control of the OCS (scheduled in autumn 1993). L__ _:::_____ _1_.::._

3. GUIDEWAY INTEGRITY LT__

In the recent years the guideway tucned out to be of major Fig. 6 Stator mountings TVE concrete guideway northern loop
concern; not the structural parts, but the elements for (one mountingaxle)
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Th,_._,: facts led to permanent guideway inspections, to The two methods provide advantages in the safety as-
closing of guideway sections up to change of mounting sessment of stator mountings; due to the aforementioned
elements in guideway sections. Therefore the operable procedures they are no more safety relevant; failures are
guideway and the chance of test and visitor rides were permissible. Requirements of mounting elements are shifted
subject to considerable restrictions, from safety to reliability requirements.

To solve the problems intensive r&d effort is made for new According to method 2), the strategy to achieve a safely
design concepts. Two methods are pursued: operable guideway is based on the following three pillars:

1 ) Wayside-based modification of the mountings so that a - collision-tolerant vehicle
critical vertical deviation of a stator pack earl be excluded (a

critical deviation could lead to a collision with a levitation - limitation of stator deviation with additional mountings
magnet) ("simple" ,'_r "quick" redundancy) to a maximum critical
This solution is called "cold redundancy with on-board value (aN,ut 15 mm)failure detection" and has been undertaken on the double-

span prototype girders (see 2.2, Guideway Components).
The requirements of construction due to the small deviation - on-board failure detection to monitor the stator geometry
gap are still considerable (e.g. maintenance procedures).

This strategy will be implemented in a guideway section in
2) Vehicle-based modification to ensure collision-tolerance of spring 1993 and is in this moment reviewed by the safety

the maglev vehicle. This is - in terms of safety - the vehicle experts, precondition to operate TVE guideway as a whole.
property that a collision between a levitation magnet _,ad a
critical deviated stator pack does not endanger passengers in 4. COOPERATION TUV - FRA
the vehicle and other persons outside near the guideway;

material damage of the vehicle and the guideway is Totally independent from the aforementioned safety experts'
permissible.
Wayside-based modification of the mountings so that activities procedures for release of maglev systems with
critical deviations of the stator packs are limited to an extend electromagnetic suspension (EMS.) in the U.S. were
that collision occurs within the slopes provided at both ends developed within the cooperation TUV-FRA. In Germany,
of the magnets, these activities are sponsored by the Ministry of R&T.
The on-board failure detection may within this approach no
more considered safety-relevant. Its effect is increase of As a result of the cooperation, the German safety
availability, as collision probability decreases, requirements for high speed maglev (EMS) trains have been

translated in English language. During the next conference

"// _ _, [ there will be a report about the cooperation and the
7 requirements of high speed maglev trains.
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Fig. 7 Typical vertical stress in one of the four bolts
(TVE concrete guideway northern loop)
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Abstract - This paper deals with the analysis of the damping force in the levitation system.
vertical dynamics of an electrodynamic levitation system This paper presents a study of the vertical dynamics of
using superconducting coils and a passive damping system, a simple electrodynamic levitation system using

The vertical dynamics of the levitation system is superconducting coils and a passive damping system.
described _- the motion equation and the electromagnetic The vertical dynamics of this suspension system is
transient equations. The operation both in constant current described by the vertical motion equation and the
mode and m constant flux mode is considered, equations that represent the electromagnetic phenomena

The results show that the levitation system behaviour is due to the resulting action of the superconducting coils,different in the two operating modes and the effectiveness of
the track and the damping system.the damping system depends on its distance from the

levitation coil and its resistivity. Two mathematical models of this problem, which
The analysis can be also utilised in the design of an active differ in the approach used for describing the

control which allows the levitation system damping electromagnetic transient, are considered. One of the two
characteristics tobe improved, models is based on the partial differential equation of the

time-varying electromagnetic field, which is generatod
I. Introduction when a perturbation m vertical direction occurs. This

equation can be solved numerically by a two-
In magnetically levitated transport systems with dimensional, finite-element analysis m the space

electrodynamic suspensions (EDS-MAGLEV systems) dimension and by a time-stepping procedure m the time
the repulsive levitation is achieved by means of a dimension. In the other model the electromagnetic
magnetic force between a high magnetic field generated phenomena are represented by lumped parameter t:itcuit
by superconducting coils on the vehicle and a magnetic equations. The self- and mutual inductances of the
field due to currents induced in normal conductors or circuits are calculated as functions of the levitation

coils on the track, when the vehicle travels over it [ 1], height by a finite-element analysis of stationary magnetic
[2], [3]. fields. In both the models the vertical motion equation is

Electrodynamic suspension systems provide a stable solved by a time-stepping procedure. The lift force per
force of repulsion, but have not intrinsic damping unit length, which has to be introduced at each step in
characteristics. As persistent vertical oscillations are the motion equation, is calculated by Maxwell stresses in
unacceptable in vehicle suspension systems, some form the former model and in terms of currents and directional
of damping needs to be introduced. Apart from using a derivatives of mutual inductances in the latter.
conventional spring-damper secondary suspension As regards the superconducting coil, the operation both
system, the main damping methods are the passive m constant current mode and in constant flux mode is
damping and the active damping [4], [5], [6]. In this studied. Considering a perturbation in vertical direction,
paper the former method is studied the responses of a levitation system without damping are

In the passive method an aluminium or copper plate compared with the responses of the same system when a
acting as a shield is placed between the magnet and the damping zystem is incorporated. The results show that
track, the shield being rigidly attached to the the levitation system behaviour is sensibly different
superconducting magnet. Whenever there is a vertical according to the superconducting coil operating mode.
movement, the change in the magnetic field induces eddy Furthermore, the effectiveness of a passive damping
currents m the shield which m tum introduces some system depends on its distance from the lewtation coil

and its resistivity.
Menu.script received March 15, 1993. Ibis work was supported

b_, the ltalltm 1'1I2 Project.
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11.MODELS In Eq. 3 Ap is a column vector of nodal values of the
z-directed component A, of the magnetic vector

A cross-section of a simple levitation system, normal potential. Vector AF is related to the nodes of the
to the longitudinal motion direction, is shown in Fig. 1. triangles that lie on the line 1234 denoted with P in Fig.
In the analysis the conductors on the track are regarded 1. Ar T is the transpose of Ar and W is a square matrix
as a conducting sheet. [7].

In this paper we study the case of high-speed vehicles, The nodal values of A, the current density J in the
where the conducting sheet may be assumed to behave as superconducting coil and the flux • linking the super-
a perfect diamagnetic, so that the magnetic field does not conducting coil must satisfy the following equations
penetrate the track, obtained by the same procedure illustrated in [7], [8]

cgAp

I) ......... ,c (S +vyGp) A + Up tgt Tc J = 0 (4)
, superconducting

2 I_ 1' levitation coil Qc Ac = oi, (5)
f ........... ,

, i , V p

i.........-'_z__:,_:_:__,_ where the subscripts c and p indicate the coil and the
damperplate plate, respectively. The elements of the matrices in Eqs.

Y 3......... 4! 4 and 5 are functions of the levitation height y and,

E O eddy current layer consequently, of time t.
......................................._.............................................. Eq. 4 is the finite-element field equation and Eq. 5

conducting sheet gives the total flux linking the superconducting coil.
When the operation in constant current mode isFig. 1 - Cross-section of the levitation system

considered, the coil current density has a specified

Under the above-mentioned assumptions the boundary constant value, J=J0=const. , and in Eqs. 4 and 5 A and
represented by the line OCDEO in Fig. 1 is an • are unknown. In constant flux mode it is
equipotential line of the magnetic vector potential. ¢_=O0=const., where _o is given. In this case A and J are

The vertical motion equation may be written as the unknowns which have to be determined.
In conclusion, for a fixed operating mode, when the

dv)__L _ levitation height Yt,the vertical speed Vy,t, the vector At
m dt - Fy - mg (1) are known at time t, the quantities Vy,t+at, Yt+at, At+at

and _+at (or Jt+at) at time t+&t are given by Eqs. 1-5

dy and can be calculated with a step-by-step procedure. The

dt = Vy (2) elements of vector At are related to the nodes of the
mesh defined at time t+At and are obtained by linear

where m and Fy are the total mass and the lift force per interpolation of the known values of A in the nodes of
unit length respectively, and y is the levitation height, the mesh defined at time t.

Two different models for describing the electro- When thedamperplate is not used, Eq. 4 becomes
magnetic transient are considered. S A - Tc J = 0 (6)

A. l,teM Model B. Circuit Model

This model is described by the partial differential The damper plate is replaced by Nd short-circuited
equation of the electromagnetic field. When a two- coils having cross-section sizes so that the current
dimensional, finite-element analysis is used for solving density can be assumed uniformly distributed. This
the field equation, the lift force Fy calculated by circuit technique is particularly useful when active
Maxwell stresses may be expressed as damping systems which use a control coil are studied. In

this way the levitation system is described by a set of

1 A T W A I` (3) (Nd+l) coupled circuits.
Fy - /z0 By the principle of conservation of energy it can be
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shown that the lift force, in matrix form, is given by stationary current.

1 iT dM i (7) levitation coil
Fy = -_ dy 's/:/ , [ la

In Eq. 7 i is the colunm vector of the circuit currents at I 111213141 ' '/ ! '1_ ! i

time t and M is the self- and mutual inductance matrix, y { damping coils

The elements of matrix M are functions of*he levitation . lheight y. These elements are obtained by cubic splines ................................................................
interpolation of the self- and mutual inductance values
calculated, for different levitation heights, by a two- Fig. 2 - Cross-section of the levitation system with damping
dimensional, finite-element analysis, coils.

The electromagnetic dynamics is described by a
system of circuit equations which may be expressed, in Fig. 3 shows a plot of the flux distribution due to the
matrix form, as follows superconducting coil current.

v Ri +M di +dM= m Vy i (8)
dt dy \

" "N,\
In Eq. 8 the voltage vector v and the resistance matrix

R are given by ,_

0 Rl 0 0

0 R2 '///,!//] /0

v = ; R = (9) ---?.. ,6
dO RNd Fig. 3 - Plot of the flux distribution due to the
dt 0 0 superconducting coil, y = 0.25 m, d=O.10 m.

where @is the flux linking the superconducting coil. The self-inductance per unit length of the jth circuit is
With reference to the operation in constant current given by

mode the unknowns of Eq. 8 are the linked flux and the

currents in the damping circuits, whereas in constant Mjj -1 Nj [_
flux mode the currents in ali the (Nd + 1) circuits are ma- ij Sj J_ Aj dSj (10)known. J

Vertical dynamics can be analysed by solving Eqs. 1,
2, 7 and 8 with a step-by-step procedure, and the mutual inductance per unit length between the jth

circuit and the kth circuit is expressed by

C. Inductance Matrix Calculation
1 Nk

Is Aj dS k (1 l)
The self- and mutual inductances required in the Mkj --ij S k ,

circuit model are calculated by a two-dimensional, finite-.

element analysis. Reference is made to the geometry where Aj is the z-directed component of the vector
shown in Fig. 2 where the damper plate is replaced by potential-due to the only current ii , Ni and Si (or Nk and
Nd=4 short-circuited coils. For a given levitation height Sk) are the number of turns and'the _ross-s_ction of they and distance d between the levitation coil and the
damping coils, the vector potential distribution is jth (or kth) coil, respectively. In this way, the inductance

array can be viewed as a 3-dilnensional array Mkj h. Thedetermined supplying one circuit at a time by a
subscripts k and j identify the coupled circuits, whereas
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h identifies the discrete value of the levitation height, in

order to reduce the nmnber of elements of the inductance With reference to a suspension system having the
array, the calculation should be peiFormed for few characteristics reported in Table 1, Fig. 4 shows the self-

values of the levitation height. However, the calculated inductance of the superconducting coil (coil 5) and the
values can be opportunely interpolated to obtain mutual inductances between this coil and the damping
continuous functions, coils (coils 1, 2, 3, 4), versus the levitation height. The

plotted values are related to coils with I turn. Fig. 5
1.20 shows the self-inductance of the damping coil 1 and the

mutual inductances between this coil and the other

_-----+------_ damping coils.
1.00 ..._._-

_,H/m _ _ M_Do o n u M_t Iii. NUMERICAl, SOI,IJTIONS ANT}RESIJI.TS
O.BO AAAan M_a

00000 _I_

***** Mu The characteristics &the levitation system studied are
o.oo listed in Table I.

TABLE I
IL ....... i , , i iii i , ii I, - i i . i,

Superconducting coil
0.40

Width = 0.45 m

Cross-section = 50 mm x 80 mm (wx h)

0._.0 Rated Mmf = 600 kA
Rated levitation height = (I.25 m

Damping Coils
O.00 , _ , , • ,, , , 'o.10 0.16 0._,0 0.45 0._0 0.:_fi Number of coils = 4

Cross-section of a coil = 4(1mm x 2(1mm (w x h)
y (m) Distanced = 0.10m

Fig. 4 - Self- and mutual inductances (for 1 mm) M55, M 51 Total mass per unit length = I0.000 Kg/m
• M52, M53, M54 versus levitation height.

The numerical results shown below have been

obtained employing the circuit model. The numerical
solution of the field model is very expensive and requires

1.4o large computational time, because the system geometry
o o o o o Mat varies with time. On the other hand the lmearity of the
q _fl_P Mta

1.20 A-_-a&e Mta _ system and the use of short-circuited coils as damping
system, allows the circuit model to be properly

_.oo employed, resulting in low computational time.

jzH/m In the analysis the operation both in constant current
o.ao mode and in constant flux mode is considered, The static

lift force as function of the levitation height, for the two

operating modes, is represented m Fig. 6. The force-
0.ao height curve corresponding to constant flux mode shows

hi_er values of stiffness.
0.40 To analyse the vertical dynamics, a step of 0.05 m has

been placed in the track, so that the levitation height is
o.zo reduced from 0.25 to 0.20 m.

Fig. 7 shows the resulting responses for the operation
o.oo , , , , , , , both in constant current mode and in constant flux mode,o. o oils o._.o o.2s o._o o.as

y (m) wilLhout passive damping system. As a consequence of
this perturbation, #ae frequency of the undamped
oscillations is around 1.39 Hz for constant current mode

Fig. 5 - Self- and mutual inductances (for 1 turn) M l I, and 1.48 Hz for constant flux mode.
M 12, M !3, M !4 versus levitation height.
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600

0.30 /\ Constant current mode

Fy 500 \x ConstantC°nstantfluxCUrrentmodem°de I_ r Constant flux mode
\ y (m)I II _ /_ -,

(kN/m) \
400 \ 0.25

\

3OO \ \

0.20
o.o 1.o 2.0 3.o 4.0 5.0

200 time (s)

Fig. 8 - Step _4th coils
response copper damping

too d = O.10 m.

0 i 1 ! i i !

0.05 O.JO O.J5 0.:_0 0.45 0.._0 ' Constant current, mode

o.a5 0.30 t _y (m) ^ Constant flux mode

Fig. 6-Staticforce-heightcharacteristic. Y (ro)t/ i _ '_ /A _ff'x/xz'x/x-'--'\0.25t , t /

0.35 Constant flux mode Y

y (m) 0.0 1.0 P-.O 3.0 4.0 5.0
o.a5 time (s)

/ /

0.20 / _ '_ "_J \l_/ ,j_J _?_] '\, \ Fig. 9-Step response with aluminium damping coilsd = O.10 m.

o.150.o, ' '1.o' ' ' 'z.0' ' ' 'a.0' ' ' '4.0' ' ' '5.0' By the comparison of Figs. 8 and 9 it appears that the
time (s) settling time increases considering higher values of the

damping coils resistivity. In order to show the influence

Fig. 7 - Undamped response for a vertical perturbation, of the resistivity on the step response, we have
considered a performance index which represents the

Fig. 8 shows the s_ep response for the same time integral of the levitation height square error (ISE).
perturbation when copper damping coils are placed at a
distance d _-- 0.10 na. As it is possible to see, the

Constant current mode
operation in constant current mode results in a lower Canatant flux mode -J
settling time.

The copper losses Ej 0=1,2,3,4) in the damping coils,
during the transient in constant current mode, have been fey _dt J .-.

determined and the corresponding per cent distribution is _ _given by .--- ..- ..- f

E1=28% , E2=27% , E3=24% , E4=21%

Nearly equal values have been obtained in constant .... , .... , .... ,, ,,, .... r-_-_-,--_
flUX mode. 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. O shows the step response in the case of Damping coil resistivity (lOaf)m)

aluminium damping coils operating in the same Fig. 10 - Performance index versus damping coil
conditions as in Fig. 8. resistivity.
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Fig. 10 shows the performance index as function of the the passive damping system is more effective in constant
resistivity. The curves assume a minimum for an ideal current mode. The analysis has also demonstrated that

value which is about one third of the copper resistivity, the levitation system performance improves as the
This result suggests that a similar analysis could be distance bet_een the levitation coil and the damping

carried out in order to determine the damping coil cross- coils increases. Furthermore, the advantages of using
section which minimises the performance index, copper damping coils rather than aluminium damping

Finally, the influence of the distance d between the coils have been emphasised. The results obtained show

levitation coil and the damping coils has been that an interesting investigation could be carried out with
investigated. The step response in the case of copper reference to the cross-section optimum value of the

damping coils, placed at a distance of 0.05 m, is shown damping coils. A detailed study concerning this aspect
in Fig. 1 1. The analysis of Figs. 8 and 11 clearly shows and the possibility of using a coil of the damping system
that a lower damping effect is obtained when the as control coil will be the subject of a future work.

distance d is reduced. A larger damping effect could be
achieved increasing d over the value of 0.10 m. I;?,EI-_:RENCF.S

However, it is clear that the increase of d determines an

equal decrease in the clearance. [1] p. K. SINHA: Electromagnetic suspension: Dynmnics andControl. London,UK, Peregrinus, 1987.
[2] T. SAKAMOTO: A. R. EASTHAM, G. E. DAWSON: Induced

o.so t Constant current mode cun'ents and forces for the split-guideway electrod3aumlic
r_ _ Constant flux mode levitation system. _EE Transactions on Mat_etics, Vol. 27,
I/_ t x x NO. 6, November 1991.

y(m) _" _1/_ _ f_,_--/,.,__"/_'_ t__ [3] N. CARBONAR1, G. MARTINELLI, A. MORIN-I:Calculation

of levitation, drag mid lateral lbrces in EDS-MAGLEV
0.25 _ _,7 _t transport systems. Archiv fur Elektrotechnik, vol. 17, 1988, pp.

,y,,y 139-148.
_,, J _" [4] T. YAMADA, M. IWAMATO, T. ITO: Magnetic damping

force in magnetically levitated high speed trains. Trans. I.E.F..J.Vol. 94-B, No. 11,49-54, Jan. 19740._0 , , , t , , , _ ", , , i , , , i , , , ".
0.0 I.O 2.0 3.0 4,.0 5.0 [5] M. NAGAI, S. TANAKA: Study on the dynamic stability of

time (s) repulsive magnetic levitation systems. JSME international
Jottmal Series El, Vol. 35, No. 1, 1992, pp.102-108.

Fig. 11 - Step response with copper damping coils 161s. FUJIWARA: l)amping characteristics of Maglev usinginductive power collection. MAGLI:V '88, June 9-10, 1988,
d = 0.05 m. l lamburg, Germany, pp. 337-344.

171B. BRUNELLI, D. CASAI)EI, U. REGGIANI, (; SERRA:
In order to attain a good ride quality, the damping Finite- element analysis ofa sector-motor transient. Symposium

effect on the mechanical oscillation of the vehicle could on Electrical Machines for Special Purposes, Bologna (Italy)
September 9-11, 1981, proceedings pp. 47-59.

be improved by using an additional active damping 18]B. BRUNELLI, D. CASAI)E[, U. REGGIANI, G. SERRA:
system. This could be obtained by an active control of Transient and steady-state behaviour of ,solid rotor induction
the current in one of the coils of the damping system, machines. IEEE Transactions on Magnetics, vol. MAG-19 n. 6,

November 1983,pp. 2650-2654.

CONCLUSIONS

In this paper two mathematical models for studying the
vertical dynamics of EDS-MAGLEV systems have been
presented. The field model is suitable for the analysis of

levitation systems which employ a damper plate. The
circuit model has been adopted in this paper to
investigate the effectiveness of a passive damping system

which uses short-circuited coils. The levitation system
performance has been analysed both in constant current
mode and in constant flux mode.

Although the static lift force characteristic presents
higher values of stiffness in constant flux mode, the re-
sutts obtained for a step vertical perturbation show that
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Maglev Command, Control and Communications
System Design Requirements Analysis

and Safety-Critical Architecture

James W. Lewis
Rex Y. Yee

Advanced System Design Department

Command and Control Division, Systems Sector
Hughes Aircraft Company. Fullerton. CA 92_i_4

Abstract- The development of a control system for a careful partitioning of centralized, decentralized, and
maglev application can largely be based on existing control distributed data, processes, and control.
systems for fully automated rail based systems. However,
various aspects, unique to maglev, will require new solutions.
Foremost among these is the greatly increased speed. This, iI, System Architecture Requir_mcn_
coupled with the desire for very frequent service, are
requirements that go well beyond the capabilities of many The maglev command and control system must be
existing systems. Another difference, with similarly designed around the realities of the physical components of
significant effectsonoperationalcontrol system design, is the the system. Each of these components will include
use of a linear synchronous motor located on the guideway, computers and software which ali together will form the
"[his greatly changes the design approach needed for command and control subsystem. Functionality and
maintaining adequate levels of propulsion or motor control, performance must be allocated to each component of the
In this paper, those operational control system requirements system to ensure that ali requirements are met, including
unique to maglev will be discussed along with the appropriate passenger capacity and throughput, reliability of revenue
architectural and technological responses, service and absolute safety. Each of these component will be

inter-connected as an integral part of an integrated system to
achieve the defined objective of a fully automated, fail-safe,

l, Introduction fault-tolerant high speed ground transportation system.
These components are: 1. Vehicle: the moving

The hierarchical command and control structure will be component, it includes all the hardware and software devices,
reflected in the developed architecture with three levels of the communication and controls equipment for levitation,
command and control functions. In this paper we shall guidance and suspension subsystems; 2. Zone/Block: a
examine the requirements in four areas (physical, functional, section of the guideway with a single wayside controller
performance, and safety) then shall synthesize these which includes ali the supporting structure, the wayside
requirements into a control system architecture. The highest power equipment, and ali sensors, and communications
level of control will provide centralized supervisory function equipment; 3. Switch: a moving section of the guideway that
for the management of the flow of vehicles(e.g., the handling changes the route of the vehicle; 4. Station: a prime interface
of anomalies, diversions, delays, and emergencies). The between the passengers and the system which interacts with
second tier at the protection level will assess the integrity of one or more zones to move vehicles into or throu_gh the
the route and control the speed of the vehicles. The lowest station and includes communications equipment and controls
level controls the operation of the propulsion, levitation, and and monitor station services such as ticketing, reservations
guidance systems to maintain the required ride dynamics, and station facilities; 5. Central(CCF): the top level element
This hierarchical approach puts the responsibility for control of the maglev system which consists of data processing
at the point of need and at the point which will limit the span equipment, displays, and terminals for operators to monitor
of control. An infrastructure of multiple communication normal operations and alert them to abnormal situations, and
modes will provide operational knowledge of all vehicle gives them the ability to override the automatic operation of
locations at ali times and provide the necessary human the system.
communications as weil. In addition, the architecture will As the functions of the system are defined, they must be
reflect the need for responsiveness and availability in the allocated to these system components. A variety of global

ManuscriptreceivedMarch 15.1993.Work supportedin part by National
MaglevInitiativeProgramundercontractDTFR53-92-C-00003.
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goals, both traditional and system specific, need to be existing automatic rail systems, Maglev technologies do
satisfied in a meaningful way to achieve system objectives, introduce some new requirements and certainly change the
Among the more important objectives are: allocation of functions to the system's physical components.
• Fully automated operation, that is, no real-time operator
intervention, at the vehicle, zone, station, or central, is (a) Operation Functions:
required for normal operations This set of functions concern monitoring and control of
• Allocating functions to the most local level at which they components on the vehicle, along the guideway, and in the
can safely and reasonably be performed to simplify the stations. The most notable difference from common rail base
cognitive overhead needed to produce a given element, systems is that the motor, a linear synchronous motor, now
enhance its reliability, and reduce the span of control so that is part of and runs the length of the guideway. The length of
malicious failure modes are constrained motor sections is a trade-off between the cost of the control

• Accommodate future expandability, both in the extent of the element, the efficiency of the section (related to length), and
system and in ability to interface with adjacent maglev the desired minimum separation between vehicles. The
systems, and to accept future enhancements in technology and length of these motor sections has obvious impacts on the
functionality safe separation strategy to be employed. On-board functions
• Provide redundancy and back-up paths to achieve extremely to control the cryogenics and the tilt mechanism are also new.
high levels of availability Some maglev approaches may not include any tilt capability,

but our simulation studies have shown significant speed
improvement on alignments where tight curves must be
accommodated. Finally, some level of automatic sensing of
the environment seems necessary for any system being
operated automatically while vulnerable to weather and

sr^_no_ seismic effects.

o

_. t.sM _ _ • Vehicle State Monitoring - reporting position and velocity
< • Cryogenic Control - maintain superconductors temperature

= _. • Propulsion/Braking/Levitation Control - control velocity,
8 levitation gap and braking requirements

• Secondary Suspension Control - control ride comfort
• Switch Control - switch actuation and status reporting
• Vehicle Systems Control - monitor on-board systems
• Environment Monitoring - monitor local and regional

t.sM ,_rr. weather and seismic conditions
• Station Control - monitor and control station subsystems

(b) Protection Functions:

These functions must provide a fail-safe mode of
o operation. Therefore, they can override the actions of the

_z control or supervision functions to ensure a vehicle always
remains in a safe state. The protection functions must
operate independently from the other functions. A function
which will assume greater importance with a maglev system
(because of its greater speed and decreased crash worthiness) is
that of ensuring guideway integrity and the absence of any

Maglev System Components Diagram obstruction. Also, emergency braking control will be
different than for light or heavy rail systems since the braking
mechanisms are different.

I11. Control Function Requirements • Vehicle Separation Control - maintain separation between
vehicles at least sufficient for a safe stop

Control system functions are traditionally divided into • Vehicle Position and Identification - maintain absolute
three areas: operation, protection, and supervision. The knowledge of location and identification of ali vehicles
operation function regulates the movement of the vehicles by • Route Integrity Control - detect any obstruction
directly interfacing with the motor. The protection function • Emergency Braking Control - control emergency braking
prevents vehicle collisions. The supervision function allows systems on vehicle or on guideway
human operators to monitor and intervene in the operation of • Emergency Speed Control - speed control in the event of a
the system. To these three, we have added a communications motor failure
function to tie the system togcther. Although the functional * Emergency Response Management - ensure transition to a
characteristics of each area can be largely derived from safe state in the event of any failure
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(c) Supervision Functions (d) Communications
The supervision functions are characterized by either The communications subsystem must provide a

requiring operator interaction or requiring global information, transparent and error-frce transfer of information (voice and
They must not be required for safety and are not critical for data) to and between ali other subsystems in a fully automated
maintaining short term operations. But provision for and fail-safe manner aod with sufficient reliability to meet the
operator intervention is required to optimize long-term overall system availability goals. Two major factors will
operations. Schedules might have to accommodate on-line direct the selection of a communications architecture and its
and off-line stations and express and local service. Data components. The first is the need to accommodate both
recording and analysis should allow feed-back of operational mobile and fixed point users. The other is the need to provide
problems into the route planning function and should allow both primary and back-up communications links.
full characterization of system anomalies for subsequent
resolution. Finally, the operator should be offered guidance • Vehicle Communications: In general, since radio frequency
in the resolution of any system problem. This will require bandwidth is limited, it will be desirable to keep the vehicle
functions designed around ali possible failure modes of the communications to a minimum. The vehicle only needs to
system, report its status, position, speed and acceleration, lt may

request a speed reduction (or a stop) based on unacceptable ride
• Performance Monitoring - monitor and display to the comfort or an emergency situation. The vehicle will receive

operator the performance of the entire system route and schedule information such as station arrival time or
• Alarm and Malfunction Reporting - alert the operator and a route deviation for local verification and validation.

detect any malfunction
• Control and Override Automated Subsystems - allow the • Zone Communications: The zone is the primary point of

operator to safely control any part of the system, including vehicle propulsion control as well as the primary collection
the automated _unctions point for vehicle location and detection functions, lt will be

• Failure Management - manage the response to an incident in contact with adjacent zones for vehicle hand-off, lt will
to maintain safety and restore service exchange data with central on vehicle movement. The zone

• Data Collection and Analysis-- record and analyze data on may also act as the initial relay point for ali vehicle
the entire system communications with other system elements and with

• Route Planning and Dynamic Scheduling - off-line develop external elements.
the timetable and on-line detect schedule interruptions and
control schedulerecovery • Station and Switch Communications: Stations and

• Initiation and Termination Service - start and stop operation switches, although different elements, have the same type of
of any vehicle or the entire system requirement to communicate with the immediate and adjacent

• Station and Passenger Interface Control - provide zones to ensure safe operation with respect to vehicle
information to the passengers and monitor the movement movements. Switches may receive control signals from the
of passengers at ali times zone or from central. Stations, in addition, will communicate

passenger related information to and from central and will
have to provide information to external agencies such as inter-
modal transportation services.

r

• Central Control Facility Communications: The Central
Control Facility, with its responsibilities for controlling
region wide vehicle flow, for monitoring and for emergency
and failure response, and for passenger handling, will require
relatively wide bandwidth communications with ali other
elements of the system. In addition, emergency back-up
communications links, probable with significantly less
bandwidth, must be provided to most, if not all, other
elements.

IV, Performance Requirement_

Safety Critical Controls (a) Operational Headway Control:The principle for headway control during normal

_. j operations is to enforce a pre-determined vehicle separation
Function Allocation Diagram strategy which meets the system's requirement to provide the

highest level of safety along with maximum throughput.
The Operational Headway is the headway between vehicles at
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which the system is able to operate continuously and still The following performance was achieved by a single vehicle:
maintain schedules without vehicle bunching as a result of Trip time(hrs) 8.0 4.0 2.6 2.0 1.6
normal disturbances and normal passenger induced delays. Speed(kmph) 100 200 300 400 500
The three most analyzed headway control strategies are: Spc_,A(m/s) 28 56 83 111 139
constant-time headway control, constant-distance headway Stop Time (sec) 19 37 56 74 93
control, and constant-safety factor headway control. Stop Dist.(m) 365 1164 2478 4306 6649

• A constant-time headway control algorithm maintains a The strategies yielded the following results:
constant time slot (e.g., 40 seconds) between vehicles at any Case I: Safety/brick wall stop
command speed. The command speed is dictated by the Block(m) 2000 2000 4000 8000 8000
supervision function. The maximum speed of a following H/W(sec)*l 72 36 48 72 58
vehicle will be adjusted to maintain as a minimum a constant Vehicles/hr 50 100 75 50 63
time slot between it and the leading vehicle. Pphpd*2 6000 12000 9000 6000 7500

• A constant-distance headway control algorithm maintains a Case II: Constant distance >= 4000 meters
construct distance between vehicles at any command speed. A Block(m) 4000 4000 4000 8000 8000
similar approach as the constant time strategy is applied H/W(sec)*l 144 72 48 72 58
except the distance between vehicles is the determining factor. Vehicles/hr 25 50 75 50 63
In this approach, the speed of a following vehicle is adjusted Pphpd*2 3000 6000 9000 6000 7500
to maintain as a minimum a constant distance slot between it
and the leading vehicle. Case III: Constant time >= 40 sec

Block(m) 2000 2000 4000 8000 8000
° A constant-safety factor control algorithm provides the most H/W(sec)* 1 72 40 48 72 58
conservative approach to maintaining the separation between Vehicles/hr 50 90 75 50 63
vehicles, lt ensures that the minimum time or distance to a Pphpd*2 6000 10800 9000 6000 7500
leading vehicle is maintained based upon the braking system
capability. The 'algorithm follows the same command speed Notes:
profile as the other algorithms, but then assess the speed of 1. Headway, that is the time to cross the block at the average
both the leading and the following vehicle to use the most speed.
conservative measure (either constant-time or constant- 2. Peak system capacity in Passenger per Hour per Direction.
distance) to maintain the separation between the vehicles.

Another factor has to be considered in developing the V. Safety an(l Certification Issues
headway control algorithm. One of the characteristics of an
LSM is to require synchronous movement of the vehicle with (a) Safety Requirements:
respect to the guideway based on the frequency generated by The high speed of the maglev vehicle, lack of physical
the guideway. This allows only one vehicle to be present in contact with the guideway, coupled with the need for the
each block (motor section) at a time. Thus the selection of vehicle to levitate and the cost of the guideway infrastructure,
block length will create a minimum separation between impose significant weight, and therefore structural limitations
vehicles at any speed and will limit the total number of on the vehicle, lt imposes different and more stringent, safety
vehicles moving around the system, requirements. However, designing vehicles for reduced weight

requires compromises in the ability of the vehicle to survive
(b) Operational Headway and Capacity Analysis collisions without major vehicle damage and without serious

The general remarks are concluded as follows: 1. Ali three passenger injury. The probability of low speed vehicle to
headway control strategies are able to meet the initial system vehicle or vehicle to fixed object collisions must be as small
requirements; 2. the system capacity is based on off-line as that allowed for higher speed collisions. The allowable
stations; 3. the current capacity may be doubled through probability for collisions needs to equal or improve on the
multi-vehicles concept; 4. the constant distance strategy risk levels normally associated with aircraft if public
provides the least system capacity; 5. the headway control and acceptance is to be gained.
the capacity requirements will be factors to determine the size The reduced headway between vehicles imposed by the
and the number of vehicles. Following are parametric tables increased system throughput envisioned for some maglev
which illustrate the maximum system capacity for the three routes imposes further safety requirements. When compared
headway control strategies with system speeds from 100 to to existing light and heavy rail systems, maglev vehicles
500 kmph. This study was done for a hypothetical route could run closer together in time. Allowing high levels of
which featured many sharp turns. The constant parameters stopping force is unattractive except to avoid imminent
used are: 1. Route distance: 800 km; 2. Normal braking rate: collision due to the potential for injury to passengers. Thus,
1.5 m/see2; 3. Vehicle Capacity: 120 passengers, either the allowable stopping force which can be applied to

the vehicle must be increased or the C3 system design must
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include sufficient sensors and rapidity of control to allow However, the last several years have brought advances in
faster reaction to "brick wall" stopping situations, the ability of the safety and reliability engineering disciplines

Since the maglev system employs a tig_)tly coupled drive to predict software reliability, model the impact of software
system, failures in the on-board magnetic and the guideway reliability and hardware and software fault coverage, and
mounted windings must be extremely rare due to the perform detailed analysis of software safety characteristics.
catastrophic result of vehicle to guideway touchdown when Absolute certification of software safety is not yet possible,
the vehicle is in motion. The reliability of the wayside however, progress has been made. When recently developed
power and control is also critical and has a major saiety analysis methods such as software fault trees, backward
impact. Thus, the C3 system must be designed to ensure that threading techniques and software Failure Modes and Effects
the span of control of any one motor segment along the Analysis, used to assess each of the independent initiating
guideway is minimized. However, since wayside power events for a hazardous condition, are combined with a
and control must be provided for each guideway section, and rigorous and carefully designed test program, a level of safety
the costs of the circuitry to provide needed functionality is assurance sufficient to allow revenue seivice can result.
high, system cost conflicts directly with the safety needs of
the system. The final maglev C3 architecture must provide _ System Architecture
cost effective command and control while ensuring that
system and passenger safety is not compromised at any point The development of the maglev command and control
in the system design and operation, system involves the allocation of the three categories of

function (operation, protection, and supervision) onto the five
(b) Certification Requirements: available system components (vehicle, zone, _witch, station,

Certifying the maglev C3 system with responsible Central Control Facility) into an architecture which can meet
government agencies prior to system use in revenue service is the performance and safety requirements. The structure of the
crucial for public acceptance. Certification may be required system also must accommodate the hierarchy required for
by the Federal Railroad Administration (FRA) and is likely to safety (in which safety critical control functions should be
be required by each of th.: public utility commissions (PUCs) located close to the mechanism being contrc,_i,_dand with a
in the states where a maglev system is planned for use. limited span of control)and the hierarchy required for efficient
While the requirements for certification have not been operation (in which functions are located at the lowest level
developed, the aircraft industry - which uses vehicles at where all the required data is available).
similar speeds and with similar crash avoidance needs - can The operation functions deal with a number of the listed
provide some guidance. The Federal Aviation Administration components and in general will be allocated to embedded
(FAA) currently requires that aircraft systems be "designed so processors within those components in keeping with the
that the occurrence of a_y failure condition which would desire to reduce communications requiremenL_ and to limit the
prevent the continued safe flight and Im_ding of the airplane is span of control. For instance, with vehicle control functions
extremely improbable", lt appears that the FRA and the state located in each vehicle, failure of these functions will only
PUCs will adopt requirements which are at least as stringent incapacitate one vehicle, as long as the vehicle can be moved
t()r maglev failures which put at risk the lives of multiple out of the way.
passengers. Protection functions will be mostly allocated to the zones

Probabilities as small as !0-9 (some FAA requirements) along the guideway. The distributed nature of the guideway
per operating hour are not verifiable through testing, subsystem, with each zone only comprising 4 km. of the
Ver_.fication through analysis is possible, and is commonly guideway or less, will limit the Span of control of any
used in certifying aircraft systems. The system to be certified individual control element. Thus a failure in any one zone
must be designed so that multiple independent events must would only affect that zone. If the zones are designed to be
occur prior to the catastrophic event occurring. If the short enough to allow un-powered passage of normal vehicle
initiating events are independent, the probability of the movements, zone failures would only degrade, not stop,
catastrophic event occurring is then the product of the revenue service.
probabilities of the individual events. However, the With the exception of disptays and sensors for passenger
independence of the multiple events must be carefully proven, control at the stations, ali supervision functions will be

For a C3 system, showing independence between system allocated to the Central Control Facility. This must be done
elements requires a system partitioning which is carefully because these functions either require operator interaction or
architected to allow certification. The layers of command and because they require access to a global range of information.
control must be able to either continue safe, albeit with Although supervision functions are not safety critical, they
reduced functionality, operation or must be able to bring the are necessary to maintaining an expeditious flow of vehicles
maglev system to a ._',ffestate under all conditions of failure, (and therefore passengers). Since failure at the CCF could
including complete loss of functionality from one or more affect expeditious traffic flow, some back-up to the CCF, at
layers. The ability of analysis techniques to provide accurate least for its automatic flow control functions, should be
ccrtification of probai:ilities as low as 10-3 for software provided. A good candidate for this back-up capability is the
intensive C3 systems has been questionable, station.
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(a) Command and Control System Architecture: functions. To increase availability, operation functions will
As the allocation questions are answered, it is important be implemented with redundant computers. The database

to look at each processing component to understand the needs of most operation functions are modest and complex
architectural nature of each component and its relationship to database management systems are not required. While
other components. This can be done by looking at the specific command and control logic in the fully implemented
control, processes, and data handling requirements of the networked system will have much in common, there may be
component and the resulting information transfer needs. The parameter differences at each location (e.g., with respect to
following table shows those relationships: specific route data or environmental data, etc.), or locations

will be configured slightly differently (e.g., a zone controller
at a station may have increased power ratings to handle the
initial movement of maglev vehicles).,,.

Ftmctima $ ul:)en'viliosa Pro_gr..ti_ Ol:_.nttiota

(b) Communications System Architecture:
c_ ,_-,,_a_=a M-._/s_,,_ s_po_,, There will be a need for both data and voice

- communications within the maglev system. The
Pmc¢._ i _'ro_aco_ Iictarog1:r_oaJ Multip_ssor

N_,,,_ r_,,,oe, communications paths to and from the vehicle will be
.... . implemented with radio frequency technologies since contact

t>,,. Dt,-b_ _,_,_ t.,_,at_,_=, between the vehicle and the guideway is not allowed. As
M_o=,,, D_b._a_,,,o, with ali use of radio paths, data transfer requirements must beSystem

^r,_,a, 'c=,_,_ t)_,_d t_,=,_t,_ kept to a minimum, the communications protocols must
sr,,,,,, )-,_=c,ao, or_u=a allow for temporary interruption, and multiple paths must be
r,.,_,_ r_,,,,,_o,, _:,,,,.,_o. provided. Communications will be based on area network,,.... ,, ,,, ,

co.,,,, W_L,_'_ r_,_y ._b,.a,_ topologies where the network provides intrinsic message path
Po_,.,o.Vo_,, management. This is a standard network methodology

...... whereby the network message integrity is inherently fault
_om_ _,_0. z,_,_ v_a_ tolerant providing both self-healing and self-optimization for

....System Architectural D'iagram capacity requirements..

VII, $_mrnary_

The control responsibilities of the supervision functions Some of the command, control and communication
are hierarchical in nature where these functions are controlling system requirements related to the functional partitioning and
the actions of subordinate components. The network of allocation for a maglev system can be found in existing fully
components so controlled consists of a wide variety of types, automated rail systems. However, new technologies, unique
including stations, zones, switches, anti vehicles. To exercise to maglev, new performance requirements, required for public
effective control, supervision functions need a global view of acceptance, and the continuing application of modem control
the system, with access to information covering ali and communication technology to safety-critical subsystems
components. A database management system will likely be are ali critical to the future implementations of the maglev
included in the implementation of the supervision functions, system. In ali of these areas, the implications are becoming

The nature of the control exercised by the protection clearer through the on-going research efforts.
fur'.ctions must be local, affecting only a segment of the lt is also clear that much work remains, both in the
guideway and the vehicles within that segment, and must be determination of the complete set of requirements, and the
absolute, capable of overriding commands from the new technologies in designing a responsive control system
supervision function and stopping control actions of the architecture to fulfill the needs for a convenience of access and
operation function. The processes of protection are the speedofservice.
distributed into many small zones, each of which must be lt is recognized that if the maglev technology is to grow it
aware of the activity and status of adjacent zones but only must be treated as part of a national intermodal transportation
capable of controlling the movement of vehicles within the complex. As such, a command, control and communications
local zone. Databa;_e needs of the protection functions are architecture must anticipate a complex network control
considerably less Inan for supervision functions. Further, problem. If a network concept is assumed from the
each zone will hz.ve the same range of information needs, beginning, interoperability can become more viable. The
Communicationg paths (both primary and back-up) must global assets management and scheduling concerns will
exist to some number of nearby zones (not just to directly necessitate a network of real-time data base management
adjacent zones) and to vehicles within those zones, system utilizing the Artificial Intelligence(AI) and Neural

The span of control exercised by the operation functions is Network capability as the key element in the development of
strictly local and independent of other components of the a new phase of the high-speed ground transportation systems.
system. Each vehicle, for instance, does not require any
knowledge of any other vehicle to carry out its operations
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ABSTRACT v velocity (m/sec)
Vo velocity at time of drag chute deployment (m/sec)

This paper summarizes the results of a study of W weight(N)
speed brake and drag chute deceleration systems for xi instantaneous shockfactor
Maglev vehicles. These systems offer practical
solutions to the need for additional braking In both P density of air(kg/m 3)
routine and emergency decelerations. Three types
of drag brakes are discussed: vehicle surface brakes, Subscripts:
(both forward and aft opening), and plug brakes, sb speed-blake
From the points-of-view of storage and operational vela Maglevvehicle
simplicity, the plug-type brakes appear most
feasible. Based on incremental deceleration

requirements of 0.28, a total exposed brake area of INTRODUCTION
11.6 m2 is needed. Various types of drag chute
designs, materials, and deployment methods are
also discussed. Drag chute systems are sized for With the application of superconducting magnets, the
decelerations of 0.2g and 0.Sg, resulting In Magnetic Levitation (Maglev) vehicle has become a
requirements for 4.65 m and 9.30 m diameter promising new transportation system. While this new
canopies, respectively, technology has made high-speed trains both practical and

economical, it has also introduced certain design problems
that did not arise for traditional, low-speed rail systems. For

NOMENCLATURE example, the superconducting magnets and mechanical
guideway brakes can provide a limited amount of braking

a deceleration rate (m/sec2) force, but they are inadequate in emergency situations. In
CD coefficient of drag order to supplement the standard mechanical brakes on the
(CDS)o system steady state drag area (m2) Maglev vehicle, aerodynamic brakes offer a relatively simple
D drag force (N) and effective solution.
Do nominal diameter of canopy (m) Two of the most common aerodynamic deceleration
Fdece! deceleration force (N) systems are speed brakes and drag chutes. Speed brakes have
Fmax maximum opening shock force (N) the advantage of controlling the amount of braking desired by

varying the amount of fiat-plate area exposed to the flow,
Fs steady-state drag force (N) thus making them practical for routine braking as well as
Fsnatch lines-taut snatch force (N) emergency situations. To reduce the required size of speed-
g gravitational acceleration (m/see 2) brakes for emergency decelerations, drag chutes are a viable
n permeability constant compliment.
S instantaneous inflated canopy area and speed For the purpose of demonstrating practical applications of

brake frontal area (m2) these aerodynamic braking systems, representative Maglev
Sref reference area (m2) vehicle characteristics have been assumed and are listed in
t time (sec) Table I.
ti inflation time (sec)
If filling time (sec) TABLE I

MAGLEVVEHICLECHARACTERISTICS

ManuscriptsubmittedMarch15, 1993to Maglev'93Conference.This Cruise Velocit}, = 500 kph (139 m/sec) Iworkwassupportedby theGeneralMotorsElectro-MotiveDivisionunder ' '
ResearchAgreementNo. 92-PRI-S-0378as part of the NationalMaglev Mass of Maglev Vehicle = 82,000 kg I
Initiative. CDveh= 0.24 (Ref. 1) I

* GraduateResearchAssistant. (CDSref)veh = 3.5 m2 !**AssocialeProfessor.
Standard Sea Level Conditions
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SPEED BRAKt_ For ali three types, the assumed configuration consists of
eight plates, one bank of four lwranged radially forward of the

,Speed Brake ,Sizing passenger cabin and a second bank of four simih'u'ly arranged
aft of the parsenger cabin, lt has been assumed that the

The sizing of speed brakes is dependent upon drag effectiveness of the aft plates is not affected by the flow
coefficients for flat plates mounted on a surface. According to around the forward plates. The dimensions of each plate are
[21, dive-brakes mounted perpendicular to a fuselage result in 1.35 x 1.07 m, for a total speed brake frontal area of 11.6 m2.
a coefficient of thag of about 1.17, based on the projected The plate sizing is based on two constraints: first, the plates
frontal mea of the brake. However, if guide vanes are inserted in each bank do not overlap and, second, when two vehicles
in the flat plate to turn the flow outward and the brakes are pass each other, both with plates fully deployed, safety
swept h)rward at an angle of 45 °, the value of CD ks increased clearances are maintained under ali conditions, as shown in
to about 1.48. Reference [3] suggests using a value of D/q = Fig. 1.
1.0 times the flat plate frontal area. These three values of the
speed brake drag coefficient are selected for the initial analysis 1) Surface plates opening aft: This configuration consists
in the design study, of curved plates which, when closed, form part of the outer

The sizing of the speed brakes is based on balancing the surface of the Maglev vehicle. They are hinged at the rem"and
speed brake aerodynamic drag force and the required open aft, using a system of hydraulic pistons or wormgear
deceleration force. The following relationship results: motors to control the motion of the plate. The prolx)sed

layout is shown in Fig. 2.
r fW ] _: This system can be rapidly deployed by
/2a'/g)/ (1) using the vehicle's dynamic pressure to aid in opening the"-TLt nv2J

CDsb plates and requires only a small motor to close the plates once
the vehicle has stopped. Alternatively, hydraulic pistons can

where the dccel_tion force is defined as provide both damping during deployment as well as the
closing force. In case of total hydraulic failure, the plates can/,tlr/

]"decel= ma ={3_-]a (2) still be deployed by using springs to push the edge of the
plate far enough into the slipstream to be fully opened by the

"Fable 11presents the results of the required speed brake dynamic pressure. Variable braking power is achieved by
areas for various deceleratkm rates and the three coefficients of partial deployment of the plates.
drag. Tlmse deceleration rates are due to the speed brakes Disadvantages: tligh stress concentrations at the hinge
only. will require a structural buildup in that area to carry the load.

In the case of opening restraint system failure, the plates may
TABLE 11

VARIATION IN SPEEI) BRAKE SE/,E

I
Speed Brake Area (m2)

J_, z .... r|

Initial
Deceleration CD = 1.00 CD = 1.17 CD = 1.48

Rates
.6g 40.8 34.9 27.5
.5g 34.0 29.1 23.0

.4g 27.2 23.3 18.4 *J L.3g 20.4 17.4 13.8
2g 13.6 11.6 9.19 0.50 m

.15g 10.2 8.72 6.89
dli_ [_t

7
Speed Brake Design ,\

Sevcnd different types of speed brakes for Maglev vehicles \, \
have been investigated. 'ille three types which are discussed
here arc plates Iorming part of the outer surface of the vehicle
(Ixlth h_rward and ",fitopening), and plug-type plates that are
stored internally and deployed perpendicular to the outer
surface of the vehicle. An examination of the perceived
advantages and disadvantages of each of the three
configurations is pre_nted.

i:ig. 1. Speed brake placement and clearances.
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be torn off by the resulting forces. These disadvantages can 3) Plug.type plates: These are flat plates that are stored
be reduced by using internal hinging systems, entirely inside the Maglev vehicle and deployed perlxndicular

to the direction of motion. Deployment and retraction are by
2) Surface plates opening forward: This system is similar hydraulic piston or wormgear motor. The proposed layout is

to the previous system depicted in Fig. 2 with the following shown in Fig. 3.
exceptions: the plates are hinged at the front and the springs Advantages." A relatively simple and robust mechanical
are removed, system. Variable braking can be achieved easily by partial

Ll1321_0.1ag_: Variable braking power is achieved by deployment of the plates. A simple spring-loaded emergency
deployment of the plates at less than 90 ° incidence to the power-loss deployment scheme appears feasible.
flow. Disadvantages: This system may be relatively slow to

Disadvantages: Motor size or hydraulic system capacity deploy. It also appears to be the most demanding system in
depends on the desired opening speed. The plate surfaces terms of internal volume requirements, as each pair of plates
facing the flow are convex, resulting in a drag coefficient less (two pairs forward and two aft) requires a 20-25 cm 'slice' of
than the value for a flat or concave surface, and thus requiring the vehicle for stowage, structural, and deployment
an increase in speed brake size. Preliminary estimates [2] considerations.
indicate an increase in required area on the order of 50%.
Finally, unpowered deployment of this system is not On the basis of the above analysis and the constraints
possible, from the Maglev vehicle's general dimensions and passing

clearances, the effective speed-brake area is of primary
importance. This consideration eliminates the forward

__ opening configuration, as it would require significantly more
area than the other two designs due to its lower coefficient of
drag.

The plug-type system is selected over the aft-opening
direction of motion surface-plate configuration due to its simple storage and

deployment scheme and better potential for accommodating

Note: the piston and

support arm could also
be rotated 90° CCW

to lay flat. _ 1 plate

,gk 5
/

1 - hinge
5

2 - latch

3 - springs

3+"

o 2 ! 4

3 (typical) -,_

o stored deployed

2I "1 1
o 1 - support beam

2 - hydraulic pistons
o I_ 3 - bearing housing

4 - cross beams bottom or other

o 5 - frame rings side of vehicle
6 - surface bearings

Fig. 2. Surface plates opening aft. Fig. 3. Plug-type plates.
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tile aerodynamic loads, lt is felt thai these factors outweigh because of its tendency lo rotate about its axis of synunctry.
the di_ltlvantageoftheincre;L, axl intcnud slomgerequirements. The ribbon canopy drag chule reulains sis a l)olential

deceleration device. 'lllis type of chute is commonly used for
Speed Brake Structural Considerations vehicle and aircraft decelerations Iii dynamic pressures up It)

around 273 kN/m z, which til standard seal level atmospheric
l:or a maximum braking load of 160 kN, and a,_suming conditions corresponds to a velocity of 668 misco.

thai this load is equally distributed between the eight plates, "llae tumopy deployment process, which can be divided into
the maxilnunl load on each plate is estimated at 20 kN. The distinct stages, is depicted in Fig. 4. The initial stage begins
plate thickness and construction are ba_d on this loading, at the time of drag chute deployment and ends al the instant
The criterion used iii sizing the plate thickness is a tip the suspension lines become fully stretched. At this latter
deflection of 20 nim at maximuln loading. A reduction in the time, the local maximum force, known as the !ines-taut
allowable lip detlection would, of course, increase both the snatch force, occurs. The inllation time is defined as the time
thickness and instss of the plates, interval between the occurrence of the snatch fi)rce and i: .e

Both steel and aluminum have been investigated maximum opening shock force. At this instant, the
(assulning a solid plate) as possible speed brake materials, maximum force for the whole system (Maglev and drag chute)
As expected, the steel p'late is a good deal thinner (22 mm vs. occurs as the canopy inflates r',dially. During the final stage,
32 mni for AI) but has nearly twice the mass (246 kg vs. 128 the interactive forces between the drag chute and the Maglev
kg for AI). Taking the greater susceptibility of steel to vehicle ,:eturn to their steady-state value. The filling time, rf,
environmental d;unage hilt account as weil, aluminum is is defined as the time interval from the (x:currence tif the
cle41rlythe material of choice, snatch force to the instant the cal_opy first reaches ils steady-

A significant reduction in weight is achieved through a state diameter.
built-up altmlinum plate arrangement consisting of five C- The estimations of the nu|ximt|m shock force, steady-state
clumncls sandwiched between tw() face plates. F'or exmnple, a force, and the inflation time after inithd deph)ylncnl are ba_d
55% decr¢;t,;e iii mm;s is allained for ()lily a 16% illcr_lse iii on the method presented iii [51. Since tile Maglev vehicle's

thickness when colnp_ued to the solid aluminum plate. For mass is around 82,000 kg, the infinite mass assumption is
this large decrease in mass, it is felt tirol the small increa_ in valid when analyzing the drag chute opening shock forces.
thickness and complexity is more than .justified. llowever, The analysis method is outlined in (3)-(6). The total filling
this is only one possible _)lution, and inay not be optimal, time is calculated from
In addition, composite materials may provide similar
perfonnancc ;ii lower mass and/or thickness, and should be If- III),, (3)
investigated, v

'Ric internal vehicle structure must be able to carry the where, according to 151, the permeability constanl, n, for
aerodynamic forces and mt)lnents acting on the plates. This ribbon chutes is equal to 14, According to I:ig. 5, lhc slit)ck
can be accomplished by locating a fuselage l'nune ring directly factor,

behind lhc plates and by supports, parallel lo the hydraulic _ I:,,,x _ (_I)S
pis(tins, attached to a support beam via a bearing ht)using, xi (4)
l)ctails t)f this arrangement are pre_nted iii Fig. 3. In order !:5 ((:pS),,
It) balance both the force and moment on a single plate,
preliminary estimates indicate forces on tile order of 30 kN at i,'
tile frame ring and 10 kN at tile supi'K)rt beam. m,,,t

Drag Chute l)esign ._ I

Parachutes (or dnig chutes) can be broken down into three O_ I
classifications: solid textile, slotted textile, and gliding II
parachute canopies. (If these three subsets, ()lily the .',;()lid_uld I
sit(tc(! textile canopies sire logical choices for use as an I
enlergency deceleration system for the Maglev vehicle. The I Nole: Figure notI drawn t()scale.
solid textile canopy is typically used for personnel and c,argo I
recovery, but has poor stability characteristics and high J li{..-..--tl--.......-}ll,n I
opening lorccs. Slotted parachutes, such as the cross canopy • ' t
and ribt_)n canopy 141,are commonly used fl_r the deceleration _ tr------_. Time
of ground vehicles and aircnll't, anti exhibit excellent stability,
g(x_.l drag characteristics, and low opening sh(Ek ft)rees. The Fig. 4. tinning forces during deployment of i)arachute
cross can()py design is dropped from further consideration for infinite mass assumption.
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is approximately 1.05 to 1.10 for the infinite mass case, Figures 6 and 7 present the velocity &'td distance traveled
where the steady-state force is def'med as: by the Maglev vehicle after drag chute deployment for both

the 0.2g and the 0.8g emergency braking requirements. Both

Fs =-]-Ov2{CDS) o (5) figures include the aerodynamic drag contributions of the2"- Maglev vehicle, but the speed brakes are assumed to be
retracted.

The variation of velocity with time after deployment of the
speed brakes is calculated from the following relationship.

600 ' ' I I °

........... _...................... 0.Sg Initial Deceleration .......

V (t) Vo (CDsbSsb)(g/W) tvo + 1 (6) sot _.,... .....! ! I : : : |
"-4... i 3 i i

The effects of several specified deceleration rates on _ 400 -..--_.-......_....'.,,_....i..............., ...............r...............;...............
parachute size, deployment forces, filling time, and _ _i "!'"---.. i ! i
suspension line length are presented in Table III. The results

3o0................•...........,:....................,...'_,._.............._...............
are based on a typical drag coefficient for ribbon parachutes of "¢ _ _ _ _ ...... a.....
0.80 [4]. To achieve this drag coefficient, it is suggested [6] ;"
that the suspension line length be approximately three times 200
the parachute nominal diameteL

10o
TABLE m o 10 20 30 40 50 6o

RIBBONCHUTESIZINGRESULTS;CD= 0.8 Time(see)

Initial Deceleration Rate 0.8g 0.6g 612g Fig. 6. Velocity of Maglev vehicle after drag
160 chute deployment.

Steady-State Force (kN/ ' 644 . 483 ....
RequiredChute Area_m2).... 68.0 51.0 17.0
Diameter of Canopy (m) 9.30 8.06 4.65........

| .... I .... t .... ! ...... - - i ....

Suspension Line Length (m) 27.9 24.2 14.0 6000 ] [..... 0,2g Initial [iec¢]eration i i ..... "Inflation Time _sec_ 0.94 0.81 0.47
Max. Shock Force (kN) 5000 ._...[_0,8g Initial Deceleration | .......................... _.-:'." ........

t . . , ! ..--" !

Fmax = 1.05Fs 676 507 169 ,_ ! [ i i .I" i
Fm.ax = 1.1Fs .708 531 177 'I_ ,_ooo : : : ." :

o ...............,,...............,,....... ,

,, o,,,: i...,....
O 10% EXTENDED SKIRT I'l.e - O SOLID FLAT CANOPY _ 0

1.4- _ RIBBON F" 0 l0 20 30 40 50 60
Time (see)

1_. C__ Fig. 7. Distance traveled by Maglev vehicle after drag

-'t2I,_,. "CI chute deployment._, _.o" _ " ""'tj
t:3'l

o.e_ _/" //I

/C:f_,#";;" DragChuteMaterials
Both nylon and Kevlar materials have been investigated for0.£-

o4- ../[:5" / //___._ use in the drag chute system of the Maglev vehicle. The
main differences between the two materials are summarized in

.r-'i ," _,9 Table IV. Kevlar materials, while more expensive, have lesso_ - ./ /',.<r_ than one-half the weight and one-third the bulk of nylon

_¢__, _;y,r materials. For the specified 0.2g deceleration from the drago J I _ i chute system, an all-Kevlar design results in a mass of
o 02 o._ o.e o.m _.o _,a 1,4 _.s approximately I0 kg and a packed volume of 0.03 m 3,

"* including suspension lines. Table V represents typical

Fig. 5. Drag-area ratio versus dimensionless filling time (Ref. 5). weight savings compared to an ali nylon construction for
parachutes incorporating Kevlar materials [7].
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TABLE IV For a 0.Sg emergency deceleration, the resulting 9.30 ni
PROI'i:.RTU:_SOI_NvI.ONANDKEVl.ARMA'rERI__S dimneter lhr a single drag chute is impractical due to the

....... clearance requirements previously discussed. Two 6.58 m
N_,lon 66 Kevlar 29 diameter drag chutes would produce the required deceleration

Elongation 16-28 % 4-5 % force. This would require twl) mortars, resulting in
Uli. Tensile Strength (kN/m2) 5.59x103 19.2x103 significant mass and volume penalties. In addition, the drag

Su'ength-tq-Weight Ratio 1.00 2.70 chutes must be deployed one above the other to maintain
safety clearances between passing vehicles, resulting in a
more complicated suspension line arrangement.

TABLE V
WFI(IitT SAVINGS (IF KEVLAR MATF, RIALS

Modlficati_n Weight savings (.ONCLt SION

Kevlar Susl_nsion l_ines Speed brakes and drag chutes have both been shown to lmon Existing 20-25%
Nylon P..arach,ute ,, ,,, ,,,,, ,, useful aerodynamic braking systems for Maglev vehicles.

....Reinforced Nylon Canopy with Speed brakes provide an effective method of decelerating a
Kevlar Radials and Suspension 30% Maglev vehicle in both ordinary as well as emergency

Lines situations, while a drag chute is useful for providing
All-Kevlar Parachute 50% ' additional emergency braking power at only a small cost in,.,

mass and volume, lt is expected that Maglev vehicles will
utilize both of these systems in order to provide reliable,

Drag Chute Deployn_nt efficient, and safe braking clmracterist_cs.

I)uc to the region of _parated and highly turbulent flow at
the back end of the Maglev vehicle, some method is needed to RI_FERENCIkS

eject the drag chute into a region of undisturbed air during
deployment. ()tie solution is to utilize a deployment mortar [li Balow, F.A. and Styler, K.R., "Aerodynamic I)rag of
1811.A typical mortar depicted in Fig. 8 has a mass of 36 kg Maglev Vehicles," unpublished, to be presented at
and a usable volume of 0.05 m3, which is more volume than Maglev '93 conference.
is required h)r the 0.2g drag chute design proposed above.
Assuming the mass of the mortar varies as the _uare root of 12] lloemer, Sighard F., FluM-Dynamic Drag, 1loonier Fluid
the volume results in a mortar mass of about 30 kg. Dynamics: Vancouver, WA, 1965.

Table ill indicates a force of 169 kN must be carried into

the structure from the parachute suspension line bundle. [3i Raymer, l)aniel P., Aircraft Design: A Conceptual
Reference 19] lists the ultimate tensile strength of Kevlar at Approach, AIAA: Washington i).C., 1989.
19,2 x 103 kN/m 2. Taking into account a safety factor of
!.5, this results iii a bundle cross-sectional area of 125 cm 2. [41 Cockreil, D.J., "The Aerodynamics of i)arachutes, ''

This load will be carried by an arratigcment of frame rings and AGARDograph No.295, 1987.
crosspieces similar to that suggested for the plug-type speed
brakes. 15] Ludtke, W.P., "Notes on a Generic Parachute ()pcning

Force Analysis," Naval Surface Weapons Center, Silver
Spring, Maryland, AIAA-86-2440.

1.00 In _ [61 l_rvis, J.W., "Parachute l)rag and Radi,'d Force," AIAA-
•._ 0.84 m ---- 86-2461, AIAA 10lh Aerodynamic l)ecelerator and

'---f Balloon Technology Conference, 1086.

_( x._S (') r

abet x ve 171 Peierson, C.W., and Johnson, I).W., "i)arachute

Materials," Sandia National l,aboratories, Albuquerque,

New Mexico, June 1987.

[81 Ewing, F.G., Bixby, lt.W., and Knackc, T.W.,

L Tube "Recovery Systems i)esign Guide," Alq:I)I.-TR-78-15 I,\ 1978.
.... _ _ __ ...... _

19] Peterson, C.W., ct al., "Kevlar Parachute I)csign and
i:ig. 8. l'nrachute deployment mortar (Ref. !t). l)erformance, '' Sandia National l,aboratories, New

Mexico, 1984.
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Signaling System of Maglevetype HSST

Fumio Hashimoto
Railway Signal Derision, Kyosan Electric Mfg. Co., Ltd.,

Yokohama,Japan

I • Introduction maximum speed of about 100 km/h in minimum operation
intervals of about 100 seconds each. Therefore tile railway

The normal-conduction, maglevetype linear motor signaling equipment must be a cab-signal type with an ATO
railway system HSST was commercially operated in the system backed up by ATP.
Yokohama Exposition held in Yokohama, Japan, from From this point of view, the function has been developed
March 25 to October 1, 1989, using Model HSST-05 as stepwise using a special test line. At first, the overrun-
the YES'89 Line (YOKOILAMA EXOTIC SHOWCASE). protective function in a point-control system using
lt was the first maglevetype railway system in Japan, and transponders, as operated in the Yokohama Exposition, was
it accepted for railway business and was operated incorporated, lt was then modified to a continuous-control
commercially for 6 months. Model HSST-04 of the system using a pattern belt and, at present, testing has
system was demonstrated in the "Saitama Exposition" been continued using the fixed-pattern-type ATP. In
held in the city or Kumagaya, Saitama Prefecture, in addition, the entire system has been developed into a
March 1988. Based on the experience and knowhow moving block system that can follow the location of a
acquired throughout these events, the development of an preceding train and the state of switches and controls of
urban-traffic-oriented maglevetype linear motor system following trains. Verification experiments for the latest
was launched toward a goal of practical applications. In system have been accumulated in the test line, satisfactorily
the meantime, a test system of 1.5 Ian in length was demonstrating system robustness for practical applications.
constructed in Nagoya in May 1991, and the system has

been tested to operate a train at a maximum speed of III. Configuration of the System
about 110 km/h.

This brochure describes an overview of the operation Objectives of the testing using the test line include the
control system and its test results, which system is verification of safety, economic performance, and practical
equipped in the test lines, with a particular emphasis on efficiency of the system as an urban-oriented traffic system
the railway-signaling system and the automatic at a traveling speed of 100 km/h. The operation control
operation system, among other numerous subsystems, system has been constructed aiming at smooth and safe

backup of these tests and capability of applying to next-
II. Alterations of the Operation Control Systems generation systems in terms of operation control.

for the HSST The test line consists of a single main track from the Ohye
Station to the Higashi-Nagoya-Ko Station via an

The first operation control system used for the HSST was intermediate branch Iocati,m, and another route from an
intended lhr shuttling each train in a single track in the intermediate location to the shunting track via a turnout; in
Expositions. I1 was then developed into practical systems the former, a train is shuttled for testing at a speed of 100
capable nf operating several trains al high speed and density, km/h, while testing in the shunt route is for operating trains
by incorporating various options in operation mode. Among in a curved branch track of 25 m in a minimum radius of
practical magleve lines, there is an example with two single curvature. In these tests, trains are operated in either
tracks arranged parallel to connect an airport satellite and a manual or automatic modes. In the automatic mode, test
temlinal, which is operated in unman mode. This is a runs for long-term durability testing are applicable. The
typical application example for transportation between two configuration of the system for these operations is shown in
stalions, like the HSST systems operated in the Saitama and Fig. 1.
Yokohama Expositions, in an extension distance of about The system is classified into the following subsystems.
600 m. These systems were automatic operation systems (1) Signaling system

provided with an overrun-protective function. In the a) ATP equipment using transponders (emergency
Yok(_hama Exposition, the system achieved a zero-problem braking)
rccord of operation throughout the period of 6 months, and ii b) Pattern-type ATP equipment (normal braking)
was proved that this type of operation system could be c) Speed-detection equipment
applicd practically. On the other hand, fundamental d) Continuous-dete(.qion-typecheck-in, check-out
rcquircmc_lts as an urban-oriej_tcd system include a train-detection equipment
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Fig. 1 Configuration oi the system

e) hlterlocking equipment control system is not free from fixed blocking, iii which the
(2) Operation system position of a train is detected in each block section so thai a

a) Program train operation (PTO)equipment permissible speed is set for each section in order to control
b) Manual train operation (MTO) equipment train operation. Consequently, the train-dctcction
c) Operation monitor equipment equipment and the hardware of the ATP. equipment must be
e) Car monitor equipment constructed in each section. Particularly in the case where

(3) Information transmission system trains are operated densely, a block section must bc divided
a) Wayside-cabinfornialiontransmissionequipment , into many subsections, requiring high construction cost.

(4) Supervision syslem Hence the continuous-pattern-type ATP equipment has
a) Wayside-cab supervision equipment been introduced presently as a novel signaling control

system, because only one train is operated at the test track,

IV. Overview of the Major Systems and the system has been operated for demonstrati_m testing.
This continuous-pattern-type ATP equipnlent is

,4. Signali/tg Control constructed with the consideration that it will be improved
into a moving block system iii the future. With the system,

For signaling control, two systems of the control operation of trains is controlled by receiving inhmuation on
equipment are provided for the test track. The ATP the location and speed of trains through the wayside-cab
equipment using transponders was used in the signaling information transmission equipment.
control systems for the Saitama and Yokohama Expositions, For detecting the speed of a train in the nlaglcvctype
aiming mainly al overrun protection at both terminals in railway, the system thai operated successfully in the Sailanla

and Yokohama Exhibitions is employed. Using train-speedshuttling transportation. With this equipment, a system can
be constructed by mainly using wayside transponders pulses, the system provides inh_rmation on an absolute, fail-

safe distance for the continuous-pattern-typc ATP. Iiiwithout requiring power supplies on the ground where a
train is operated iii a simple mode such as shuttling between addition to the detection of such information on absolute
two terminals. Consequently, simple and economic distance, a conventional continuous-detection-type check-

signaling control can be applied without sacrificing safety, in, check-out train-detection equipment, as used iii new
traffic systems which vehicles run with the rubbcr tire, isHowever, with an urban-traffic type system in which a

number of trains are operated in a high density, ii is also incorporated for a trial. Although the latter lechnology
mandatory to incorporate a conventional continuous- has already been established, it has been installed iii _rder to

check noise immunity of the system, in parlicular.detection, continuous-control system. Particularly where an
An overview on the major equipment and apparatuses isautomatic operation or unman operation is intended, a

point-detection, point-control system will not be described in the following.
satisfactory. The concept of a conventional continuous-
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l) ,41"1"lfquipment With this example, a train receives ATP information on a
permissible speed of 115 km/h from an outside transponder,

The ATP equipment performs blocking controls for and the train stores this instruction and the localion of a
intermediate sections, and in addition ii also carries out transponder that will receive a next instruction; and, when
{werrun-proteclive controls at the same time by using a the train travels at 70 km/h, ii receives an instruction of ATP
pattern-type speed monitoring, so thai a train can enter the 70 from the next transponder. Fig. 3 illustrates a state in
station section at as high a speed as possible, because the which an ATP is effected when the actual speed of lhc train
overrun-allowance distance from a regular stop point to the exceeds 70 km/h.
dead end is only about 10 m. Fig. 4 shows an operation state of normal braking with

Fig. 2 shows the protective patterns at the overrun- the continuous-pattern-type ATP equipment during running
protection-initiating points, for the transponder-type and dfa train in the field.
the continuous-pattern-type ATP control systems. E,=,_,_ n,,k__mm_a

" :--' ...... l=" '- ";- hB0.1""= ......... 'I ............. -:" ' .... I

120 EMERGENCYBRAKE " - -_ --7-.... - ........... _ 5=.'= ¢ t :=Furr

"_- -_-r--_t=." J _- _--=_-zY:.=

-- ,_.._.J__ FULLSERVICEBRAKE

o,,,oo,,oo,oo.,oo°• • " " '"
Fig.2 ATPbrakingpattern

Fig.4 Continuous-pattern-type normalbraking response
The final overrun-protective curve in Fig. 2 relates to the characteristics

transponder type, which was provided for backing up the
continuous pattern-type ATP and the moving block type This example denotes a state where a service braking
train control, which was first introduced in the present field pattern (SBP pattern) is effected at 110 km/h; where a train
testing. According to an ordinary speed limit pattern of the follows the pattern at an actual speed of about 60 knVh. The
transponder type, the normal braking limit curve is minimum range resolution of the SP,P pattern is 60 cm iii
dominant in priority, and normally the final overrun- terms of absolute distance vs. permissible speed. The idle
prolective curve will not be ill effect. Therefore the lime of braking is a total of 1.1 seconds, including about 0.6
transponder-type equipment will not be needed where a seconds for monitoring the speed and 0.5 seconds to the
continuous-pattern-control-type ATP or a moving block time of effecting normal braking. Delay time of releasing
type is applied practically. Fig. 3 depicts the operation of braking is about 1.2 seconds.
status of emergency braking where the transponder-type According to the continuous-pattern-type ATP control,
ATP equipment is used independently, an ever-changing permissible speed must be immediately

and clearly indicated to the operator. Therefore a speed
, Em=_,,_3,m_a,,_d -.. __ , ' meter with a speed-indication pattern, shown in Fig. 5, is

---=-_i_ _',:_-_-S_ .....,---_-T-_:.:_-_I;_-I

.... __ ........ provided in the operator's cabin. The outermost, fine
,_ .__..__,, ,,,, .- . u _12_---. =[-_--,l graduations show tile l)ermissible speed SBP pattern, in
i:Cta'cnt1_I1 __Ll ! " 1 l!l ! I I -!-_c-:',.,=,_,:_!'-,:-i which the width of a band indication increases or decreases

--__a,_i ::-'_&.L_..['-°;]__VN"'°" ...... : : oam_,=__:--:. !: ::-= in 2-km/h graduation units as displayed in t'ine bands. A
_:-'_--'_:':7:_:) o, , ,: _-_l _- _]111_ wide-band indication inside tile SBP pattern shows an

T"_'s_'°: Klr'l_'|_lE_'i;:l_)i':i_'ii_'[- :l;--:'!..... ;':f ;=i,==t::_-E_I_;Z".:i;]---_t _ actual speed; like the SI)P pattern, an aclual Sl)ccd is
' '1 "'li-_i l_ l__l_-_k_ indicated in a bar thai extends and contracts in 2 km/h units.

_4 .... ! 'MLd_kI: ::--_ ,'.,4:*-, -t!--;%::S:_-T .-:2-: The operator can easily operate the train at a speed lower

II iii,) ,,,.,.,,,,," comparing il with lhc SBP indication. Specific interfacing
• between man and machine is one of the most important

Fig.3 Emergency-brakingresponsecharacteristicsof themes during designing of the equipment. An actual speed
the transponder-typeATP is also digitally indicated on a center part, besides a bar
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indication. The nlinintum graduation of tile digital The accuracy of this Sl)ccd-detection equipnlcnl! was
indication is 1 km/h. tested in the presence of tile officers l'ronl the TraMc Safely

Department, Traffic Safety & Public Nuisance Research
_ ................................................................................................. z- hlstitute of the Ministry of Transport. Measurcvuent results

....... , ='_'_,, .,_r_'_- ""* were satisfactory.

,0/3/3 '°°'"
-1411 ,.li.

_7_o O km/h VEHICLEAHTENNAr'lr"1r"l

_g_ kev k,./,,/_ k=f/,'.,,,' ....... _ _ _ __ 30cm._L30cm×,000 ......... L_..... .,,,,'

PATTERNBELT!:_/'_" ,_
Fig.5 h,dicntionorSBi'patter,,=,d.qpeed ANTENNA _.___:

2) Speed-Detectio,, F,quipment and Absolute Distance ANTTENNA1 _._ _ _

Ot,tio,,ZCq,ipm,t ANTTENNA2 I I ._!=L-4 I

I_k_thspeed-detection equipment and absolute-distance-- SPEEDPULSE_.1 I.J l.J LJ L.I Li Li I_1 L.
detect!on equipment use a pattern bell having openings in
30-Chi illlervals avid a cab anlemla having 3 coils in 20-cm Fig.6 Speed-detectionpatternandoutput logic

....... : ....... :....... i ....... i ....... i ....... ;....... ;....... i ....... :' ...... : ....... : ....

spacings. The configuration is shown in Fig. 6. This system ANTTENNA1 ....:_......._......i.......i.......i......._...............!...... .... i...........has been transferred from those used in the Saitama and

Yokohama Expositions. Charts for showing signal receiving _;--! - __,/_ci.__T_
and pulse detecting are shown in Fig. 7. For speed ......._......._.......;. ' ' .: ......_......._......._..... .......... :....

detection, three ranges of speed are defined for constructing ANTTENNA ' SIGNALi :
a detection logic. As a result, a stabilized accuracy of __, __rlRm_'_
deteclioll is realized. The milliZllUm detection speed ii1

#

effect is 0.5 km/h. In a range of (I.5 km/h to 1.2 Iou/h, ANTT_NN.__ :: _ i i ! :: : !

pulses of a 10-Chi width each are used. 1,1other ranges of __ .......;.......iiii/_____i_i_: .....
and 60 cm in width, respectively, are emph)yed for speed _dB "m .- :

: !

detection, hl addition, phases of the 3 antenna systems on ..............................i.......:...............::......i......i......._.....:...............
1"1009 F;E'C. ] I_I G-MlaHIJ

lhc cab are compared with each other lo COllfirnl tile t .... OlU CH,,tl,O.tl
robustness t)f the fail-safe logic and for detecting back- Fig. 7 Speed signal receiving level
Iraveling of a traiu. The cab atltc|mas are installed

dislributedly at two locati(ulS of a car, in order lo prevent B. Operation System
missing of signals iu the lunioul unit and to improve

reliability of the entire system. Thus the system is The operation systeni includes a series of controls, i.e.
ct)nfigurcd into a dual system. "File relationship of speed vs. levitation control, departure control, inter-stalion consla|il-
pulse fre(luency is shown by the following equation, speed traveling control, fixed-h)cation stop control, and

landing control. The autonlalic operation system in use is
F = K * V IHzl (Where K: 2.778, V: speed [km/hl) substantially the same as those satisfactorily operated in the

Saitama and Yokohama Exp()sitions, except fi_ra feature ot'
The absolule-distance-detecti(m equipment accumulates lhc present system; lhc step-control-type ATP has been

these pulses through a fail-safe process, which pulses are replaced with a l)atter|l-type ATP, fi)r backing Ul). Fig. 8
used ;ts (lislance iufomlatiozi for lhc continluous-patlenl- depicts an example Ol)cration pattern in actual traveling.
type ATP and nloving block syslenis. ()nee the system is Fig. 8 shows part of traveling from del)arture lo arriving at
applied praclically and a train passcs a turnout, interference the lemlinal station. The train departs froni the right end
between trains traveling in lhc main track and the shunt and accelerates after l)assing through a I()OR curve-speed-
track may lX)ssibly cause a distancc-nlcasurenlent error ()r limit section of 50 knl/h. And a pcrnlissible si)ccd changes
missing of ivlfomlation. To prevent the occurrence of lhese from time to time according lo a nornlal-braking pallenl
circumstances, measurement distance is compensated by the fronl 100 km/h fl)r the l)revention ot' ovcrm|l at the tcrminal.
transponders referring Io a point of departure and so on. Under these restrictive conditions, train speed is controlled

by the AT(). lk_causc (ffa limited length of lhc chari, lhc
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curve does not extend to fixed-location stopping. However, Sources of interference noise include tile levitation coil on
since the maximun_ overrun allowance is only about 10 m, the cab, the linear motor in the VVVF control, the SlY or
the final TASC(Train Automatic Stopping Control) pattern the like for supplying devices on the car with electric power,
is based on a fixed-location stop control to be effected from which emit radiation noise, the feeder that carries a current
about 10 km/h. The accuracy of fixed-location stopping is transmitted from a substation, and the return bus for
about 4-20 cre. transmitting a return current from cars. Noise from these

sources interferes with Ihe system via antennas and pattern
belts for signal transmission. Consequently their positional

PTO (110km/h) , relationship is a dominant factor. Fig.10 Shows the relativeposition between cab antenna and driveng system in
StP YES'89 line.

S50 Sll0_ i Once the system is applied practically, the location of
'"" : : I -_-_ electric feeders must be changed because of different girder

• i , _ __-_--_ .... structures, for instance. Additionally, feeder voltages in use
include DC 750 V and DC 1,500 V. Therefore it was also

Fig.8 Automaticoperationfollowingthenormal-brakingpattem verified what effect might result from these factors. I21the
test system, the electric power systems were installed on the

C. Informatiot; Transmission Equipment other side of the telecommunication and control systems,
separately on both sides of the gir'.ter located at the ceqter.

The information transmission equipment functions as an Furthermore, signal transmission channels were provided at
induction-radio-type poling-selecting system; information a location satisfactorily apart from electric devices mounted
from a number of trains is transmitted and received in c:_e on a car. Fig. 11 illustrates ali example of adverse effect

wayside station. Major roles of the equipment include given to the cab equipment in terms of receiving levels of
sequential receiving of various information signals, the speed-detection equipment, typically for a frequency
including lravelingspeedofa car, absolute distance range of band of 10 kHz to 100 khz which was used ill the
traveling, and operation status of the car, from the wayside instruments for measuring interference noise. Fig. 11 relates
system, for each train; and all operation curve is displayed to an accelerating state in which a maxinmm of car current
on the wayside operation control equipment, while operation of about 500 A created a maximum noise-receiving level of
records are stored into a log file during the test. Only one about -40 dBm. lt resulted in a minimum of C/N of 20 dB.
train travels normally at present. Therefore the train can Therefore absolutely no problems occurred in the related
only respond to sequential poling. However in considering a equipment and apparatuses. Fig. 12 shows an example of
nmving block test to be performed in the future, the noise-receiving levels via a wayside pattern belt, with the
equipment is designed so that numerous trains can be information transmission equipment. In this case, too, a
controlled. Fig. 9 shows an answer from a car in response to satisfactory C/N of a maxinmm noise level of about -44
poling from the wayside equipment, dBm is assured.

On the other hand, in the test track as shown in Fig. 13,

,,,)i ...._,,_ '_ _.,_ _,L_L.I.......I_ !......i i ! L [ [ I I i ..... feeder voltage is set at DC 1,500 V with the positive and, _,,_, "_'J,' , J .... _, .......-',-,_;_-_z;_-,-_,_t-,, ...... negative feeders installed separately on both sides of the
-_°1! _,,_R " _'_----T-- .............._..'...i._l_.L.d._...:r,_._.t..--'T_ I....

t_,n_r_i ,_._!_,_tj,,,__i _!!.._]_ '_J:_ girder. As a result, the pattern belt for transmission use was

.......... ':" '_!i .... _' ' '1_i]illll }!i!!!i!!!ii!!i! constructed tna center part of tile girder. Sillce tile distance
t .,:,-..,.,--_-, "_.., ..._ :. :._ , .: ,, ._:..:., - ._ .i, ._ .: -.-; :.:.. ............. ,...

I'..kiv_:;:::.>.._.;:l:,.: :::_:_:.:-:,,_._i;_.!;_,_:ir::l between devices iii lhc car and the pattern bell was made
._ _ ! .: _ _ :,_:;___',r_i_! _:_i:_ _._.,::i_<_:":'": extremely close alld il was feared thal direct mfise froni a
l;.:i:,,,;;i_,.i..;,:::._,i_;_]:i;S i Ih:,ii::,_h: .i_i;_[:_ i,:. i iii :._::_iii:' ii.:,: :: power system Oil the car nlighl interfere, lhell uoise-

_!;_i_:!_i'_I_`!_-}!iii_:iji_ij_!i_h_ii_:i!_i_!i_ii_ii_`_._i_u_d_!_dr_''_5!`_;_:_¢`'__°,,.,,_¢ ,,o-o, ' immunity characteristics of tile cab antennas, wayside
_|00_ Is_/[_) C_(niI 11.1_.04 lion[ u0_utuo.Y.,co_ot_ ii.,:/o_o ol-I

w ;,,i_Om pattern belt, transponders, etc., were surveyed. Fig. 14
shows measurement results of the speed-detection

Fig. 9 Receiving level in the wayside equipment for transmitted equipment on the car, which is considered less imnlune to
information noise. Obviously, the maximum noise level was less than

-40 dBm, which results in a similar C/N level to that of the

V. Noise Characteristics Yokohama Exposition. Therefore no practical problems
were acknowledged. Although the occurrence of ali adverse

Interference-noise characteristics of a magleve-type effect on the wayside pattern belt was originally expected, a
railway system to other signal telecommunication systems satisfactory C/N level with a maxinmm noise level of less
are one of the most important matters to be examined, than-50 dBm was obtained.
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-_0 ........... VI. Conclusions
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5oo_.rro_o, __ With the present test track, various experiments were
c..... ,__---__ carried out according to the test and study items proposed by

o_,,_ -7.------r-__ the Committee as described at the beginning of the text,

,^, _oo.: _ -.----_o,,- Throughout the test period, various data, such as functions
and safety as an urban-oriented traffic system, were

Fig. 11 Noise level on the car (Yokohataa Exposition) acquired, and the robustness of the system for practical

applications was proved. Based on these technologies, a
practical system with high safety and economic performance
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Abstract - The maglev trainoperationis safeguarded train movements as well as the intercommunication

and controlledby an operationscontrolsystem which has between thesefunctions.

been developed to fulladvantage by Siemens. For In order to fullyutilizethe advantages of a maglev
reasonsofsafetyand economic efficiency,itisnecessary system, operationscontrol is subdivided into three

to automate this system's functions- with manual functionalgroups[2]:
interventiononly being required,ifat all,to overcome

disturbances.A multitude of interconnectingfunctions _ Centralfunctions

are neccesary to carry out the tasks of an operations Managerialtaskswhich are carriedoutcentrally.

controlsystem.These functionsare groupedaccordingto t Decentralfunctions
three main task areas and effectedas subsystems - Tasks involvingthe controland protectionof train

central,decentral and mobile. During the course of movements, which are performeddecentrally,and
severalresearch projects,these subsystems have been _ Mobilefunctions

furtherdevelopedformaximum efficiency. Operationalcontrolperformed by equipment in the

vehiclewhich may be one-unitor multiple-unit.This

0 Introduction alsoappliestoamaintenance vehicle.

When a trafficsystem is compared with a living In order to implement these three functionalgroups
organism, the operationscontrolcan be likenedto the (central,decentral,and mobile),itisnecessaryto have
brain and nervous system. Only by means of an [3]:

"intelligent"operationscontrolcan the technicaland

operationalpossibilitiesof a maglev system be fully - an operationscontrolcentre

exhausted, decentraloperationscontrol

However long the lineor however many branchings it - mobil_sperationscontrol
may have,our operationscontrolsystem can be used for datacommunication

electrodynamicor electromagneticsystemsoflevitation, stati_,n

The technicalmeans forimplementing maglev operation depot
- asregards vehicles,propulsion,gvideway and switches diagnosticssystem

- are fundamentally differentfrom those employed in

conventionalrailwaysystems[1]. 2 OperationsControlCentre

1 FunctionsoftheOperationsControISystem When a maglev system is put into long-distance

operation,the controlcentretakesresponsibilityforall
By operationscontrolis meant allthe functionsand the higher-rankingoperationaltasksofa maglev high-

equipment which servetoprotect,controland manags speedlinewhich includesitsperipheralsystems.This
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callsfor widespread automation of operationsto be possiblitiesfor communication and for receiving
carriedout,togetherwith supervision,in theoperations informationofallkinds - foritmust be borne in mind

controlcentre.For example: thatin the not-too-distantfuturethesewillbe state-of-

the-_rtfeatures.To meet the high reliabilityand safety

planning demands setfor maglev trainoperation,as well as to

- disposition cater for the large number of computer-controlled
supervision subsystems,a very high-capacitycommunication net-

- control work isrequiredfordata exchange and for visualand
- diagnosis auralinformation.

operational stat!qtics
Mobile transmission

Manual intervention in operational procedures, e.g.

disposition and planning, is also carried out by the An extra-high frequency radio system, in the 40 GHz
control centre, range, is provided to carry out mobile transmission tasks

within the maglev system. Data is transmitted between
3 Decentral Operations Control guideway and train, for route control and protection, for

propulsion operation as well as for passenger infor-
Another fundamental subsystem of ol)erations control is mation and communication.
the wayside-installed decentral vehicle control. It is

responsible for setpoint optimization, as well as route Stationary transmission
and vehicle protection. It communicates with its

partners - propulsion unit, vehicles, guideway (switches) The principal task of operations control is to safeguard
and the operations control centre, and control train movements. To achieve safe train
Each decentral operations control has the task of control, each decentral operations control must be able to

controlling and protecting one maglev train within one exchange data with its neighbouring decentral
substation section (for propulsion control). The guideway operations controls, approx. 30 km away, and with the
to be supervised can be a part of a comprehensive maglev operations control centre.

system network in which multiple train operation is This requires a linking of ali decentral operations
automatically performed according to a time schedule or controls with one another and with the control centre. A

to instructions from the control centre, ring, which is based on a local area network, is used as
The components of decentral operations control are: communication system.

- decen_._Itransmission 6 Station
- decentralcontrol

decentralprotection Stations shall provide passengers with maximum

propulsionswitch-off comfort. There should be a clear and comprehensive
system of information, easy-to-understand user

4 MobileOperationsControl directionsand passenger access instructions.Station

operationsshallbe integratedwithinthe entiremaglev
To satisfysystem requirements, some tasks of the system.

operationscontrolsystem areperformedinthevehicle. The safetylevelisresponsibleforstationtraindespatch.

The principaltask of thissubsystem is to protectthe Safety within the station mainly concerns the
vehicle.The vehiclesafetyequipment is in permanent supervisionand controlof doors,and the detectionof
contactwiththedecentraloperationcontrols.Actualand trainsnotrunning toschedule.
requiredprocessvariablesare compared by the on-board

equipment. In the event of one or the other system 7 Depot
components failing,the vehicle safety equipment

ensuresthatvaluesare not exceeded,ltintervenesinthe The same components shallbe used fortrainhandlingin
processoperationby enforcinga targetbraking to the thedepotasforopen lineoperation.

nextstationorstoppingpoint. As the distributionof decentral operation control

correspondstothedistributionofpropulsionunitsalong

5 Data Communication the guideway, only one rnaglevtraincan be provided
with propulsionand transmissionper power substation

A trend-settingtransportationsystem must be able to section. In other words, only one vehicle can be

offerp_sengers, alsoduring the actualjourney,many controlledand safeguardedper power substationsection

418



by decentral operations control.A depot must be systems with very high availability.Continuous

providedwith itsown decentraloperationscontroland trialoperationshave been carriedoutin conjunction

power substation for propulsion controlin order to with the TR 07 vehicleat the Transrapid Test

provideindependencefrom mainlinetraffic. FacilityinEmsland [4,5].
Depot operationscan not be fullycarriedout according t At present,the propulsionsystem at the Transrapid
to a time schedule. A relativelylarge number of Test Facilitypermits one-trainoperationonly. To

operationshave to be manually executed via a work perform testson multiple-trainoperation,a longer
station of the operations control centre, which is, guideway with additionalpower substationsfor
however,installedinthedepot, propulsioncontrolwould berequired[6].

Therefore,a simulationof multiple-trainoperation

8 Diagnosis has been provided at the Siemens laboratoryin
Brunswick to test,in particular,the interactionof

A diagnosticssystem isa prerequisitionformaintaining subsystems when employed on a long stretchofline

operationalreadinessof all maglev subsystems and suchas from Hamburg toBerlin.

associatedcomponents. In this way, operationaleffi- Our decentral operations controls meet the
ciencyisachieved.The fundamental aim isto prevent requirements of multiple-trainoperation. They

component fail'weleadingto restrictionsin operations, protecteach vehiclefrom collisionby blocking the
or at least to keep such restrictionsto the shortest sections which are already occupied by other

possibletime. vehicles.

Diagnostictasksmay be dividedinto5 areas: The main components ofthe laboratorytestfacility
inBrunswick are threephysicaldecentraloperations

- collectingand storingprocessmessages controlinstallationswhich were used originally,and

- displayingcurrentdataingraphicform the communicaton links between them. Other
- continuoussupervisionofprocessimages operationscontrolequipment are simulated - for

- drawing up maintenance and inspectioninstructions testingintercommunicationbetween the decentral
- interpretingprocessimages components and forperformingtrainoperationswith

vehicles,guideway and propulsionunits.By carry-

9 Development Stage ingout thesesimulatedtrainoperations,ithas been

possibletoprove thatthe distributedcontrol,safety

The operationscontrolsystem developedby Siemens for and supervisionof several decentral operations
maglev trainscan be used both for electrodynamic controlsare able to successfullyinteractwith one

levitationand electromagnetic levitation.After a anotherwithinan informationnetwork.

decisionwas made to use electromagneticlevitationfor
our Transrapid system, research using this form of REFERENCES

levitationwas successfullycarriedoutinthreeareas:

[1] Schnieder, E.: Die Betriebsleittechnik des

The development of an operationscontrolsystem, TRANSRAPID in: Magnetbahn TRANSRAPID,

purelyatthesafetyand controllevel,which couldbe MVP Versuchs- und Planungsgesellschaft ftir

fullytestedunder realisiticconditions.Trialswere Magnetbahnsysteme mbH und TRANSRAPID
carried out in the Transrapid Test Facilityin InternationaIGesellschaftftirMagnetbahnsysteme,

Emsland in northern Germany. Only then was it Darmstadt 1989,p.60-64.

possibleto realizeour aim to operate high-speed [2] Knigge, R.: Systembeschreibung, Siemens AG,
maglev trains. TechnischerBerichtTB06/1991.

The demand for a site-independentoperations [3] Siemens AG: Lastenhefte Forschungsvorhaben

controlsystem,forfunctionalchanges in the vehicle BMFT TV 9223 B,TechnischeBerichte1993.
and a furtherdevelopment ofthe computer system, [4] Freitag,V.:BetriebsleittechnikfarMagnetschnell-

resultedin a new operationscontrolsystem, the bahnen inderErprobung.Signal+ Draht 84 (1992)
programs of which are effectedas site-independent 3,p.67 -72.

logic.This system permits computers to be used on [5] Polifka,F.: Der Betrieb auf der TRANSRAPID-

any maglev network. The special network Versuchsanlage im Emsland (TVE), Eisenbahn-
topography and the site-specificparameters are technischeRundschau 41 (1992)11,p.729- 734.

deposited as configurationdata. This second [6] Miller,L.: Technologieprogramm TRANSRAPID,

operations control system, developed in 1989, EisenbahntechnischeRundschau 41 (1992)11, p.
consistsoffail-safefunctioningmicrocomputer 721 -728.
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the Yamanashitest line, and at last, about boomingnoise
I. Introduction by micro-pressure waves.

Weare nownewly constructing a test line In Yamanashl
Prefecture for ascertaining the practical use of the super-
conducting magnetically levitated train, which is expected II. Noises
to be an epoch-making,ultra-highspeed mass-transportation

system in the 21st century. The noise sources of ordinary trains are mainly classi-
Thefundamentalresearch and developmentfor this JR-type fled as follows(Fig.l).

Maglevwere started by JapanNational Railways(JNR)at the 1) rolling noise causedby wheeland rail
beginning of 196O's. And they have fairly advanced. For 2) current collecting noise caused by the
example, in 1979, an unmannedvehicle attained a maximum pantographand the trolley
speed of 517km/hon MiyazakITest Track. Anda mannedvehl- 3) aerodynamicnoise caused by friction
cle attained a speed of 4OOkm/hin 1987. betweenthe train bodyand the air

With the division and privatization of JNRIn 1987, Rail- 4) structure-borne sound

way Technical Research Institute (RTRI) took over JNR's Since the Maglevvehicle begins to levitate at 10O_/h,
business andcontinues runningtests of vehicles on Mlyazakl the rolling noise will never occur at 5OOkt/h.Andlt has
Test Track. However,MiyazakiTest Track is not suitable for no pantograph or trolley, so lt doesn't cause the current
testing the practical use of JR Maglev,because lt ls only collecting noise. The structure-borne soundis comparatively
7kmin length with a single track and lt lncl_es no tunnel small. So the noise caused by tile Maglevvehicle Is mainly
section. So a new test line which has an overall length of the aerodynamicnoise(Fig.2).

some4Oknhas been needed. The MLUOO2,test vehicle on Miyazaki test track, is
In 1990, under guidanceof Minister of Transport and with larger in cross-section and taller than the newtest vehicle

a state subsidy, RTRI,Central Japan Railway Companyand whichweare developing for the Yamanashinewtest line. And
Japan RailwayConstruction Public Corporation formeda con- the MLU002is different from the new test vehicle in shape
sortium and started the construction of the newtest line. of the head. Wemeasurednoise level of the MLU002running
The YamanashiTest Line has a length of 42.8kJ including at 3e0km/h.The place of measurementis 25moff the center
about 35kmof tunnel sections. On the new test line, we of the track at the height of 1.2mabove the groundlevel.
intend to confirm the stable runningat 550km/handother Thepeaknoise level wasabout79dB(A)(slow)and its noise
mattersto establish the actual serviceat 5OOk|/h. wascausedby aerodynamics.

Theenvironmentalimpactassessmentfor the construction If the direct proportionlaw betweennoise level and6rh-
wascompletedin September1990.By January1993,wehave poweredvehlcle speedIs right, we canestimate the noise
excavatedabout4,000mIn total, level of the _U002at 92dB(A),whichis runningat 500k_/h.

In this paper, wemainlystate the data of noise, vibra- To reducethe noise level of the newtest vehicle for
tion and the magneticfield measuredin Mlyazakltest track I'amanashitest llne, we took care about somepoints as
andali valuespredictedabouttrains runningat 500km/hon follows; First, w'e reduced the cross-section area and
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heightof thevehicle.Second,wecutdownpartialprojec- tionas Miyazakitesttrack,we estimatethelevelof
tionatauxiliaryguidewheelandcouplingsection.Next, themagneticfieldwillbethesameastheMLUO02.Andthe
weimprovedtheshapeofthetestvehicle-head.Finally,we newMaglevvehiclewillmakeabout2 gaussmagneticfield
madethesurfaceof levitatlonandguidancecoilsflat.So at thepointwhichis4m offtheedgeof theinfrastruc-
we estimatethatwe canreducethenoiselevelof thenew ture,and on thesamehorizontallevelof thenewMaglev
vehiclebyaboutIOdB(A)incomparisonwiththe_U@02.The vehicle.
noiselevelof newvehicleis estimatedabout82dB(A)at

peakwhenitrunsat5@O_/handabout70dB(A)at3@Ok_/h.
Thoughwecan'tmake easycomparisonbecauseof thedif-
ferenceintoneandsoon,we supposethenewMaglevvehi- V. Booming noise by micro-pressure waves
cleforYamanashiisquieterthantheShinkansenandordi-
narytrainsatthesamespeed. Whenwedecidetherouteofthetrainorthehighway,it

isdifficultforustoavoidthetunnels,becausethereare
manymountainsinJapan.Wehavetocareforboomingnoise
by micro-pressurewavesattheportalofthetunnels.

III. Ground vibration Themicro-pressurewavesof thetunnelis a phenomenon
asfollows;Whena high-speedtrainentersinto a tunnel,

Theloadof theJR Maglevvehicle,whichactson the it generatescompressedwavesin thetunnel.The waves
infrastructureandcausesthegroundvibration,isremarka-travelthroughthetunnelat thespeedof soundandthey
blysmallincomparisonwiththeordinarytrains.Thereare burstaspulsewhentheyarriveattheotherportalofthe
twocauses.First,thenewMaglevvehiclehasa verylight tunnel.If thelevelofmicro-pressurewavesis toohigh,
weight,ltweighsonlyabouthalfthenewestTokaidoShin- itgeneratesboomingnoiseatthatportaloftunnel.
kansencar.Second,ordinarytrainloadisconcentratedat SincetheMiyazakitesttrackhasno tunnel,we haveno
smallpointsof wheel,but theMaglevvehicleloadis dataon micro-pressurewavesoftheMaglevtrains.
distributed during levitation. Weestimate the level of micro-pressure waves will be

Wemeasuredthe vibration level of the _UO02running at low enough even if the newmaglevvehicle runs faster than
300km/h.The place of measurementwas 12.5moff the center Shinkansen, because we reduce the cross-section area of
of the track. Its level was about 45-50dB. the new maglev train by about 35_ and increase the tunnel

lt is difficult to estimate groundvibration level accu- cross-section area by about 15_(Fig3).
rately because the ground condition and structure form of However,when the level of micro-pressure waves is not
the newYamanashitest line are different from those of the negligible, we would take measures such as the tunnel
Miyazaki. However,if the newMaglevvehicle for Yamanashi entrance hood or wave-absorptive method with the level
runs at 500km/hunder the same situation as Miyazakl test shaft. The tunnel entrance hood is used for Shinkansen
track, we estimate the groundvibration at 60-65dB. tunnel(photo 1). It is confirmed that the tunnel entrance

hood which has 20m length can reduce the level of the
micro-pressure wavesby about 80_, and is effective against
the micro-pressure waves.

IV. Magnetic field

The wordof "magnetic field" has two meanings, i.e., the
direct magnetic field and the alternating magnetic field. VI. Post script
The maglev train causes the alternating magnetic field
around test line whenit runs. We will finish verification of the commercialization

In Miyazakitest track whoseviaduct has 8mheight, the possibility of JR Maglevsystemby 1997fiscal year, throug!t
MLUO02causes only about 0.5 gauss at ground level. If the enoughrunning tests using the equipment.
newMaglevvehicle for Yamanashiruns under the samesitua-
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Abstract- The train control system of the side on the ground, which is composed of

JR F(agiev, a high speed mass transportation super conductive magnets on the vehicle and
system, is composed of traffic control the ground coils.

system, drive control system, safety control In this paper, the structure and
system, train position detecting system and functions of the train control system will be
con_nunlcatlonsystem, discussed. The functions of the subsystems,

On the basis of the train control system such as the traffic control system, the drive
of the conventional railway systems in which control system and the safety control system,

train Is driven automatically, the new train will also be described. The train position

control system has been developed for the JR detection of high reliability and precision

Haglev system, wiII be mentioned, whose output is used for
synchronous control of the linear motor and

I. Introduction assuring the system safety. Communication
system between the vehicle and the facilities

The JR Maglev train is driven by the on the ground will be also discussed in this

linear synchronous motor with the primary paper.
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II. Structureof the train control system control system calculates the actual
train'srunning time between the stations.

The MTO and the MTP are installedat the
power substation where converters are also c)The local traffic control system
provided. The MTS is installed at station transfers the train operating data
yard and at the control center. Fig. 1 shows including the train running time and the
the structure of the train control system, train route to the train operation

control system.

III. Trafflc control system C. Train operationcontrolsystem

The trafficcontrol system is divided into The train operation control systems are
three parts, which are central traffic installedat each substation and controlthe
controlsystem, localtrafficcontrol system trains according to the data given by the
and train operation control system. The local traffic control system. Its main
functions and structures of these systems functions are as follows.
are shown in Fig. 2.

a)Based on the position of the preceding
train, the train operation control system

A. Central traffic control system determines the block section in which the
following train has not its speed

The central traffic control system is restricted. This system also orders a
installed at a commandcenter and manages the change of the boundary of block section
data on the whole day train diagram and according to the position of the trains.
states of the operated trains. Its main
functions are as follows, b)On the basis of the safety area assured by

the safety control system, the train
a)This system generates or changes the train operation control system generates the

diagram, lt also gives an alarm through train speed command and transfers it to
the man-machine interface when a trouble the drive control system. This system also
occurs, monitors constantly the states of trains,

inverters and equipment along the railroad
b)This system sends the train diagram to the and restricts the speed, acceleration or

local traffic control systems every deceleration of the train if necessary.
morning before the train operation begins
or whenever the diagram is changed.

IV. Drive controlsystem

B. Local trafficcontrol system The drive controlsystem is similar to the
automatic train control facility of the

The local traffic control systems are automatic operational control system in
installed at each station and control the conventional railway system. In the JR Maglev
trains according to the train diagram system with the primary side on the ground,
delivered by the central traffic control the drive control system is installed at a
system. Its main functions are as follows, power substation.

The drive control system controls
a)According to the diagram, the local inverters and section switchgears according

traffic control system instructs the to the speed command given by the train
routes in the station area to the yard operation control system mentioned above. The
safety control system, main functions of the drive control system

are as follows.
b)Comparing the actual arrival or departure

time with the schedule, the local traffic
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A. Speed control dynamic brake or the coil-shortening brake.

The speed control unit generates a speed
control curve, considering the speed command V. Safety control system
given by the train operation control system.
Riding comfort for passengers, adaptation to The safety control system is in charge of
the varying running resistance and precise block control, train speed check and route
stopping at the station are also important control. The safety control system determines
factors for deciding the speed curve, the blocking area which is equal to the

In order to adjust the actual speed of the varying control area of the drive control
vehicle to the objective speed control curve, system. This system monitors the speed and
the speed control unit calculates the value states of the train continuously and
of the current determined by the propelling- controls the safety brake if necessary.
or braking-force considering the actual train It works independently of the other
speed given by the phase synchronous control subsystems.
unit and gives the current to the inverters.

A. Block control unit
B. Phase synchronous control

Because an inverter can control only one
The phase synchronous control unit train, we defined the control area of the

generates a detailed phase synchronous drive control system as the blocking area.
control signal which is necessary for the A few feeding boundary switchgears are
synchronous control of inverters. This signal provided between substations in order that
is based on the phase signal given by the interval between trains may be shorter by
train position detecting unit which is a part changing the blocking area. The block
of the safety control system and it is given control unit is allowed to open one of these
to the inverters. The phase synchronous switchgears, and the opened switchgear
control unit calculates the speed of the determines boundary of block area. In this
vehicle from a very little change of the way an optimal train operation is realized.
train-position, and gives the train position The following train is not allowed to move
and speed to the speed control unit. into the blocking area occupied with the

preceding train.

C. Section control
B. Safety speed control unit

The section control unit controls the
section switchgears according to the position The safety speed control unit generates
of the vehicle under the no current a safety speed curve under which the train
-condition. In order to switch the feeding can travel without collision or derailment.
boundary switchgears under the no-current The curve is generated considering the
condition, the section control unit allows distance between trains and route conditions.
the safety control system to control the This unit monitors the actual speed of the
feeding boundary switchgears considering the train and confirms that its speed is under
states of the drive control system. The the safety speed limit. Whenthe actual speed
section control unit gives the starting- or of the train exceeds the safety speed limit
stopping-timing signals to the inverters, because of a failure of the normal

regenerative brake system, the safety speed
" control unit commands the back-up brake,

D. Safety brake control which is called the safety brake. Three
types of the safety brakes are provided and

When the drive control system receives the one of them is selectively worked depending
safety brake commandfrom the safety control on the situation. The kinds of the safety
system, it stops the inverters, controls the brakes are as follows.
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a)The dynamic brake (power consumption with VI. Traln position detection
resistance) and the wheel disc brake.

Precise position detection of the vehicle
b)The coil shortening brake(propulsion coils is indispensable for the JR Maglev system to

are used as resistance) , the wheel disc drive the vehicle with the linear synchronous
brake and the aerodynamic brake, motor whose primary side is on the ground.

Precise train position data is used for the
c)The aerodynamic brake and the wheel disc operational control, safety control and

brake, control of the section switchgears. In the
Yamanashi test line, the inductive wire will

C. Train monitor and control unit be adopted as the position detecting
component.

The train monitor and control unit
watches the states of the train and commands A. Structure and principle of the train
the safety brake in case of trouble. Whenthe position detection
communication channel fails, this unit also
commandsthe safety brake. The position detecting system is composed

of the transmittin¢ antenna on the vehicle,
D. Yard safety control unit the inductive wire laid along the guideway

and the Local Position Detectors (LPD) which
The yard safety control unit is in charge are distributed along the inductive wire and

of controlling the route switches and it calculates the train position from the
platform-gates. The interlocking device output signal of the inductive wire. The
developed for the yard safety control has an working principle of the train position
additional function of controlling the doors detection is as follows.
on the vehicle, unlike the conventional one.

[_____] -*x

Inductive wire with t [--l[---_ [_-1 [v-_[u_ [_---_[v-_ _F_-I[-'I r--l[_ttransposition

U V W
-_-____-_.__ _ _..--------_f ,

3-phase position signal / -_/'-\ _. /_.\_/-_\//_

Position detecting,

signal _ 0
0 --x p

Fig.3. Principle of train position detection
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The radio signal of 200 khz is emitted and gives these data to the drive control
from the vehicle. The inductive cable system, the traffic control system and the
containing the inductivewires receives the safety control system at the power
signal which representsthe train position, substation.
This cable in belt shape consistsof 6 pairs
of receiving loops whose transposing cycle
P is equal to that of the propulsioncoil on VII. Con_unlcat_onsystem
the ground. This cable is coated with
polyethylene. As the vehicletravels, the The leaky co-axial (LCX) cable has been
output-voltageof the inductivewire varies used in the Tokaido-shinkansen and the
in a sign curve shape. By processing this technology has already been completed. The
sign curve, the LPD makes the 3-phase data transmitting speed through LCX is 256
alternating signal whose mutual lag is 2/3- kbit/s. The LCX cable is used for telemetry
pi and generates the position detecting or communication between the train and
signal which varies.from 0 to 2-pi as the facilitieson the ground. The antenna on the
position of the vehicledoes from 0 to P as vehicle is always kept close to the LCX cable
shown in Fig.3. on the ground and a stable transmitting
The principle adopted in this process is quality is attained. The vital information
essentiallythe same as the mechanism which such as the brake command signal is
makes a moving magnetic field from the 3- transmitted through the inductive wire
phase alternatingcurrent in a motor system, besides the LCX cable. The position of the
Thus the position of the vehicle is LCX cable is determinedon the basis of the
expressed in terms of the phase angle which pressure of air draft caused by the running
changes from 0 to 2-pi and the counted train. The LCX cable is laidapart from the
numberof P. inductive cable in order to reduce the
Precision of the train position detection possibility of a complete failure of the
depends on production- and construction- channel betweenthe train and the facilities
precision of the inductive cable and on on the ground. We are considering the
the processingerror range of the LPD. The adoption of " the millimetric wave
standarddeviationis expectedto be about 30 communication technique to increase the
mm. channel capacity in the future.

The facilities distributed along the
B. Structure of the train position detecting guideway are controlled through the

system communication channel composed of the
optical fiber. With adoption of the loop-type

The position detecting system (Fig.2) is network, an equi)ment in the power substation
composed of the transmitter on the vehicle, can control lots of equipment outside of the
the inductive cable of laid l - 3 km long substation through this network.
centrally in the guideway, the LPD and the
position detector (DPD) installed at the
power substation. Two LPDs are connected to
both ends of the inductive cable and have
a redundant structure. The LPD is composed of
band-pass filters, position signal
amplifiers,A/D converters,DSPs ( Digital
Signal Processor ) and micro-computers.
lt detects the positionof the vehicle by We discussed the structure and functions
digital signal processing and sends this of the train controlsystem in this paper. We
informationto the DPD through the optical shall construct a system for the Yamanashi
fiber.The DPD is composedof DSPs and micro- test line on the basis of this structure.
computers, lt receives the position signal Development of the system has been
from the LPDs distributed between the financially supported by the Japanese
neighboring power substations, traces the Government.
train, detects its position and velocity
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Maglev Demonstration Project
Site Location Study

Lawrence C. Lennon

Director of Planning
Berger, Lehman Associates, P.C.

I. Introduction Transrapid and Grumman vehicles were evaluated
using tilt and non-tilt options.

In November 1991, the New York State Tt ruway
Authority (NYSTA) retained Berger, Lehman IV. Methodology
Associates, P.C. (BI_A) with its sub-consultant
Transrapid International (TRI) to conduct a The studywasconducted in three phases. During
Maglev Demonstration Project Site Location the first phase, a database of existing conditions in
Study. The goal of this study was to identify four the study area was developed along with a set of
sites along the Thruway, each between 25 and 50 maglev design criteria. The database includes
miles long, which might be sui.'.,ole for the devel- information on Thruway horizontal and vertical
opment of a maglev demonstration facility. This r,lignment, ROW widths and relevant land use and
paper describes the site selection process and the environmental data. The maglev design criteria
four alternative sites proposed for consideration by covers guideway horizontal and vertical geometry
NYSTA. including required superelevation and transitions.

II. Study Area During the study's second phase a screening of the
study area was conducted to eliminate Thruway

The New York State Thruway, which extends 559 sections less suitable for facility development due
miles across the State, is the longest toll highway to restrictive horizontal curvature. This was
in the United States. The Thruway's 426 mile accomplished utilizing a series of templates which
mainline connects New York City and Buffalo, the graphically presented tilt and non-tilt maglev
State's two largest cities. The study area encom- horizontal curvatuce requirements at various

passes the Thruway mainline (I-87/90), the New speeds (See Table 1). These templates were
England Section (I-95) to the Connecticut State superimposed on 1 inch-500 feet scale aerial

Line and the Berkshire Section (1-90) to the photographs to identify speed restricted areas.
Massachusetts State Line. Approximately half of the Thruway was eliminated

from consideration based on this review. The

III. Maglev Systems Thruway was sub-div,_'ded into four corridors: New
York City to Albany, Albany to Syracuse, Syracuse

Three maglev systems were used in the evaluation, to Buffalo and the Berkshire Section.
These vehicle/guideway systems are the German

Transrapid (TR07), the Japanese Linear Motor The Thruway sections which were retained for

Car (MLU00X) and the U.S. Grumman (Configu- further consideration after initial screening were
ration 002). They differ primarily in suspension evaluated to identify one preferred site in each of
technology (electromagnetic suspensionvs, electro- the four corridors. Sites were selected based on

dynamic suspension), guideway magnets their ability to accommodate high speed maglev
(superconducting vs. non-superconducting), operations while minimizing adverse environmen-
guideway type (channel vs. T-type), and the ability tal impacts. Three of the four sites have both 25

of the passenger compartment to "tilt" when mile and 50 mile long alignment options. The
traversing horizontal curves (tilt vs. non-tilt). The "Berkshire Section" is approximately 23 miles long.
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Thus four sites were identified, one in each corri- Amtrak in their Northeast Corridor service.
dor. These sites encompass seven options when 25
and 50 mile alignment alternatives are considered. The Amtrak criteria are conservative in that they

assume that passengers may stand up and walk in
V. Site Descriptions the maglev throughout the trip and that railroad

criteria are appropriate for maglev vehicles.
Site 1 extends from Newburgh to Saugerties in Significantly higher levels of lateral acceleration
Orange, Ulster and Greene Counties. The 50 mile and jerk are experienced regularly by airline
long alignment option includes four existing Thru- passengers while seated. Higher acceptable levels
way service areas and two parking areas, are also proposed by some proponents of maglev.

It is important to note that higher levels of accept-
Site 2 extends from Utica to Syracuse in able lateral acceleration and jerk would permit
Herkimer, Oneida, Madison and Onondaga Coun- higher maximum speeds on curves and thus higher
ties. The 50 mile long alignment option includes average operating speeds.
three existing service areas and two parking areas.

The model was used to determine the operating
Site 3 extends from Manchester to Rochester in characteristics (speed, energy use) of the three
Seneca, Ontario, Monroe and Genesee Counties. alternative maglev systems (Transrapid, Linear
The 50 mile long alignment option includes four Motor Car, Grumman), two of which had tilt and
existing service areas and one parking area. non-tilt options (Transrapid and Grumman).

Site 4 is on the Berkshire Section in Albany, The simulation model was tun in two modes:
Rensselaer, and Columbia Counties. The 23 mile Type A simulation and Type B simulation. Type
long alignment option includes two closed service A simulation ,;stimates a maglev's speed profile
areas. There are no parking areas along this and energy cc.nsumption based on an operation
alignment, designed to minim_e energy consumption. This is

accomplished by minimizing the number and
VI. Maglev Simulation magnitude of speed changes along a route. The

result is a relatively constant speed profile.
The model used to simulate maglev operations at
the four alternative sites (seven alignment options) Type B simulation is designed to minimize total
is based on a system of differential equations travel time. This is accomplished using a more
which describe the relationships between vehicle dynamic speed profile which is closer to the local
motion, resistance and thrust, and between voltage speed conc,traints imposed by the guideway align-
and current, lt was previously developed by ment. Under this operating scenario, both average
Transrapid International to evaluate alternative speeds and energy consumption are higher than
alignments and may be run for any maglev system with Type A simulation.
for which basic power and resist_.nce data are
provided. In order to simplify the analysis, operations of the

five maglev options (Transrapid tilt, Transrapid
The model was used to generate a speed profile non-tilt, Grumman tilt, Grumman non-tilt, Linear
for each alignment option based on alignment- Motor Car non-tilt) were simulated for the 50 mile
specific guideway geometry (i.e. grades, curves, alignment in the New York City to Albany corri-
superelevation), vehicle tilting capabilities, and dor using both Type A and Type B operating
selected passenger comfort criteria, scenarios. The remaining alignments were mod-

elled for both tilt and non-tilt Transrapid Type A
Primary among the passenger comfort criteria are operations. This reduced the number of simula-
acceptable lateral acceleration and jerk (i.e. rate of tions while producing reasonable conclusions for
change in acceleration). The criteria utilized in all thepotentialmaglevsystem-alignmentcombina-
this study are equivalent to those employed by tions.
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In general, Site 3 (Manchester to Rochester) Guideway costs were estimated using both "high"
offers the highest average speeds (215 mph-tilt, and "low" guideway profiles. The "high" profile
180 mph-non-tilt) and highest maximum speed dual guideway is designed to cross over most
(275 mph-tilt, 205 mph-non-tilt) assuming energy existing Thruway overpasses while compensating
efficient operational mode. Operating in a maxi- for some of the Thruway's grade changes. The
mum speed mode, a speed of 300 mph may be "low" profile dual guideway is designed to reduce
achieved at this site. guideway construction costs by reducing average

guideway column height. This is accomplished by
Site 4 (Berkshire Section) has the most speed reconstructing Thruway overpasses to allow the
restrictive geometry. A non-tilting ma#ev has an ma#ev to pass under. The cost of Thruway over-
average speed of 130 mph on this alignment over modification, approximately $2,000,000 per
assuming energy efficient operations. A tilting overpass, is offset by guideway cost savings which
ma#ev would have an operating speed of 140 vary by location based on reduced guideway
mph; a maximum speed of 200 mph could be height.
achieved over a section less than 5 miles long
assuming maximum speed operations. Generally a 50 mile long demonstration project

with a dual guideway will cost approximately $1.3
Sites 1 (Newburgh to Saugerties) and 2 (Utica to billion while a 25 mile long project will cost ap-
Syracuse) fall between Sites 1 and 4 in terms of proximately $740 million, lt is important to note
average operating speed and maximum speed, that these are approximate cost estimates pre-
(See Tables 2, 3, and 4) pared using small scale conceptual alignment plans

and without detailed geotechnical or topographic
VII. Cost Estimates data.

Conceptual construction cost estimates were Within the limitations of this study there is no
developed for four alternative sites, (seven align- appreciable cost difference between alternative
ment options). Each cost estimate contains a sites. Ali costs are given in 1992 dollars.
guideway cost estimate, vehicle cost estimate, and
a support facility cost estimate. Implementation costs can be reduced by initially

erecting a single guideway on piers capable of
The cost of a maglev support and maintenance supporting a future dual guideway. The second
facility including workshops, control and communi- guideway could be added at a later date when
cations equipment, and general purpose mainte- required. The 50 mile long single guideway would
nance vehicle is approximately $40,000,000. The then cost approximately $870 million while a 25
required two-car maglev trainsets (two) will cost mile long guideway would cost approximately $500
an additional $30,000,000. These costs are com- million.

mon to ali alignment options.
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TABLE 3
TABLE 1

MAGLEV SCREENING GEOMETRY SIMULATION SUMMARY

SITE 1 (NEWBURGH TO SAUGERTIES)
Non - Tilting 50 MILE ALIGNMENT

Speed/Criteria Tilting Vehicle Vehicle

300 MPH Operatio_ Trip Speed (mph)
Mi---nimumCurve Radius 19,000 ft. 10,900 ft.

Spiral Length 1,000 ft. 2,000 It. Maglev Tilt Time
Minimum Tangent 500 ft. 500 ft. System Capability (rain) Maximum Average
Between Spirals

A(1) B(2) A B A a

250 MPH Ooeration_
Minimum Curve Radius 13,300 ft. 7,600 ft. Grumman Tilt 16 15 215 260 185 200

Spiral Length 1,000 ft. 2,000 it. (002) Non - Tilt 21 19 160 215 140 185

Minimum Tangent 400 ft. 400 ft. Transrapid Tilt 17 17 215 260 175 180

Between Spirals ('rR07) Non-Tilt 22 19 160 220 135 155

200 MPH OperatioD Linear Non - Tilt 22 19 160 215 140 160
Minimum Curve Radius 8, 500 ft. 4,800 ft. Motor Car

Spiral Length 1,000 ft. 2,000 ft.
Minimum Tangent 300 It. 300 It. (MLU00X)

Between Spirals NOTE:

(1) A = TYPE A - Energy Efficient Operation

(2) B - TYPE B - Maximum Speed Operation

TABLE 2 TABLE 4

SIMULATION SUMMARY

SIMULATION SUMMARY 50 MILE ALIGNMENTS

50 MILE ALIGNMENTS MAXIMUM SPEED OPERATIONS

ENERGY EFFICIENT OPERATIONS Maximum

Speed Distance

Speed (mph) (mph) (Miles)

Maximum Average Non - Non -
Non - Non -

Site Limits Tilt Tilt Tilt "T'iiI Site Limits Tilt Tilt Tilt Tilt
1 Newburgh to Saugerttes 225 250 <5 10

1 New'ourgh to Saugertles 160 215 135 175 2 Utica to Syracuse 240 270 10 5

2 Utica to Syracuse 180 240 150 185 3 Manchester to Rochester 300 300 5 20

3 Manchester to Rochester 205 275 180 215 4, Berkshire Section (1) 200 225 5 <.5

4, BerKshireSection (1) N.A. N.A. N.A. N.A.
(1) Site 4 is 23 miles long.

(1) Site 4 is 23 miles long.
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The Environmental Impact of MAGLEV
A Comparative Study

Mark C McClintock
Rochester, New York

' = , i ,, , ,, . , i,, ,j, , .,j ,, , .... , ........ .,,i.................... -,,,i,,,

Abstract - The rising economic and environmental cost of II. Maglev System Operation
today'_ existing transportation infrastructure has necessitated

the development of alternative transportation means. This The purpose for the construction of a maglev system is to
study has been conducted to evaluate the environmental Impact achieve superior performance over conventional transporta-
of a magnetic levitation system. It was found that ma#ev tion modes for short and medium range inter-city trips. The
potentially operates at energy intensities less than that of environmental impact of everyday operation of a maglevairplanes or automobiles. Further reduction in energy use can
he achieved by decreasing the operating speed of the maglev system is assessed and compared to other transportation
system. Associated decreases in emissions are found as weil. modes. An evaluation of the economics associated with
The use of centralized power facilities for power generation will emissions control, fuel economy and local environmental
allow the use of alternative fuels and will produce power more impact is not possible in this report.
efficiently than mobile sources such as jets or automobile

engines. Constructing maglev along existing rights of way for A. Energy Consumption
highways and railways will substantially reduce the

environmental impact of the system construction by localizing Energy consumption is of central importance to the
the construction impact to areas where an impact has already environmental impact of a maglev system because fuel
been made. consumption and emissions are directly dependent on it.

I. Introduction The energy required for travel per person per unit length is
known as the energy intensity (EI). This is used to make

The automobile and the airplane have become extremely inter modal energy consumption comparisons that are not
dependent on vehicle size. trip length or number ofsuccessful forms of transportation in the world today, and are

now causing significant problems in congestion, air pollution passengers. Calculation of individual EI values are
and fuel consumption. Other environmental effects include discussed below, and results are contained in fig. I. The

base figure is on-site energy consumption, and the net figureland and resource consumption. Transportation accounts for
contains allowances for the efficiency of power generationsignificant portions of emitted carbon dioxide and other

hazardous pollutants, and is the largest consumer of oil, To and fuel shipments, Net fossil assumes only fossil fuel
combat the increasing inefficiency and high environmental
cost of transportation, magnetic levitation, or maglev, and 4o0o
other systems are being designed to transport people more
efficiently than present transportation modes. 3500. I NetFossil

This study is conducted to evaluate the impact of an 3000 tiNct
operational maglev system on the eavironment, lt does not _ moose
assume the use of any specific maglev design or route, but is _ 2500

intended to be as general as possible. The study is conducted 7 2000by comparing maglev elements to similar elements of other ,

transportation technologies and evaluating relative impacts. _ tsoo

Data is collected from raw data published in tables, from _._
previous studies on similar and related topics and from _ 1000

conversations with knowledgeable people. When extrapola- 500
tion is necessary, the method is explained. No original
laboratory studies are conducted due to lack of facilities. 0

The data is presented in two sections: system operation and E z _ z z _ _ _ -_ _ 7. ._

system construction. Finally. there is a brief analysis of _ { _ _ _- -_ _d _ _ r_ _
several theoretical routes for illustration purposes. < _ _ _ _ _ _ _ _'

.'Vlatauscnptreceived Mn.r_ 17, 1993. This ttudy w_ co_ Sourcel: taj[l]: 0_121; tc)13]; (dJl4J; (ej15,6,7,81.

independently. Fig. 1. Energy tntens_ttes of pnmary mt_r cffy tnmsportatton modes.
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powered generation, including coal, natural gas and
petroleum. Energy consumption figures for fuel powered 6000 _ _ i |
vehicles are computed from fuel consumption convened into
energy using the energy equivalent figures listed in table 1. 5000- !.

The energy consumption for the Boeing 737 is computed \

fr°m the f°ll°wing relati°n devei°ped bY J°hn Harding °f the EI '°°° - _.,,,,.,,,., t

U.S. DOT [1]. The total fuel, 7', in liters consumed on a (J/passm)
flight is: 3000

•,._ ,.,,.

T = 1249 li + 3.72 li / km (1) 2000 I "T'"-'-L--'-t--
0 500 1000 1500 2000

lqight distance (km)
Assuming a 61% load factor 121. ,and using the figures in
table 1, we can calculate the energy intensity for the Boeing Fig. 2. Energy intensity of Boeing 737 as a function of flight distance.

737. _s an average of data obtained from the four corporate
members of the NMI and their most recent System Concept

El(D) = 376x107 J/liV12491i +3.721i/km] (2) Definition (SCD) studies [5.6,7,8]. These values are for80 pass L. D constant speed on a level grade. Actual vehicle EI's will be
dependent on the route, how many stops are made, and how

where D is the travel distance in kilometers. This is plotted much hill climbing and acceleration and deceleration are
in fig. 2. The El for the 737 changes dramatically necessary. The German system figures are included due to
depending on the length of the flight. For the El contained their experimentally verified nature, whereas the NM1
in fig 1, a flight length of 483 kilometers (300 miles) is used figures are theoretical.
because it is representative of the distances involved witt:, Table 2 gives the fossil fuel consumption and power output
maglev travel. The 737 is more fuel efficient than the fleet for US electric power utilities 19]. Using energy per unit fuel
average for short haul air flight, lt is used, however, because equivalents we c,'dculate the efficiency of fossil fuel power
it represents the latest widely implemented air technology plants to be 33%. We assume nuclear and hydro to be 100%
and the future of air travel and air fuel efficiencies in an efficient because their associated efficiency and

aging airline fleet, environmental impact are not quantifiable in the same
The automotive El values represent a 1988 fleet highway manner as fossil fuel powered generation. Their impact will

average of 8.5 kilometers per liter (20.0 mpg), and be discussed later. With this allowance, we observe an
occupancy of 1.7 passengers per car 12]. Several auto overall power utility efficiency of 41%. Assuming another
makers have concept cars in development that have mileage 10% loss in power transmission, the above figures come to
efficiency far in excess of current fleet averages. The Toyota 30% and 37% respectively. These are the efficiencies
advanced prototype from [3] is included to indicate the assumed in fig. 1.
possible future for automobile fuel efficiency standards. This Additional savings in energy will come from reduced
small and fuel efficient model achieves a theoretical 41.7 congestion at airports due to fewer airplane takeoffs and

kilometers pcr liter (98 mpg). It is unrealistic to expect that landings. An original analysis of these savings is beyond the
we will soc fleet averages in this neighborhood in the near scope of this report. However, one was conducted by
future as large and aging vehicles continue to adversely TABI,E2
effect the fleet average. However, the automobile fleet does Power output, fuel consumption and efficiency ofelectnc
have the potential for significant improvement over current power uttlities by type.

standards. The Transrapid data is obtained from the Output Fuel |mergy Efficiency

National Maglev Initiative (NMI) [4]. The US maglev data ]0_sJ Consumpuon equivalent
of fuel
10 l_ J

TABLE 1 Coal 5,62 675 bill kg 17.28 ¢k33
Energy equivalent of fossil fuels. Petroleum 0.42 31.2 bill liter 1.139 ¢_.39

Gas 0.95 78.9 bill m3 3.01 (I.32

kg coal 25.6 mdlion J Nuclear 2.08 no data
m- d_, natural gas 38.1 million J Hydro 1.01 no data
liter kerosene ljet fuell 37.6 mdlion J Other a 0.04 no data
litel gasol,ne 34.8 million J Total 10.11 24.51 0.41
hter dtesel 38.7 million J Total fossil 6.99 21.38 0.33
bier-rude ml _8.5 mdlton J

a. Other includes geothermal, wood, wind, waste and scalar.

_ource: 121 Source: 191
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Argonne National Laboratories II0] and predicts potential B. Fuels and Power Pr<)duction
fuel savings of 1.1% - 3.9% based on a system wide 25%
reduction irl taxi/idle time. There will be a corresponding One of the inherent advantages of maglcv is tile
reduction in emissions, opportunity to use ra_wer that is centrally pre,luted on a

High speed transportation at sea level is obtained at the large scale. The efficiency of the combustion process on
cost of high aerodynamic drag. A detailed drag analysis is board airplanes, automobiles and other modes is _dready
not possible here, however, a simple analysis is conducted included in the base numbers of fig. I. Designed for opera-
for illustration purposes. To a good approximation, the tion in more constant operating conditions and with the use
acrodyn;unic drag is related to the square of the vehicle of technologies such as fluidized bed combustion and stemn
speed, and the magnetic drag is constant. For this analysis turbines, power plants can operate at higher efficiencies than
we will assume no grade, acceleration or head wind. The their smaller, space and weight constrained counterparts.
energy used for propulsion at constzmt speed is directly Typically the thermal efficiency for automobiles is 25% II Ii,
calculated from the force multiplied by a characteristic and for jet airplanes 20% - 30% [12].
length. Therefore, the energy required per passenger meter By producing power centrally we have the option to use
is for propulsion is: other forms of power such as coal, gas, nuclear power, hydro

and experimental sources such as solar. Today fossil fuels,

l-a(U)=cU _+m (3) primarily coal, account for 69% of ali dt)mestic clectricity
production. Hydro-electric 10%, nuclear 21% and ali other
forms, including wind, wood, refuse, geothermal and solarwhere the constant c is a function of vehicle frontal area,

aunospheric density, the drag coeMcient Cd and the number less than 1% 121. With the option to use alternative power
of passengers per oivehicle. The constant m is the magnetic sources, dependence on petroleum product in the
drag. From 151, we will assume m to be 8% of Ea(U) at 134 transportation sector will decrease. This has environmental
meters per second, although this will vary according to as well as political benefits including decreased dependence

on foreign oil reserves. Our domestic oil reserves are limited
vehicle design and configuration. A constant vehicle energy

and decreased consumption of these resources will hopefullyconsumption regardless of vehicle speed is required for
maintenance of systems such as levitation, air conditioning postpone or eliminate the need to attempt oil exploration in
_mdlighting. A reasonable assumption for this is 5 kilowatts ecologically sensitive areas such as the Alaska Wildlife

Preserve. Albeit not without large capitol investment,per person, which we will c_dl k [! I, This value divided by
the speed gives the energy intensity fi_rsystem maintenance, existing power facilities may be upgraded with improved
Therefore, the total vehicle energy intensity is: technology as it becomes available. New forms of power

production may be incorporated into the transportation sector
such as solar as it becomes cost effective.

EI(U ) = (cU " +m) + k / U (4) Although non tossil fuel sources do not product emissions
in the same manner that fossil fuel plants do, they ali have

l--'ig. 3 shows a plot oi" El(U) vs U, and the substantial their own unique environmental problems, tlydro-electric
reduction in energy consumption if operating speeds are power plants can be environmentally devastating Io the

reduced. The system could be operated at about half the communities both above and below the dam due to llooding
energy intensity by reducing operating speeds by of upstream land, and alterations of water flow patterns
approximately one third, downstream. Although nuclear power produces very little

gaseous emissions, it creates a small quantity of highly toxic

800 w _ _ i w ] waste where no suitable me,ms for disposal have yet been

700_ /._ implemented. Solar energy uses no fuel and has nocmissions but necessitates the use of large quantities t)f land.

000 - / - Urban solutions include the use of rooftops and highway

/ medians for the placement of solar collectors. At this time
I.:I ._00- large sc',de power production by solar means is not cost

J/p,,,,sm, effective, but this cost has been decreasing with
400 - // advancements in solar technology.

"ii/_ _ The effect of power production for lhc use of maglev will
300 - _X, be determined on a regional basis and on the characteristics

1"--
7"-1" J 1 of the maglev system. If a power plant is not ,_perating at200 .....

0 2_ 50 75 _00 _25 150 full capacity, a maglev system may be able to use the excess
Vehtcle xpeed (m/sl capacity thereby increasing the [x_wer plant's cfliciency.

I:_, _ F I as a lunclx,m oi speed for maglcv vclucle. , However, ii the maglev system exceeds a region's energy
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capacity, the construction of new power plants will be Cooperation by maglev planners with local power utilities in

necessary, with an associated negative environmental conservation efforts could have a substantial beneficial effect

impact. Power use on the utility grid is by no means on local power situations.
constant, and peak power demands can cause significant Because maglev vehicles do not require on board energy

problems for power utilities. The power grid must be production, no fuel is stored on board, and no filling of fuel

constructed to handle the peak power loads of the morning needs to take place. This has several environmental advan-
and evening, and must then operate at sub optimal rages. In the case of accident, there is no fuel to be leaked to

conditions during the midday or overnight when demand is the environment. Storage facilities are not necessary and

low. Maglev could effect this in either a positive or a neither is the transfer of fuel to the vehicles. The transfer of
negative sense. An analysis of ridership demand is beyond fuel from storage lank to vehicle accounts for a significant

the scope of this paper, however, some pertinent points are portion of automobile emissions. Evaporation of gasoline

made. If the maglev ridership is heaviest in the morning and can account for as much as 18% of automobile hydrocarbon
evening, say a rush-hour demand, this could adversely effect emissions. Emissions will be discussed if further detail ill

the local power situation by aggravating the peak-trough the next section.

nature of I_)wer demand. If the maglev system operates at a
relative constant, a suitable power source should be able to C. Emissions

be arranged that would not aggravate local conditions.

Ideally, the peak maglev demand could be associated with Fig. 4 shows emissions on a kilogram per passenger meter

low demand periods, and would benefit the power demand basis for the six criteria emissions from utility power plants
bv smoothing out the peaks and troughs [13]. and from transportation. This data is taken from 114] and

An incrcascd emphasis is being placed on conservation linearly scaled to be compatible with the El values used in
when the need for more power is raised. Many utility this report. Emissions lhr electric powered modes are

planners believe that increased power demand by the calculated directly from kilograms of material per joule tbr
construction of new industry and civilian development can electric utilities [14].

be accommodated by an increase in conservation efforts.

USmaglev I_i 0.03 USmaglev I0.01

lligh speed rail _. High speed rail [0.00
Amtrak electnc _0.06 Amtrak electric Lo.02

Amtrak diesel _ Amtrak diesel 0.29
Automobile 0.18 Automobile _ 7.07

Alrp)ane_0.21 _ Airplane pO.20 , , i ,
¢,OO 0.05 0.10 0.15 0.20 0.25 0.00 2.00 4.00 6.00 8.00

CO2 emissions (kg / thousand pass ml CO emissions (kg/million pass m)
Fig. 4a. CO-_emissionson a passenger meterbasis. Fig. 4b. CO emissionson a passengermeter basis.

USma_ev 0.26 US maglev
l tigh speed rail 0.09 Highspeed rail
Amtrak electnc 0.54 Amtrak electric

Amtrak diesel 0.43 Amtrak diesel
Automobtie 0.56 Automobile

Airplane 0.43 Airplane

0.00 O.10 0.20 0.30 0.40 0.50 0.60 0.00 0.01 0.02 0.03 0.04

NOx emissions (kg/million pass m) TSP emtssions (kg/ millionpass mX
Frg.4c. NOx emissionson a passengermeter basis Fig. 4d. TSP emissionson a passengermeter basis.i

US maglev I0.00neglig_ble US maglev ]_lllli_ 0.52
[hgh speed rml_0.00negligible Highspeed rail O.18
Amtrak electric __iOOnegliglble Amtrak electric _ 1.01

Amtmk thesel ,_ 0.060.06 Amtrak diesel _0.24
/\utomobde _ 0.89 Automobile _0.02

Airpl:me n0fP Airplane 110.03 : , I , oFII k3't _'_ I_ ! ! I ! • - !

IkO0 0.20 _.40 (J.60 0.80 1.00 0.00 li.20 f).40 0.60 0.80 1.00 1.20

VOCemissions {kg/million pass m) SOxemissions (kg/million passm)
FL_.4c. V¢){,'emissionsan a passenger meterbasis Fig. 4f, SOx emissionsona passengermeterbasis.
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Carbon monoxide, CO, is a colorless, odorless and although significantly noisier than typical daily
potentially lethal gas that is the product of incomplete transportation modes. Data is from [17] and US maglev
combustion. CO is responsible for headaches and decreased companies [5,6,7,81.
brain function and is a contributor to txopospheric ozone.
Ozone, 0 3. is produced through a complicated chemical E. Magnetic Field Emission
chain of events in the presence of heat. lt is a contributor to
urban smog and causes a decrease in pulmonary function The corporate members of the NMI have reponed that
and capacity. The other two primary, contributors to ozone electromagnetic fields (emf) from their vehicles drop to
are nim_gen oxides, NOx, and non methane hydrocarbons, below 500 milligauss by 10 meters from the vehicle and
otherwisc known as volatile organic compounds, VOC's below 100 milligauss by 20 meters. For comparison sake,
[151. In addition to ozone, NOx is a component of smog and some high power transmission lines emit as much as 500
some members of this family are possible carcinogens, as are milligauss at four meters. There is a lot that is still unknown
certain hydrocarbons. Carbon dioxide, CO z, is not a health about the connection of magnetic fields and health effects,
hazard directly. Life could not exist, as we know it, without and more study is necessary in this area. However, it seems
CO 2. Since CO z has been emitted in unprecedented that at this point maglev does not emit magnetic fields
quantities by industrial processes, there has been significant stronger than power lines, and possibly less than household

buildup of CO 2 in the atmosphere causing what has become appliances [18].
termed the "green house effect." This buildup of CO2 in the
atmosphere, together with other gasses, is causing the III. Maglev System Construction
trapping of heat, and a potentially significant increase in
temperature, causing planet wide atmospheric changes [16]. Any construction project is by its very nature

Oxides of sulfur, SOx, are a natural product of fossil fuel environmentally destructive, lt will require the mining and
combustion, and can be reactive with other chemicals and manufacture of materials, the transporting of said materials
elements as either an oxidant or a reduction agent. SO x is and fuel, and will develop land previously undeveloped.
primarily responsible for acid rain, which has been Local wildlife populations will be displaced, lt will effect
responsible lhr widespread damage to forests and lakes and wetlands and the local ecosystem. The construction will
the defacement of many historically significant structures, consume large quantities of fuel while access roads will take
Suspended particulates, TSP, is also a combustion product, the construction effects out of the planned route and into
and is reslxmsible for respiratory dysfunction and disease surrounding areas. Part of the nature of a long and high
[161. speed project like the one we are discussing is that its route

Fig. 4 shows that a maglev system should cause a is relatively inflexible. It is problematic to alter the course of
reduction in emissions over the airplane and especially the the guide way by a mile here and there to avoid ecologically
automobile in most areas. Because coal has a much higher sensitive areas or any other obstacle. The guide way will
sulfur content than oil, sulfur emissions will increase with create an artificial barrier that will interrupt the migration of
the use of maglev, wildlife. However, maglev has relative strengths in many of

these areas.
D. Noise Pollution

A. Rights of way and the guide way
Of major concern with a high speed vehicle traveling at

ground level is the noise associated with it. Fig. 5 shows lt has been widely proposed to construct maglev along the
relative noise levels for various transportation modes and existing rights of way of highways and railways. Because

maglev. The figure shows maglev to be an order of both of these systems are designed for much lower operating
magnitude less than the Japanese Shinkansen (bullet train), speeds thmt maglev, the maglev system, out of necessity, will

I be forced to be as flexible in its route as l_'_ssible to "allow it
Compact car I

to closely tollow the existing corridor. A tight correlation
f:unsizecar I between the two routes will help to limit the environmental

Busses I impact of the maglev system by localizing its impact to areas
_aatroao I where an impact has alreadv been made and the path largelyShinkansen 105 I .

I cleared.

T(;V I Due to maglev's high rate of speed, many designs call for
Maglev I the guide way to be elevated or subterranean. CurrentI

o 2o 4a _o 8o 1oo 12o proposals widely employ elevated guide ways, and evalua-
tion of a subterranean system is not pursued. An elevated

Noise level (a;" 25 m IdB) I

tTig 5. Noiselevelforvanoustr,msl"mnatmnmodes. I guide way has several advantages to an at-grade guide way,
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and a few costs. An elevated system will foremost be a TABLE3
Data on fuel savings and emission savings for hypothetical

visual blemish on the local scenery, as is the case of high scenarios.

voltage power lines, forming an imposing object and obstruc-

ting views. As an advantage of elevation, the 'footprint' of Boston N.Y. Houston L.A.
the guide way will be less than that of an at-grade guide way, n.Y. D,C. Dallas San Fran.

using less ground space and possibly reducing certain Ground distance km 370 377 386 611
Air distance km 306 338 362 563

aspects of the construction cost. A long continuous object Air passengers thousands 3830 3210 2180 2010

such as a highway is virtually impassable for ali but the Auto passengers thousands 7660 6420 4360 4020
largest animals. Median fencing or 'New Jersey Barriers' El,air J/passm 4107 3904 3774 2231

create an impassable wall; effectively cutting off migration air travel
routes and separating populations, Animal populations are Saved energy trillion J 826 768 550 1032

forced to develop new food sources when trapped in seasonal Savedfuel millionli 22 20 15 27
feeding grounds off season [19]. Maglev proposals indicate Base fuel miUionli 128 113 79 128consumption
that the guide way will be significantly elevated, allowing Saved fuel % 17 18 18 21
unobstructed passage of animals below the guide way. lt is
not clear yet how the passage of high speed vehicles will AutotravelSaved energy trillion .I 665 568 395 576
effect local animal populations. Saved fuel million li 19 16 I1 17

Maglev is most desirable in populated corridors where Basefuel millionli 220 188 130 190
congestion is causing the consideration of further airport consumptionSaved fuel % 9 9 9 9
construction. The Dallas airport is 7.20x107 square meters,
enough land to construct a maglev corridor 25 meters wide Savedemissions millionkg

and 2881 kilometers in length. Typical maglev corridor co2 air 1o2 96 71 1oiauto 213 182 126 184
lengths are 500 kilometers to 1300 kilometers in length, co air 0.110 0.102 0.075 0.107
creating a significant saving in land over the construction of auto 10.0 8.5 5.9 8.7

new high volume airfields. This saving is increased if nox air 0.068 0.076 0.060 0.084auto 0.425 0.363 0.254 0.368
maglev is constructed on existing rights of way using sox air -0.351 -0.298 -0.207 -0.302
previously developed land. auto -0.709 -0.605 -0.421 -0.614

VOC air I).012 0.011 0.008 0.011
auto 1,26 1.08 0.75 1.09

B. The construction energy deficit TSP auto -0.014 -0.012 -0.008 -0.012

hypothetical assumptions. Boston - New York - Washington
The construction of a maglev system will consume D.C., Houston- Dallas and Los Angeles - San Francisco are

millions of liters of fuel to power construction machinery analyzed. Annual air passenger figures are taken from I10],
before any fuel is saved by the operation of a more efficient and it is assumed from 121] that twice the air traffic will
alternative 1othe automobile and airplane. This 'fuel cost' is represent the ground traffic. The ground mileage is the
"known as the e,ergy deficit, and the time required to pay it shortest route along major roads and the air mileage is point
off will depend on local system characteristics to point, lt is assumed that there is a 50% penetration into

According to {201, approximately 106,253 liters of fuel the air and auto markets. Given those assumptions, the
and lubricants are consumed for every million dollars of remainder of the data is directly calculated from the El data
highway construction cost. If we apply this to a maglev and emissions data and is contained in table 3.
system that will cost roughly $6 million per kilometer, we

find that maglev construction will cost about 637,500 liters V. Conclusions
of fuel per kilometer. Over a 300 kilometer route this is 190

million liters of fuel. This is only an estimate, The fuel per This study suggests several conclusions. The construction
dollar figure that is used to calculate this is based on of any new system will inherently have an adverse effect on
highway construction and not elevated structures such as the environment, and therefore solutions employing the
maglev. These figures are only included to illustrate that the existing infrastructure are naturally a more desirable alterna-
construction of a maglev system will incur a significant rive. However, typical systems are designed to fit in with the
energy deficit that should be considered in an environmental existing infrastructure, thereby limiting the potential
ttr energy analysis of the system, environmental threat of its construction. The construction of

a maglev system along existing rights of way will have
IV. Hypothetical R{_uteScenario substanti'a] environmental benefits over selecting a new right

of way, and should have much less oian impact than lhc
F{)x illustration purposes, four corridors are selected and construction oinew airports and highways.

route tulalyses ;u'e conducted making some realistic but
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Once in operation, a maglev system should help to reduce 5. Deutsch, Lowell, 1993, Grumman Corporation,
congestion at airports and roadways, lt should be capable of personal correspondence with, Feb., Mar.

transporting people short distances at speeds comparable to 6, Perkowski, Joe, 1993, Bechtel Corporatitm, personal
airplanes, and with an El similar to or better than an correspondence with, Feb.. Mar.

automobile. SO x emissions will increase, but this will be 7. Samavad_un, Gopal, 1993, Foster Miller
offset by an overall reduction in emissions. The use of Incorporated,, personal correspondence with, Feb.
centralized power facilities should reduce the dependence on 8. Kolm, Henry, 1993, Magneplane International,
oil in the transportation sector, and will give transportation personal correspondence with, Feb.
the flexibility to use alternative energy sources. The precise 9. Energy Information Administration, "Electric power
effect of a maglev system on the electric power supply annual," U.S. Department of Energy, 1992.
situation will be locally dependent on the maglev system and 10. Johnson, L.R., Rote, D.M., Hull, J.R., Coffey, H.T,,
the power utilities. Maglev's high energy intensity is largely Daley, J.G., Giese, R.F., "Maglev vehicles and
the result of its operating speed. If the operating speed is superconductor technology: integration of high-speed
reduced, the energy intensity will also reduce. Maglev has ground transportation into the air travel system,"
the potential for a positive environmental impact if it is Argonne national laboratory, 1989.
thoughtfully integrated with the existing transportation 11. Newton, K., Steeds, W,, Garrett, T.K., The Motor
infrastructure. Vehicle, Butterworths, England, 1983.
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13. Arnold, Tom, 1993, Environmental Attorney, Arnold
For the maglev system to have the most environmentally & Kangas, P.C., personal communications with,
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Safety evaluation test for electromagnetic levitation transport system !t-100
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Abstract- This paper reports test results

on the support and guidance system , the tiC.,h.,,.go,,.,o,m.,,o...d,._u,,_-.,I
propulsionsystem ,electricalequipmentsystem I

and etc. obtained from basic tests conducted IfE't'_'_"°'_"""=°_"'°n'o"'_o..o,,he,,,,em I
for safety evaluation on the Nagoya test track J
with electromagnetic levitation vehicle H-lO0 I....Ju.,m..to'"_h"o'_e'o'°b'"'to_''"m'""."_'i• lO b, tx,rnlnlKI for °v,luatiorL VlInN Point of evllul{ion, J

1

[ E..,i..tio. of,.oho_o_c.Jr,_u.,Io.II . Introduction _.,,_ ,_ o,,.,,.,o,_,,_.,,o.
I'

II-i00 transport system is one of the normal [ ,o_,,,,oh._,o...,u_,o._,,.,,.,.,,_d.,.I
conducting magneticlevitationtransportation 1 , -,
system ,supportedand guidedby magneticforce [-R._j_._..,o,,,._,ooo. .I I I
and driven by linear induction motors The .l ....

" It,n"l ,r_l m,thod Of t,st I

maximumspeed achievedby it's urban transit Is't""' ]
type is on the order of i00 km/h . Since Hay Is''''_'''°"b_'"'_°l
199], the transport system has been tested by J L___
Chubu tlSST Development on the testingtrack at - 1

Ohe, Nagoya. As the ['linistryof Transportof LE..m_"'"o°e_"_Jo"_'"'°''_"°b"Japan needs to set up ministerialordinances =o..,d.,..e,t._h.o,o_,.,=,..,,.}
as technical standards on safety and reliabil- Fig.f Procedureof safetyevaluation

ity before this kind of system is put into
practi(_a]use, it has organizedthe "Committee
for Investigationand Examinationof Technical
EvaluationMethodsfor NormalconductingHagne- tion at which one's eyes are directedto
tic LevitationTransportSystem " ( Chaired by evaluatethe above problemsto be examined _)
ProfessorEisukeHasada of the Universityof method of technologicalevaluation, and _)
Tokyo ). Safety evaluationmethodsand testing criteria for evaluation. After completionof
methods are currentlyexamined , while test the above procedure , mattersto be.confirmed
results are analyzed at the same time for in future will be readjusted, items to be
ew_luat:ingsafety, tested and method of test will be determined,

'I'hlispaper reports some examinations of and evaluationthrough testingwill be execut-
the sa[ety evaluationtechnique and the test ed. An example of test items thus determined
result'.;on the supportand guidancesystem , for the support and guidancesystem is shown
the propulsionsystem , the electricalequjpm- in Table 2.
ent system and etc. obtained from basic tests
concluct:ed forsafety evaluation. III. Support and Guidance System

11. Method of Safety l':valuation For the support and guidance system , the
supportforce is obtainedwith the attraction

The proccdure for examinationto make H-lO0 between electromagnetsand the rail , and the
system l)_'ac.Licab]e as a public transport and guidance force is obtained with restoring
is under' co1_s.ideration by t,hc above mentioned force. The running tests were conducted at up
commil.tx'e :is shown in [":igure ] to the speed of 100 km/h on tracks including

As ar_ example , an excel'pL of readjusted 100 m curve radius (100 mR) and 25 mR tracks.
(;sse_Lial cond.itions re_ard:in_ the support and In order to eva]uate the support and _4uidance
gui(lan(:e system is indicated in Table ] . gap , tolerance of the guidance gap ,

Then ,problems to be e×am:inedLo satisfy the levitation force , and gap character.i'-;tics ,
_S.. _ ". )e..sc.[_t_al conditions are extracted , and fol]- measurements were taken on the .lcvi t.;_Lion

o_#edby examination of 2) the point of eva]ua- guidance gap , levitation current, l":i{,,_r'(, '_
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Table _ Essential conditions regarding suspension and guidance system (extract)

(| Re_Jlar operation (land n_. standltill Uurlr_g floater on Drooelli_'_]. braking)

Euent*al cot'l_ltlOn| Inside the susoension inel guidance rrSlern

Conclition! concerned in susp.enlion Hard_afe (e,tamplel Module ii I_ be of Construction thal iS eatlIble oi passing 4 seclion of frick ur'_lef prel_riU, e_J col'_$tl_ rl _%'it_u_l

and guidance causing troubles under given Ioacl co,.'t_,ions &nO al e preset spee,d

ContrOl (example) SuN)en$1on control is 10 be capable Of being performed mainlalnir_ le-¢i_atlon _¢l(hin _re_ll_t ran_(_ Of fl'.,c_lJtl_lqr'_$

under prescribed conditions

Condition concetnf.,d in riding quaht'¢ Train ii caoibla of t,ecudng tiding QualilV _h_t will not give It)asian,gets unpleaunt te,elir_ by mairltalnin._ vtOt_Hor, ec_.eJeralion v, lthin pleat

ta."q,_ under typical running condilion.

Coati*sign eor_:erm._l in re'fi_hbilite 1"o be ca¢,l_le oi s_cuting rtleintenance of operational funelion$ to COpe with ir,cornlnc] it,:er feting elect'Drr_,lh_r_ehc waves, tills clc,;;-?,.' v,,tn

ice or w_w. rust of rails, and e_n,ln$i[),l add corllt,l<tinrl of track anfJ rail. ii_l Io forth
......................................................................................................................

E$_nhal canadians for other sy$1eml

For prooulsion system

For current celiac Don s-¢¢lern

Iomitte_ll

e_ For vehicle _lell system

-- FOr $_,gnIIlin_ ,ling ld_etv' syeteln
..

[ IttK'trC,t_i_r_llC inlet f_rence

C_ N Oi_,_ {omitle(1)
__

e violation

(7) Ar_,_orrnal operatiorl IFa*lurn of toW:,en$ion ano g*JiOan_e $-(slern. eaftt=Cluake, ice and snow ric )

Sec_i_ _e:_

I ..............

Rill and trick $'¢strm .... _.ach OI sk¢l. rail. and tick _',alt ha.vr sufficient |Iferlgth |or landing ar_l running with sWld ar_J _':411 not c_*.,I.e derailrrent Oy lunns¢,_ ,,llh Ii ,_1

M._ule Both trr module it.ll 4_(J iii part for li=ing it shall have 1,ulfie_ent strength considering ii cont_ctln;_ _l)So_ing, ano fag*ag I,hO_h3 ha;tr*en

V(m,cle _J_ells'¢slem To be c._le of with standing decelerltion anO im_lcl generated when I_Jsoension System ii in al)normal cor_ition

Salary' cor, trof function

i ......... . ......

Prore$._ lo Come !0 & Standstill . ro be cadet)le of Jarring with skid when train fails lo o_rale

Changeover of fa*lerJ part ..... To be c43a_le of makingquick respon_ like detectirl 9 the failure immediately, tw*tching lo backup eyste, m. and c_tllrt_ Out filie_ par1

Relation with other module ..... Faile_ ma;nat or module shall have no influence on the operation of so*Jnd m_net Or mOdule

Icvitatloa

Table _ Extract of prescribed test items _'_Te_;_'*' lap vlJve

for and
i

suspens:on gu_uance system cu_ _ _ _____ ^ _ ) .... I
• Sul_enslon and guidance Iystem el! 2 __ _., I I I • , ln.,_

I Cen firrr.ltion of g,ap fluctuation! for sus_cnlion end guidance ell 31__ ' I _oflcent _rlc,, t =,,o._°:=t ,.

2 Confirrr, ation of lateral dil_lace'rnent of module and sl_ing skid CJ'| 4'_ _ _ - frnnt

3 Confirmation of _iding Quality end vibretion acceleration C|| _ "V_r_|'_-"--_V _

4 Confirn'_tion of lusoension controllability when pitting through rail joint, ewitch, end crouing

Contitrral, tion Of deleCliOft Der|greener Of glD _lJn_r af_d eocr|geeSe( CH _ _%rV_ v-_._'_

6 Con.firrnetion of protective measures in cesr of failure CII I _ _ _._.. li

B Confirm.ilion of _tpen_ion performance during D.o_',erfailure I_ .00 I).20 lt .40 |_._0 16 II0 I_ 0

0 (secl
cj Confirm,Ilion of r_il deformation by eleclrome-gne:ic force for suloension

101 Confirn'_tion of the effect Oi electrom_neHc noi_e On si_nallin'_ and t_lfl[.ty s'¢slem

["lg.2. The levitation g_p wavel'orm tar.IOOkm/h rtlnnlng
I 1) Confifn_a',ion of Inrengtft and wear when the venlcle is sh_ling witn skid

sho,,;s ]eviLat.ion gap waveform measured during maximumallowable varJat.ior_ , _lo (:or_l.a(.:l._ms
r'unnir_g Lest at 100 km/h .]'he fo]lo,,;.ir:g points made beL_een rail and guJdai,.(:(_,skids
_:e['e Jdei_Lified after the /'unnir_g tests on the dur'ing Lhr nor'real running. The guicl:-_c:(, di_'(,-
sLra.i_:ht b_'s](:k. ]) The ]ev_iLat.iorl gap varied cLJon _._asalso fourld under contt"o.l.
.iri t)r'opor'LiorlLo the square reel oY the speed, l":igure 3. sho,vs Lhr guidance Rat>;.:avc;fo_'m
2) The m;qximumvariation irl the :tevit.at.ion measured during the running on t.tl,.: 100 rnR
gap _;as s.l ighL.ly larger' _._it;ha full-loaded track. The follow.ing points _er'e .ider_L.ified
vehicle " appr'oximat:ely _ 3 mm _JLh an empLy- after the running test; on the curved track.
;loaded vehicle against +-4 rnmwith a full- 1) The maximum variation in the guidance
loaded vehicle. There _as sLi]l some r'oom :left: gap measured on the 100 mR track _as slightly
a_aiF_sL t,t_e ma×imum mechanical st,_'oke of _+ 6 larger with a full-loaded vehicle " approxima-
mm , ai_d I.h,, levitation gap _as under' control, tely +-- 11 mm with an empty-loaded vehicle
:_) 'lt,_.; ma×imum var.iaLJoh irt t.f_e gu.idance against _+ 13 mmwith a ful]-loaded vehicle.
gap ',;a:_ af,pi'oximat,ely lt)Mm ,,_iLt_ arl empty- 2) The maximumvariation :in the guidance gap
]oach-d vct_i(:l(, , arid 12 mm_._iLl_ ;,full-loaded on the 25 mRcurved track uas approxin_tely 31
vehicle . _!iLh some _'ooln left il_ Lhc ]5 mm mm with an erupt;y-loaded vehicle , and 35 rnm
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iuidalc¢:¢a; scn¢or ck,nlel lap _alwc

crater poJt|io= Trolley vol_ece , : ' * ' I I I I , I I i
Cii I -S3mm /

_- -I+._m..._ / or ,_,:,_c, .._.,_--- - " , - .... :_:_'- _j':'T'--, " . .... , " , 1 ; • :

c.2 -3.,m.,/ I-I_ ...... = d- ,., ,o,,,,. i :---_-==-_--'1--1-1-- -- " - • ;,
.... ft' ....... , ' ' -_ .... Re, ...... |*el t--t----I--_q qTroi, ..........

_--" - _-- . --_Y'_'-" I - ---! ' ..... i__.._m-. L_ -.p"=l--_---" ....
-- 2. Imm__ c,,, , --+-:-+-+

_+" -|,Omre Speed _ _-_ , ---------'r , _ __ .__ ..... :'_

CH, - _'1'''' "V, - . .......... - --'-t-.--r_.---t_-_,,' !.,I :" " 2- "- '-........IOlk ! _%_----

-'_o ordoroto. pre,,,r; I,r.km,rp.... -I-"1--'1_.%T-",7_ ' I L ____/..-----

)¢nu. CII ? _ . --/' 1"he order of equlvelenl--_ eleccrlc,l, l l j ,____brsklnl pouer i ,; I . ] .llkn/h,[.--_" _-.. Skli/h --

- 30mm C| [ 8 - ]' -- ? .tram *"---T--- _ _j,'_ _ T 7--+ i i5
CN9 1 -.....---.-_ -- lt.lmm

i Flg._ The wuverorm of VVVF Inverter control
lie< l.lmm IOta In the regular braking at lOOkm/h

• OL_-LJ-_LL
clrve rldiel lOOt $Ok*/k CO¢ltl+l

inverter control m_qsut'ed ,.:lth ti_e rtormal bra-

v_g._ _'t,_.g_d,,,,,:og,p*_wro_= or tt,_ _,,.wt,,-_ kink applied at 100 knjh . }_hen the brakes
_,,,,,_.g ,t _oo__d_us were applied , :if the designed electric brakes

vote pr'ovided, the mechanical brakes ( dr:iven
with a full-loaded vehicle. The figures devi- by hydraulic ) did not inter'rene (thus , not
ated largely from the calculated 21 mm . Esti- causing initial operation ) , and the electric
mating the module-rail positions based on the brakes provided all of the br'aking force al1
measured gaps,the minimum possible gap between the way down to approximate]y 42 km/h as rege-
the guidance skids and rail is approximately 2 nerative brakes, returning electric, po,.:er to
mm , and no contact should be made . the contact line. It shifted to negatiw'.-phase

3) The maximum variation in the levitation brakes , when the vehicle reduced its speed
gap measured on the curved track was approxim- below 18 km/h . The proportion of electric
ately _+3mm , and the levitation gap was under brakes was reduced belo_ 5 km/h , applying the
control also on the curved track, mechanical brakes to stop the vehicle in coor-

Summarizing all test results on support and dination of the both brakes. Furthermore, the
guidance, including other support and guidance following points were identified and confirmed
characteristic values measured at various exp- in connection with the braking performance.
eriment beams , turnouts or slopes , the levi- 1) k failure of regeneration immediately
tation control is kept within the designed triggered the mechanical brakes ( with a few
variation range , and it has been confirmed hundred seconds of delay ) , without extending
that there is no problem in obtain the the braking distance greatly.
levitation gap. As for the guidance control, 2) The electric brakes , when applied at a
the required force was confirmed , but the high speed, performed fairly constant decrier-
guidance gap was found greater than the calcu- ation rate, proving the braking function that
lated value on the 25 mR track , and the sew was designed taking into consideration end
aration with the rail _as sometimes narrowed . effects.
The contact, however, was made on the guidance 3) Even when power failed (failure of power
skids, and no problem +.,as found in achieving supplied from power substations ) , the folio-
the strength. The remaining gap left for' the wing sequence was confirmed " Electric brakes
contact has to be studied further, were activated within the speed range where

regenerative electric currents returned into
IV. Propulsion System the power conduct line , and the emergency

brake command was issued to apply mechanical
The propulsion system applied here :is one brakes to stop the vehicle after the main

of ti_e non-cohesion types obtained with linear circuit was cut off with the intervention of a
induction motors . The test was designed pr'lm- low voltage detection device.
ari-ly t.o check the braking per'formance at var'-
ieus .-;prod levels up to 100 km/h, and the V. Electric Equipment System
evaluation was made t;o check if the required
decelet's_tiorl rat;e was obtair_('d while stopping Electric equipment for the magnet;it levitat-
Lhr vd_icle from high speed , if electric ion transportation system needs the following

.. I, +,, *bt'a_e., s_r_ctmed_anical brakes opet'al:ed in cool considerations
dinat.ior_ , and if sulf it+lent provisions were 1) Examining the capacity of equipment: ata-
made a_,:+Jit,st; regeneration failur'e, inst regeneration failures as the ma_aetic

l,'.i+,.t_r'(:,1 sho,,_s the v,.Jvefot'm desct:'.ibing the levitation transportat.ion system dr'iven by the
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linear motors makes the full use of the Also, the resistancedevice switched by
electricbrakes, the chopper, installed as the regenerated

2) Coll[irmJng if the protection devices power absorptiondevice, was found effective
works Jn the arrangedground system against if the voltagesettingof switchingwas prope-
l]he- to-gr'olmdfau]t. fly selected.
3) Confir'mingthat harmonicsgeneratedby

the magneticlevitationtransportationsystem VI. ElectricPower Consumption
should riotbe larger than that of tileconvent-
ionalrailroadsystem. The H-T00 system,as the normal-conducting
Table 3 shows the brakingtime and ground magneticlevitationtransportationsystem,has

faultcuri'enLsat the time of ground fault various advantages derivedfrom non-contact
with differentground system ( of the substat- and non-cohesioncharacteristics.On the other
ion ). ]L has been confirmedthat with any of hand , it has disadvantages in the electric
these _round systems , the protectiondevices power consumption due to the low efficiency
are activated to stop po:.mrsupply at the caused by the linearinductionmotors,and due
substationafter detectingground failure, to the large quantity of auxiliary power

requiredfor continuouslevitation controlled
Table_ The braking time Jtnd the ground fault current

by the electromagnets.
Groundedsysr.e= Brakln=_l== Grou,dr,,l= Table 4 shows electric power consumption

(ms) current: measured on the runningpattern shown in the
(-l,.=hr_,,_ta.¢_ (=_ Figure 6. Comparedwith the conventionalveh-

=ro-_d,y,t_= 8l-8s ,08_, 3= icle driven by the rotary inductionmotors
(-)Lo.r_l.a.=_ (^) with the VVVFinvertercontrol,electricpower

=round,y,t_, '-'-_'-- =,, 65-, 5 consumption of the H-lO0 system is greater
Re,,_tan_e(.) (,A) becauseof the higherauxiliarypower reqdire-
groundedGround386--444 99--I20 ment during coasting and low regenerative

fault

_e_tr,l (-) (_) power . Compared with other new transport-
,y_te= Go.nal a8 2~ 46 2 ,0 8--, _2 ation systems ( people mover ) or monorail

_ .a,_t systems that employ rubber tires, ho,_ever,
electricpower consumptionper personrequired

Fi_df'c 5 '_llo'_s the harmonic voltage distort-
ion measutc'd at the rc('eiv]ng end of the Table_LMeasuringresult of eneri_f
substation. Ac(-ordJng to this measurement , consumption
the di_fferenceof the vo.lb'<_edistortions
found bet:wren without load and with the
maxinlumcurrents ( during po'#er running ) was brekl:
only 3 _ approximately , and the influence of _,,r_ c_t,_ relcl_enl te reverse

=,',rmon:ics generated by the vehicle running was "--,In¢ir_lt
SrlI__ ] ] . electric enerl_, 3.298 - Z7 - Z36 Zt8

_ electric enerlD, Z99 Sl/ ZlO
.....

substation

electric enerlD' ¢ Zk4_h O. Zk_ O. Zk_

o Ful I

,I _ Vac&rlt

velocity

"_ km

5 5O

2 . _ LI . / " 3 0

10 ............... ,......

- _ I 0 20 30 _0 50 [0 10_ (:_
(:,me)

0 -- ._......-_----_....--_-_-___._- .....'-....._..........
I'r¢ Feed Do*n • Powerlni Rel:¢ner_tlvc

fc,r_ i evl_ale Coastln¢ Necallv¢'phlse

[:JK.I_ ]he run curve for r,_,_'Jr}r,,,, u:,('li:y

fig --Thf' ll_ra.)l|l(: volt:,gc dlstor[l(H| _L tile I C:('elvll;g (Hill consumptJoh
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for running is not expectedto rise because
(1) the weight of vehicle is lighter, (2) VII.Conclusion
the time during the power runningis shorter
due to the low runningresistance, and (3) Some of the test results of the H-lO0 system
the coastingtime is longer due to the high obtained on the Nagoya test line have been
accelerationand dece]eration, presentedin this paper. Basic safety factors

VII.AbnormalVibration such .as the support and guidance system ,
propulsion system and electric equipment,

The II-lO0system uses chopper devicesto have been proved fairly satisfactory. There
control the electromagneticcurrents for the remain some problems to be solved : guidance
levitation,and the VVVF inverter to control force and module behaviorparticularlyon the
the pr'opulsionwith linearmotors. ]'hefrequ- sharp curve track (25"mR) , reductionof power
encies are different in the normalcontrol consumptionfor propulsion, and improvements
range betweenthe two , and they should not in the general riding quality. Furthermore,
interfere each other . However, it has t,o be reliability and durability should be tested.
con fir'med that. abnormal vibration should be Then , overall safety and reliability of the
caused in relation with track system on the H-lO0 system has been tested at the long-term
ground, running test no,_ , in which safety against

l"orthe tests, (I) simulated speed signals troublesand reliabilityand durabilityof the
wer'egiv(.mwhile changingthe inver'ter'f_'eque-systemare to be checked.
ncy, w.ith the vehicle kept levitated sLi]], to
confirm t.hat no vibration _.ms made bet.Teen the
vehicle and the track ( to check the possibi]- References
ity of" resonance of the inverter' frequency and
the chopping frequency through the rail on the [1] _liz,_.na, et ai. : Safety Evaluation "I'est of
track ) , and (2) with rail-fixing I,o]ts Model H-lO0 EMS Maglev Urban Transit System
loosened , the vehicle was levitated still Japanese Railway Engineering August 1992, No.
and then driven, to check the possibility of 120,ppS-lO
resonance on the vehicle (relationship between [2] Mizuma,et ai. : Safety eva]uation te';t lo,'
the rail condition and the vehicle vibration), electromagnetic levitation tr'ansportatiol_ sys-

tem H-lO0 ,]anuary 1993 , ]SDl-Sappor'o 1"-08Figure 7 shows the vertical vibration acc-
eleration of modules with the bolts loosened pp203
when the vehicle was driven cit of the
levitated condition.

A various kinds of tests were conducted ,
and under some conditions, harmonics were
found twice as much as the inverter frequency,
superimposed on the vibration acceleration or
levitation currents. Their absolute values ,
however , were very small and did not clearly
appear as the vibration.

i ; ' ': ;. 5 :,

................].....................]............................i.......................;..........................[

• i ! Sp,eed

_ _ , .

4
7h4 Ioosa NIL8

Fig. 7 The vertical acceleration of each module on the rail
with loose bolts
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A Dynamic Computer Simulation of a High Speed Maglev Vehicle

Cam de Pierre

Advanced Programs, ltughes Aircraft Company, Fullerton, California

Abstract - The Maglev Performance Simulation (MPS) II. The Maglev System
program is a computer simulation tool which provides
performance assessment of high speed magnetically levitated The simulated maglev vehicle is approximately the size of a
transportation systems. Using MPS, a simulated maglev short range commercial jet and can carry over 100
vehicle is made to traverse a hypothetical route. The passengers. The vehicle may traverse the guideway at speeds
performance of the vehicle, which is constrained by the up to 134 meters per second (300 miles per hour) with a
comfort requirements of the passengers, the dynamics of the maximum I_mking angle of 45 degrees but must maintain the
vehicle, the alignment of the route, and the desire to minimize ride comfort values for either standing or seat belted
energy costs is determined by the total trip time. Trip times passengers. The simulated maglev guideway uses a boxbeam
for "standing" vs. "seat belted" comfort values are compared, design with an imbedded Linear Synchronous Motor (LSM).
then radii of curvatures are relaxed, and the trip times are The LSM induces motion of the vehicle by reacting against
compared with the initial route geometry. Speed vs. distance the super-conducting magnets mounted on the vehicle. The
graphs are generated, illustrating speeds at different points in levitation method is Electro-Dynamic Suspension (EDS)
the route. Instantaneous propulsion power is provided in a realized by repulsive forces between super-conducting
power vs. distance graph and the total energy is calculated for magnets on the vehicle and embedded reaction coils in the
the entire trip. A calculation is then made for the total energy guideway as the vehicle is moving, q'he speed of the vehicle
consumption of a hypothetical maglev transportation system is directly proportional to the frequency of the waveform
using 400 vehicles, impressed upon the LSM. The LSM is modeled in the

simulation to provide limits on the vehicle dynamics, and to
I. Introduction calculate energy expenditure.

The MPS program utilizes user defined inputs that I11. The MPS Program
characterize the alignment route and the maglev vehicle. The
program allows flexibility in building any alignment route The Maglev Performance Simulation (MPS) is a modified
geometry and specifying a maglev vehicle with a wide version of the simulation program written by Professor J.E.
variation of design parameters. The simulation process used Anderson and specifically redesigned for high speed maglev
was as follows. First, an alignment route geometry was simulation. MPS permits the input of route data defined
defined in the program by inputting each geometrical separately in the horizontal and vertical planes. These
segment making up the route. Second, the Linear programs calculate the maximum speed through a curve
Synchronous Motor (LSM) and the maglev vehicle were given the maximum ride comfort values of acceleration and

defined in the program by specifying a baseline set of jerk. Curved guideways are obtained by solving numerically
characteristics. Third, ride comfort values were set to the second-order differential equations for yaw and pitch.
correspond to maximum limits for standing passengers and For a plane curve, calculations are based on the exact solution
the simulation was run. Fourth, the ride comfort values were of the differential equation of the curve. Combined vertical
changed to correspond to maximum limits for seat belted and horizontal curves cannot be solved exactly, so, the
passengers. A comparison of trip time was made between the corresponding vah|es for such a curve are determined by
two runs using standing and seat belted comfort values, numerical solution of the differential equations for the space
Fifth, the standing ride comfort parameters were again used, curve. Using the maximum speeds allowed through the
but the radii of curvature for the route geometry were relaxed curves and the power-limit of the LSM, as well as the
so that no radius of curvature was less than 1000 meters. A comfort-limits on the passengers, the speed profile that will
comparison was made with the original standing ride comfort minimize the total trip time is determined. Using the
values trip time. Sixth, the radii of curvature for the route characteristics of LSM and the aerodynamic and magnetic
geometry were relaxed so that no radius of curvature was less drag, as well as the dynamics of the vehicle, a power profile
than 3000 meters and a comparison was ag'tin made with the and the total energy to complete the route are determined.
original standing ride comfort values trip time. Seventh, the
original alignment geometry and the standing ride comfort (a) Route Alignment
values were used to simulate the energy consumption of the A hypothetical route was camsu'ucted with a toral curvilinear
LSM. Eighth, forward acceleration and braking limits were distance just under 800 kilometers, utilizing 52 horizontal and
reduced to determine the net effect on the LSM energy 52 vertical curves until 475 kilometers from terminal #1, at
consumption, which point it is straight and level until reaching terminal #4.

Manuscript received March 15.1_93. Work suplr_n'ted in pm by
National Maglev lni_ative under contract DTFR 53-92-C-00003.
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The radii of curvatures are as small as 400 meters, and TABLE I
elevation grades are as high as 10%. There are two terminals SVS_M INPUTPARAMETERS
at which the vehicle stops only momentarily in the Maximum DesiredCmiseSpeed VI mis
simulation. Terminal #1 is where the vehicle starts from, Vehicle Mass My kg
terminal #2 is located 400 kilometers from terminal #1, Air Density p kg/m3
terminal #3 is 470 kilometers from #1, and terminal #4 is Drag Coefficient Cd
where the vehicle ends its run. Frontal Area Af m2

MaximumGrad,.: ml %

(b) System Parameters Width of Stator Ws m
The system parameter inputs as shown in Table I allow the Poie Pairs per Vehicle Npp
user to modify inputs for both the vehicle and the Air GapFh_ Density B tesla
guideway [1]. Maximum Desired Cruise Speed, VI, is the Magnetic Path Length of Vehicle Lm m
maximum allowable speed of the vehicle assuming ideal Length of Stator Ls mField Winding Pole Pitch 14, m
conditions. Vehicle Mass, Mv, is the total vehicle mass LSM Block Length Resistance Rr. f_
including passengers and baggage. Since the maglev vehicle
is "flying" on a magnetic field, it is important to reduce the LSM Direct Magnetization Inductance Lind henries
weight of the vehicle for efficient use of energy, in the same LSM Quadrature Axis Magnet. Inductance Lqm henriesBlock LengthInductance-no field LL henries
way that an airplane needs to be lightweight. Air Density, p, Resistance of FeederCable Rf
Drag Coefficient, Cd, and Frontal Area, Af, are ali used to
calculate the aerodynamic drag resistance. The Width of Inductance of Feeder Cable Lf henries
Stator, Ws, is the width of the coil winding for the LSM. Pole Angle Between Current and Voltage Go degreesNumber of Motors Nm
Pairs per Vehicle, Npp, refers to the number of super- Numberof Phases N¢
conducting magnets on each sided of the vehicle that are Regeneration, fraction of output power Pr
synchronously linked to the excitation drive coils on the Current Limit I l amperes
guideway. Air Gap Flux Density, B, is the magnetic Total Volt-AmpLimit Pl MVA
inductance in webers per square meter (tesla). Magnetic Path

Length of Vehicle, Lm, is the length from the first to the last constrains the amount of "negative gravity" a passenger feels,
super-conducting magnet. Length of Stator, Ls, is the length and Downward Acceleration Limit, amd, constrains the
of the continuous magnetic drive coil attached to the amount of "positive gravity" that the passenger feels.
guideway. Field Winding Pole Pitch, Lp, is the distance Vertical Jerk Limit, Jmv, prevents "bumpy" rides. Fore-Aft

between magnetic poles of the LSM. RL, Ldm, Lqm, LL, Rf, Acceleration Limit, amf, governs acceleration and
Lf, and GO, are ali used for the calculation of power deceleration of the vehicle. Fore-aft Jerk Limit,ira f, governs
consumption for the LSM. The Number of Motors, Nra, is the "smoothness" of acceleration and deceleration of the
the number of LSM's. The Number of Phases, N@ indicates vehicle.
how many phases are in the LSM coil arrangement.
Regeneration, fraction of output power, Pr, indicates what (d) Determination of Maximum Speed through Curves
fraction of power used in magnetic braking is recovered back Since a combined horizontal and vertical curve does not have
into the power grid. No regeneration capability was used in an exact solution, it is necessary to split up the guideway
this simulation. Current Limit, I l, puts a limit on the amount curve into horizontal and vertical inputs, compute on the
of current that can be supplied to the LSM. Total Volt-Amp horizontal and vertical inputs separately, and then sort them
(VI) Limit, Pl, gives the total available power at the source together as a function of arc length. Each horizontal curve inthe simulation is made up of a spiral section going into the
before multiplying by power factor, curve, a constant curvature section, and another spiral section

going out of the curve. The speed of the vehicle is constant
(c) Ride Comfort Values as it transitions the curve. The spiral section of the curve is
The ride comfort values given in Table II were used in the
simulation. These are derived from the Department of TABLE II
Transportation's maximum allowable values for ride comfort R_DECOMFOKTVALUES
for standing and seat belted passengers [2]. The "standi_ig" Standing Seat Belted

ride comfort values are maximum allow,..d accelerations and Total Banking Angle V 30* I 45 *
jerks that standing passengers can tolerate. The "seat belted"
ride comfort values are maximum allowed accelerations and Lateral Accel. Limit aral I 0.16 g's [ 0.20 g's

Lateral Jerk Limit Jml 0.25 g's/sec [ 0.25 g's/sec
jerks that .seat belted passengers can tolerate. Upward Accel. Limit ainu I 0.10 g's 0.I0 g's
Again, referring to Table II, the Total Banking Angle, _, Downward Acc. Limit amd I 0.30 g's I 0.40 g's
indicates the maximum angle deviation of the passenger from Vertical Jerk Limit Jmv I 0.3 g's/sec I 0.30 g's/sec

level. I_ateral Acceleration Limit, aral, is the sideways force Fore-Aft Accel. Limit amf I 0.20 g's I 0.6 g's
on a passenger. Lateral Jerk Limit, Jml, is the sideways rate Fore-aft Jerk Limit Jn__f__]......0:25 g s/set [ 0:25.g's/sec•.
of change of acceleration. Upward Acceleration Limit, ainu,
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constructed by the MPS to maintain a constant jerk. lt can be TABLE 111
shown analytically that the constant curvature section limits TRIPTIMECOMPARISON
the speed of transition rather than the spiral section of the Standing Seat Belted
curve [4,5]. Thus maximum speed through the curve is given Total Trip Time lh 59m 02s lh 45m 15s

7142 seconds 6315 seconds
by Average Speed 111.8m/see 127 m/see

Vc = (a,,iR) 112 (1) (250 mi/ht) (284 mi/hr)
where aral is the comfort lateral acceleration, and R is the Trip Time Difference 13m47s Faster
radius of curvature for the constant curvature section. If Vc Average Speed Difference 15.2 m/sec Faster
exceeds the maximum allowable cruise speed, Vt then Vc is (34 mi/ht Faster)
set to VI. The vertical plane curves are similar to the
horizontal curves, except that vertical offsets are much less initial and redesigned routes used the "standing" ride comfort
than the horizontal offsets. Equation (1) can be used for values. Fig. 3 shows the speed profile of this new route for
maximum speed through vertical curves except that ainu or radii of curvature not less than 1000 meters. Fig. 4 shows the
amd is substituted for amt,where ainu is the comfort speed profile for radii of curvature not less than 3000meters.
acceleration in the up vertical direction, and amd is the Relaxing the radii of curvature to not less than 1000 meters

gave a trip time reduction of 2.6%. Doubling this would give
comfort acceleration in the down vertical direction. Again, the trip time reduction for the curved sections, or 5.2%.
the speed of the vehicle is assumed to be constant through the Relaxing the radii of curvature even more to not less than
curve, and the spiral transition part of the curve is assumed to 3000 meters gave a trip time reduction of 14.2%, or 28.4%
maintain a constant jerk. If Vc exceeds the maximum for the curved sections alone. Thus, if radii of curvature
allowable speed, Vt, then Vc is set to VI. relaxmion is to be done, it is very advantageous to go to not

IV. Maglev Performance less than 3000 meters, in terms of trip time reduction.
(d) Instantaneous Power

Performance is determined by total trip time and total energy Fig. 1 shows the power profile for the vehicle from zero to
to complete the route. Trip times were compared using 800 kilometers using the "standing" ride comfort values and
"standing" vs. "seated belted" ride comfort values for the the initial alignment route. The left y-axis scale is for the
simulation run. Next, trip times were compared between the upper curve representing speed, and the right y-axis scale is
original route and relaxed radii of curvature routes using for the lower curve representing instantaneous power. Note
"standing" ride comfort values. Energy consumption for a that the maximum required power for the vehicle was about
run was compared as a function of decreasing acceleration 26 megawatts, even though the average required power per
and braking limits, vehicle was only about 9.7 megawatts. The average was

much lower than the 26 megawatts peak because very little or
(a) Trip Times no power is used when slowing down to negotiate the next

The trip times (and average speeds) for "standing" and curve in the route. The vehicle coasts through a significant
"seat belted" ride comfort values to travel from station #1 to portion of the route making the overall average required
station #4 on the route are given in Table III. Trip time is the power significantly less than the maximum peak power
total time interval to traverse the route. The trip time for seat required. During the first 400 kilometers (the portion
belted passengers was reduced by 12% when compared to containing most of the curves) about 10.5 megawatts average
standing passengers. Since about half the route had no curves power was required, whereas in the second 400 kilometers
that effected trip time, the reduction in trip time considering (mostly straight and level) it was 8.4 megawatts. Thus it can
only the curved sections of the route would be 24%, which is be seen that the actual power requirements do not vary much
a substantial reduction. (about 20%) between a route with many tight curves, and a
(b) Vehicle Speed Profiles straight and level route, however, a price is paid in terms of

Figures 1 and 2 show the vehicle speed vs. distance reduced trip time for the route of many curves.
profile for "standing" and "seat belted" ride comfort values,
respectively. These speed profiles give the instantaneous TABLE IV
speed vs. distance of the vehicle for a given distance REDESIGNED ROIITE ALIGNMENT TRIP TIME

increment. Many of the curves that required slowing down in No Radii of No R',v,lii ofOriginal Curvature less Curvatureless
Fig. 1 were negotiated at maximum speed in Fig. 2. This Alignment than 1000m than 3000 m
accounts for the savings of 24% in trip time for the curved Total Trip lh 59m 02s lh 55m 55s lh 42m 09s
sections of the route. Time 7142 secs 6955 secs 6129 secs
(c) Radii of Curvature Relaxation Average 111.8m/s 114.8 m/s 130.3 m/s

Two simulations were run after making the radii of Speed (250mi/hr_ (256.6mi/hr) (291.3 mi/hr)
A Time 3m 07s 16m53scurvature not less than 1000 meters and not less than 3000

meters, respectively. Table IV shows the total trip time for A Speed 3 m/s 18.5 m/s
the redesigned routes compared to the initial route. Both (6.6 mi/hr) (41.3 mi/hr)
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(e) Energy Demand for One Vehicle TABLE V
The energy consumption for one vehicle to traverse the route TOTAl.ENERGYPERVEHICLEPERTale
in the forward direction from Terminal 1 to Terminal 4 is Acceleration Limit Braking Limit Energy R.._equired
given in Table V. The energy required using the "standing" 69,984 megajoules
ride comfort values for acceleration and braking is indicated 0.20 g 0.20 g (19,440 kWh )
in the top row. The succeetiing rows of the table show the 69,253 megajoules
energy requirements as the acceleration and braking values 0.16 g 0.20 g (19,237 kWh)66,838 megajoules
are reduced. The energy reduction from using an acceleration 0.20 g 0,16 g (18,566 kWh)
limit of 0.2g's and a braking limit of 0.2g's to using an 66,153 megajoules
acceleration limit of 0.16g's and a braking limit of 0.16g's 0.16 g 0.16 g (18,376 kwh)
amounts to a reduction of only about 5%. For the curved
sections only, this would double, giving a reduction of about
10%. References

(f) Energy Demand for 400 Vehicles [I1 S. Brown, C. R. Dauwalter, F. Heger and M. Weinberg, "Final
A full up system with a vehicle every 4 km in the 800 report, comparison of major parameters in electrodynamic and
kilometer hypothetical route would require 200 vehicles one electromagnetic levitation transportation systems", (Maglev BAA
way, or 400 vehicle both ways. The total average demand #24), , Report R-2420, Charles S. Draper Laboratory, Inc.,
power will be the average power per vehicle times the September, 1992.
number of vehicles. If vehicle power usage is randomly
distributed along the route, it would suffice to specify a [21 Peplar, R.D., et al, "Development of techniques and data for
power supply requirement that is three standard deviations evaluating ride quality, Vol. II: Ride Quality Research," Report No.DOT-TSC-RSPD-77-1,II.
greater than this total average demand power. For n

independent data sets ali with the same standard deviation, [3] "Guide for the Evaluation of Human Exposure to Wholebody
the standard deviation of the sum of the elements of ali the Vibration," ISO Standard 2631/1 , International Organization for
sets is equal to the standard deviation of one set times the Standardization, 1985.
square root of n. For the simulated route with one vehicle,
the power mean was 9.7 megawatts with a standard deviation [4] Anderson, J.E., Geometry of curved PRT guideways,
of 7.8 megawatts. The total power required for a system of unpublished paper.
400 vehicles would be 3880 megawatts with a standard
deviation of 156 megawatts. Three standard deviations [5] Anderson, J.E., Transit System Theory, Lexington Books, D.C.
equals 468 megawatts and represents a reserve power Heath, 1978.
requirement of 12%. Thus, for 400 vehicles the total energy
required would be 3,880 megawatts (9.7 megawatts per
vehicle) plus 468 megawatts (3 standard deviations), or a
total maximum of 4348 megawatts. This is equivalent to the
output of 2 or 3 average sized power generating stations, an
average station producing between one and two thousand
megawalts.

V. Conclusions

For the first half of the route containing the curved sections,
seat belted passengers had a 24% reduction in trio time over
standing passengers and radii of curvature not less than 3000
meters had a 28% reduction in trip time over the original
aligtunent. Requiring both seat belted passengers and not less
than 3000 lneters radii of curvature will significantly reduce
trip times on route alignments that contain many curves.
Power requirements varied only about 20% between the first
half of the route with many light curves and the second half
which was straight and level, but a price was paid in terms of
reduced trip time for the first half. A four hundred vehicle
fleet required a total of 4348 megawatts, 13% of which
repre_nts power reserve.
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450



Mnl_W Velocity vs Distance (200 to 400 km) Maglev Ydoclly vs Dl_ance (200 to 400 km)
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Maglev Automated Preventive Maintenance System

Joseph S. Ng
Arthur L. Harris
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Abstract. When maglev technology is implemented, it catastrophic failures and to maximize the useful life of the
must not only be operationally efficient and safe, but it must major components.
also be reliable and cost competitive to operate and maintain. The Automated Preventive Maintenance System(APMS)
Unexpected failures and high maintenance costs must be is a state of art fault prediction and diagnostic system.
minimized. APMS allows transportation systems such as the maglev

This paper describes a system concept for an automated train, conventional trains, trucks, and busses, to continuously
preventive maintenance system that provides predictions of monitor their operational status and predict failures in time to
degraded performance and imminent failures based on avoid costly unscheduled maintenance. The major benefits of
closely monitoring key system parameters. Data collected APMS are to:
and monitored on each train are relayed to receivers at each • Continuously monitor vehicle performance and
station as the train passes through. This information is then provide status to a centralized maintenance support
analyzed at a central maintenance monitoring and control center.
facility, and provides notification by alerts or warnings of • Limit or eliminate the number of catastrophic
impending failures in near real time to the trains. The failures thereby minimizing service interruptions.
maintenance control facility can also electronically provide • Significantly improve the safety of the system.
diagnostic and technical manual in:'ormation and ° Predict failuresbeforetheyoccur.
instructional procedures to maintenance users throughout the ° Minimize maintenance labor by only performing
system, scheduled, just-in-time maintenance.

The system described provides an effective maintenance • Limit or eliminate down time.
management system for the maglev train and minimizes • Provide real time or near real time readiness su_tus
maintenance costs as well as increasing system availability of ali vehicles.
and sustaining maximum ridership. ° Provide a cost effective solution to system

maintenance management.
I. Introducljon • Minimize unnecessary replacement by permitting

major components to be used to the limit of their
Maglev train systems offer the potential to be one of the useful life.

key elements in the development of a new network of ground * Reduce the total number of trains required because
transportation systems. When implemented, this technology of the higher availability of system asseL,;, i.e., fewer
must not only be operationally efficient and safe, but it must spare vehicles.
also be reliable and cost competitive to operate and maintain. • Reduce the requirement for special test equipment
Operation and maintenance costs are the major elements in because of the extensive use of built in test and
the life cycle cost of transportation systems including the status monitoring systems.
maglev train. To maximize system availability and to ensure
safe operation, vehicles are maintained on a predetermined II. System Architecture Rea_uirelnents
schedule. Major components are replaced or overhauled at
the i.,rojected limit of their projected service life. In some The system design of the maglev automated preventive
cases the projected life of a component may be far shorter maintenance system must be tailored to the design of the
than the actual service life. This method of maintenance maglev train. Ali functions critical to the safe and efficient
results in premature replacement of serviceable parts and operation of the maglev train must be identified and sensors
increases maintenance costs. On the other hand, from time to installed and integrated to provide real time monitoring. The
time a component may fail before it's projected life. This data from these sensors are then collected, stored, formatted
results in a catastrophic failure with service interruption, and transmitted to a central facility for near real time
unscheduled maintenance and the potential for an impact on analysis. Safety alerts and critical condition feedback to the
system safety, trains is provided. Ali components of the system will provide

To improve the cost effectiveness and reliability of the accurate data in a reliable, cost effective manner. The system
maglev train system, a maintenance concept must be will provide a modular, flexible environment to allow
developed to reduce or eliminate unscheduled maintenance, expansion and reconfiguration as required, and hc fully
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integrated with the maglev command and control Status Monitor and Diagnostic Unit(SMDU) - The SMDU
environment to be fully effective. The integrated is a vehicle mounted, microcomputer based monitoring
communication system must have the capability to operate subsystem. Included in this sub-system are sensors for
reliably in an electromagnetic environment and require no vibration, acoustics, environmental conditions and analog
special licenses, and digital signals. The sensor data is processed and

formatted by the microcomputer and stored in memory. A
H!. _rchitecture Overview spread spectrum telemetry transceiver is interfaced to the

microcomputer. When the vehicle passes through the station,
The APMS consists of three major sub-systems. They the telemetry transceiver transmits the formatted SMDU data

include the Status Monitor and Diagnostic Units, Network to the station equipment. The SMDU can also receive
Status Interface Units and Maintenance Control Center as commands and/or message from the station equipment to
shown in Fig. 1. control the vehicle or display messages to the operator.

J Maintenance
Control
Center
(MCC)

_,.,._J Wide/_r_NN)etwork

Network Status Network Status Network Status
Interface Unit [] [] [] [] Interface Unit [] [] [] • Interface Unit

(NSIU) (NSIU) (NSIU)

Status Status Status Status
Monitor and Monitor and Monitor and Monitor and
Diagnostic Diagnostic • [] [] [] Diagnostic Diagnostic

Unit'(SMDU) Unit (SMDU) Unit (SMDU) Unit (SMDU)

i"

Train Car #1 Train Car #2 Train Car # n-1 Train Car # n.,
/

/

Figure1 AutomatedPreventiveMaintenanceSystemBlockDiagram ,--
• ,./¢'

,/

Network Status Interface Unit (NSIU). The function of the support interface to the maglev train co_:nmand and control
NSIU is to communicate with the train mounted SMDU system to ensure the current maintenan_e status is available
when the train is passing through the station or past a fixed to operations personnel. Additionally, ihe MCC provicles a
monitoring location. The status information received from centralized repository for ali maintenar_ce relatccl functions
the train is forwarded to the MCC via a wide area network including a centralized diagnostii: expert system,

(WAN) for processing. If a message for a unique train maintenance technical data manager, sparcs manager and
address is sent from the MCC over the WAN, an NSIU will maintenance scheduler.
transmit that message to the train as it passes through
stations. IV, Status Monitor and Diagnostic Unit

Maintenance Control Center (MCC) - The MCC is the The SMDU as shown in Fig. 2 monitors the condition of ali
control center for the APMS system. By analyzing status and maglev train systems and transmits the status data to the
maintenance related data gathered from trains, the MCC NSIU as the train passes through the station or other
prognostics processor determines the operational condition designated communication interface points. The SMDU
of the trains and automatically alerts the appropriate provides monitoring coverage for propul.sion, guidance,
operation and maintenance crews that a repair activity is suspension, cryogenics, levitation, braking anti ali clcctronic
required and provides them with the pertinent data to controllers. Sensors are used to monitor lhc acoustic
facilitate the repair. The MCC also provides a maintenance signature of critical train subsystems. Noise m_mitoring
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technology utilizing digital signal processing is applied to electronics and station equipment. These SMDUs will relay
detect abnormal sounds which might indicate a developing information to adjacent NSIUs over telephone lines or
failure. The acoustic subsystem is built on expertise ccllular phoneconnections.
developed on underwater sonar signal analysis. Included are Ali SMDUs will contain sell"test functions to en,;ure that
data sensors for vibration, shock, temperature and humidity reliable status data is transmitted to the MCC. Each car of the
which can be used to correlate intermittent malfunctions with train and designated fixed resource will be equipped with an
the environmental conditions at the time of failure. SMDU. Each SMDU will have its own unique identification
Additionally, ali recorded data are time and track position address code. To minimize the possibility of interf,;rencc, the
tagged to aid in evaluating operation. SMDU transceiver utilizes spread spectrum communication

A special version of SMDU will be used to monitor technology to interface with the NSIUs.
fixed resources such as power systems, controllers, switches,

Environmental_Data Senaor
Analog

Analog to Digital -_ T

Dlagnoatlc....iD,. ConverterSensors

Shock
Sensor_

Spread
Microcontroller _ Spechum

Tranceiver

Acoustic Acoustic
Sensor_ Analysis

System

Digital Diagnostics ITime Standard Ve!lcla
Diagnoatics--_,, Processor I and Location Control

Data I Interface

Figure 2. Status Monitor Diagnostic Unit Block Diagram

V. Network Statuslnterface Unit MCC and receiving alert data from the MCC for
retransmission to the maglev trains. The commtmication

The NSIU as shown in Fig. 3 is the communication interface mode to the SMDUs will be accomplished via low power
to the train's SMDUs. The NSIUs are located in each station spread spectrum time-division-multiple-acccss (TDMA)
and at other designated points where communications with technology devices. This mode provides secure, reliable
the trains are required. The NSIU's provide a two way communications and immunity from interference anti tides
interface to the MCC by transmitting monitored data to the not require an FCC license. Communications with the MCC

will be through the APMS via a wide area network.

Interface

Spread Spectrum Digital to MCC Wide Area
Tranceiver ._--_m.. Network

Interface Network

Figure 3. The Network Status Interface Unit (NSIU)
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VI. Maintenance Control Center

The MCC rts shown in Fig. 4 controls the operation of the Status Monitor_- Through the APMS wide area network, the
maglev APMS. The hardware consists of an off-the-shelf status monitor receives and stores ali monitored train
computer interfaced to the maglev NSIU's, maintenance equipment operational su_tus parameters from lhc SMDUs.
facility, and command and control system. The MCC Ali train and fixed resource failures arc correlated to
software provides the following functionality: equipment serial number. A display of equipmcnt status is

provided for the on-duty maintenance manager. Tilt' status is
• Status Monitor continually updated and sent to the prognostics prcx:essor anti
• Prognostics Processor maglev command and control system. The sl;.llus monilor
• Diagnostic Expert System also controls ali communications within the APMS.
• Interactive Technical Data Manager
• Spares Manager
• Maintenance Scheduler

• Status Monitor

• Prognostics Processor

Microcomputer • Diagnostic Expert System
• Interactive Technical Data Manager
• Spares Manager
• Maintenance Scheduler

l' LAN To Maglev
LAN To Maglev _'_ CommandMaintenance -_

Facility and Control System

WAN to ali
NSIU's

Figure 4. Maintenance Control Center

Prognostics processor -The prognostics processor's function by using a portable computer display or a data display on lhc
is to predict expected failures in time to take corrective equipment. The diagnostic expert system uses second
action to prevent them from becoming an operational generation artificial intelligence technology to provicte
problem. This is accomplished by continuously comparing assistance to the maintenance technician. A functional
baseline data signatures to collected near real time data over model of normal system operation is storecl in the kv_owledgc
time. Robust statistical trending algorithms are used to base and the inference engine (reasoning mechanism)
analyze failures in ali subsystems where degradation of generates an interactive procedure tc) verify correct
performance can be followed. Acoustical analysis built on operation. The maintenance personnel perform the tests and
experience with underwater sonar systems and trend analysis compare the results with data contained in the model to
on spectral data is used to predict failures that may have an determine correct operation. The diagnostic expert system
acoustical signature. Vibration monitoring using background allows journeyman maintenance personnel to perform as well
noise cancellation and digital signal processing techniques is as experts to kecp the trains running.
used to detect changes indicating an imminent failure. Since
false alarms can destroy confidence in the system as well as Interactive Technical Data Manaeer - The interactive

increase cost of operation, ali predictions are verified by technical data manager provides access to maglcv technical
alternate methods as well as inserting operations and data throughout the train system. The technical data is stored
maintenance personnel for confirmation if possible, on a file server at the MCC and can bc acccs,,ecl at ali

maintenance locations as required. This approach
Diagnostics Exoert System -The diagnostic expert system streamlines the maintenance process by eliminating bulky
provides an on-line troubleshooting capability for technical manuals and ensures that up-to-elate clocuwwnuuion
maintenance personnel throughout the maglev system, is available throughout the system. Maintaining the data
Maintenance personnel can access the expert level base is alsomuch easier andmorecfficient than m:_intaining
troubleshooting knowledge base from throughout the APMS paper documentation because a change need only be cnverccl

455



at the file server. The interactive technical data manager
uses hypertext/hypermedia display techniques to achieve an
interactive display-on-demand information system. Access
to and navigation through the maintenance data is rapid and
efficient.

Spares Manager- This function provides a tool for the
effective management of maintenance spares, lt allows
maintenance personnel to fully control and report on the
status of equipment, parts and supplies used in the
maintenance of the maglev train system, lt can provide
spares usage reports including cost and flags major parts
usage for analysis. Also provided are physical inventory
checklists, parts on order status, equipment and pm'ts cross
references as well as identifying equipment using a specific
part. The inclusion of the spares manager provides for the
complete integration of ali maintenance related functions at
the MCC.

Maintenance Scheduler.- The maintenance scheduler
provides a tool for efficiently managing and coordinating
maglev train maintenance personnel as well as providing
reports on failure trends, lt allows maintenance to be planned
rather than constantly dealing with unexpected events, lt has
been shown that unplanned maintenance actions cost many
times more than scheduled maintenance so a substantial cost
savings can be realized by using this function at the MCC.
The maintenance scheduler also provides a graphical display
of failure trends so that detailed analysis can be performed.
System status reports to management on repair costs, history,
parts usage, maintenance distribution, downtime,
catastrophic failures, and trends can also be generated.

,,VII. Summary

The maglev train requires an effective maintenance
management system that minimizes operation and
maintenance costs, and improves system availability. The
automated preventive maintenance system (APMS) satisfies
this requirement by anticipating failures and providing
maintenance personnel with the information needed to repair
them. APMS uses prognostics, artificial intelligence
diagnostics, and electronic information delivery technology
to provide an efficient maintenance management and aiding
system. Maintenance personnel will require minimal formal
training and their proficiency will be greatly improved
through the use of these technologies. Special support
equipment requirements will be greatly reduced, if not
eliminated, because status monitoring and built-in-test
diagnostics and maintenance data will be embedded in the
maglev train system. Overall, system availability will be
maximized and ali repairs will be performed on a scheduled
basis. Through implementation of APMS, the necessity of
removing vehicles for unscheduled maintenance will be
eliminated.
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USING EXISTING INFRASTRUCTURE

TO MAKE MAGLEV WORK IN THE UNITED STATES

by: C. Michael Gillam, P.E.

Edward E. Gilcrease, Jr., P.E.

May 20, 1993

ParsonsBrlnckerhoffQuade & Douglas, Inc.
li . i. i i.

If maglev systems are to be commercially system, with the finding that Amtrak

and economically viable, they will have to clearance requirements were the most

access the centers of major metropolitan restrictive. This information was used to

areas. The focus of this study was to prepare a total of three summary clearance

investigate the feasibility of using existing diagrams for maglev equipment. Because

railroad rights-of-way to access center-city the Eastern U.S. Summary Clearance

terminals, in one of three possible methods: Diagram more correctly addresses the high

• maglev vehicles traveling o,'er existing platform station configuration, and high
railroad tracks with the use of steel guide platforms are assumed for maglev operations

wheels and some means of exterior (low platforms would necessitate a longer
" propulsion (e.g. locomotive power.) A

modification of this alternative would be station dwell time), this diagram was used to

to construct a "dual-mode" (or'at-grade') assess the compatibility of present and
guideway, essentially a maglev
guideway outfitted with standard rails at planned maglev technologies with existing
gauge; railroad infrastructure around the country.

• maglev vehicles transferring onto
modified railroad flatcars (i.e., in The present and planned maglev

'piggyback" fashion) and transported technologies investigated include"
over existing railroad tracks with
locomotive power; or • Grumman 'New York State"

(Configuration 002) Maglev
• constructing new grade-separated

maglev guideways on existing railroad • Transrapid Intercity (Transrapid 07)
rights-of-way, either in an exclusive or Maglev
shared right-of-way configuration.

• HSST Passive Intermediate Speed (HSST-

As a result of using existing railroad 300) Maglev

corridors, certain mandated horizontal and • Japan Railways Vertical Magnet

vertical clearance requirements must be (Configuration MLU 002) Maglev

met. AREA clearance requirements were Each of the four maglev technologies were
compared with those used by Amtrak for superimposed upon the Eastern U.S.
unrestricted operation on its nationwide Summary Clearance Diagram in two
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different modes of transportation - the could identify facility and/or operational

"piggyback" and the 'at-grade" modes. Their modifications that would permit use of these

impacts upon the clearance diagram were wider technologies to gain access to center

evaluated, and advantages and city terminals.

disadvantages of each transportation mode

were discussed. As a result of the above discussion, the

HSST-300 maglev technology was carried

The results of this preliminary feasibility forward in this study for the investigation of

analysis for tl'..c four ,7,a_lev technologies a maglev-rail car carrier intermodal concept.

and the two transportation modes were
The maglev-rail car carrier intermodal

summarized with the finding that both the JR

ML U 002 and the HSST-300 systems fit concept would allow the selected _;SSI-300

within the ,equired clearance diagram, maglev to transition from the high-speed

Both the HSST-300 and JR ML U 002 maglev guideway to a modified rail car

maglevs appear to be feasible in the carrier for transport over existing corridors
into center city terminals. Obviously, this'piggyback' mode, but only the JR MLU 002

might possibly work in the "at-grade" mode. transition location would be as close as

The JR design has the significant advantage possible to the terminal to minimize the
travel time in the 'piggyback' mode. Thisof being able, with minor n_x_ification, to

run on existing rails on its own or to be investigation showed that this transition

accommodated on board a rail car carrier, process is technically feasible and can be
achieved within a four-to-five minute time

but its development is at least ten years

away and very little information was span with little or no passenger disruption.
However, if this intermodal concept is

available during the course of the study on

which to base meaningful conclusions, furthered as a means of accelerating maglev
implementation in the U.S., much more

At this time, the required clearance work would be necessary.

envelope for unrestricted operation on

existing railroad corridors in the United To assess the feasibility of maglev systems

States precludes use of the Grumman and accessing existing center city terminals in
the United States, ;_iformation on 15

Transrapid maglev systems in either the at-
selected cities was reviewed. These cities

grade or piggyback modes due to their

excessive width and wrap-around body anchor major metropolitan areas in some of

designs. However, ft,"ther investigation of the most heavily travelled transportation

individual corridors in the United States corridors on the west coast, midwest and

east coast, and were thought to _ good
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candidates for some type of high speed proposed corridor discussion assumes the

guided ground transportation in the future, shared use of existing railroad right-of-way,

Special attention was paid to: an important component of any future high

speed transportation network. Any proposed
• the presence and location of existing

transportation terminals and their alignments that are addressed assumes
effectiveness in serving the needs of the acceptance of this shared right-of-way
individual metropolitan area;

concept, and have not been discus_ed with

• the physical characteristics of the the asset owners, adjacent land ow_lers, city
transportation corridors which serve
those terminals; residents, environmental groups or

• characteristics of adjacent land uses, and appointed/elected officials in the individual
any proposed modifications; urban areas. Following are

recommendations for those individual urban
• plans for major capital investment in

transportation facilities (e.g., transit areas.
systems, multimodal facilities, major
rehabilitation, etc.); San _,:ancisco

• restrictive horizontal and vertical
curvature and clearances; The existing CalTrain terminal at 4th and

Townsend Streets does not serve the central
• length and height of existing station

platforms and the presence of platform business district (CBD) weil, as it is

gaps; geographically distant and has limited

• characteristics of current operating interrnodal capability. This deficiency is

equipment; being addressed in the study for a possible

• presence of electrification and power new terminal, but the construction cost
pickup arrangements; and, estimate for either of the three alternatives

• present and future interfaces with other may delay implementation of this
transportation modes, worthwhile project. In an associated matter,

The individual urban areas were described the planned alignment for this terminal
relocation project would severely constrain

in terms of their existing transportation

infrastructure and future transportation plans speeds into and out of the CBD. Should the

and the feasibility of implementing maglev proposed terminal project be delayed, an
alternative location for a terminal station

systems in these areas was assessed. In
could be at the San Francisco International

assessing these individual urban areas,

certain assumptions regarding the viability of Airport. The CalTrain corridor to San Jose is

certain corridors which access the central well suited, for the most part, for higher

business districts were made. Much of the speed operation. Numerous grade crossings
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would require separation and some curve Sl. Louis

smoothing would be desirable. The city appears to be furthering a planned

Los Angeles intermodal facility just west of Union

Station, however, a re-examination of the

Los Angeles Union Passenger Terminal Union Station site should be made. The old

(LAUPT) is centrally located in downtown terminal has undergone a dramatic

Los Angeles and is fast becoming a true renovation and has a tremendous unused

intermodal terminal. As such, it deserves capacity for additional transportation

further consideration as a future high speed infrastructure. Using Union Station as the

transportation terminal. The access into and future intermodal terminal would also

out of LAUPT is rather circuitous and would negate the need for an additional Metro Link

have to be improved for a future high speed station at Jefferson Avenue. If possible, the

(HS) system. One question to be addressed existing MacArthur Bridge should be used to

in the near future will be LAUPT's ability to cross the Mississippi River.

absorb future HS activity along with its Chicaeo
present and proposed operations. The

Southern Pacific Transportation Company Chicago Union Station (CUS) appears to be

(SPTC) San Fernando corridor appears to be a natural choice for a future maglev

rather well suited for higher speed terminal. There are no major physical

operation, but has numerous grade crossings restrictions, an extensive station renovation

that would require separation in some is being completed and the proposed Central

fashion. Area Circulator project would provide easier

interface with other activity centers and

San Diego transportation modes. The

The old Santa Fe Depot is we_l located SPTC/Amtrak/Santa Fe corridor which

within downtown San Diego, and is also parallels the DesPlaines River appears to be

becoming a true intermodal terminal. The well suited for higher speed technology.

railroad corridor which accesses the One area requiring further study would be

terminal from the north is constrained by the corridor's intersection with

existing land use and topographical features, Conrail/Norfolk Southern (NS) trackage just

consequently speeds would have to be south of the Cilicago River. CUS' ability to

adjusted accordingly. North of State absorb additional transportation operations

Highway 52, the Interstate 5 alignment would also require study.
should be followed until the railroad

corridor once again parallels Interstate 5.
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Cleveland Syracuse

The existing infrastructure and ambitious Officials in Syracuse have recognized the

plans for Tower City Terminal make the inability of their existing rail terminal to

terminal the restored focal point for serve as a future intermodal terminal and

intermodal transportation in Cleveland. The have initiated studies for a new site.

railroad alignments necessary for access to However, there are some reservations about

the terminal are more circuitous and will the location of the proposed Park Street site

require extensive speed restriction. One with respect to its proximity to downtown

primary focus of future study should be the and Syracuse University. The possibility of

improvement of these corridors for higher sharing the Interstate 690 right-of-way north

speed operation, of downtown and reusing the old New York

Central terminal should be re-examined.
Buffalo

Albany
The existing Exchange Street Station is in a

prime location to serve as a future maglev lt would be possible to have the maglev

terminal. Its intermodal transportation terminal in Rensselaer, which has adequate

capability is well documented, however, bus and taxi connections into the greater

run-through flexibility should be improved. Albany area. However, other locations for

This improvement may be possible west of an intermodal terminal are being discussed

the station by constructing a southbound and it is too soon to tell if any of these

connection to the existing lakefront trackage garner support. Another issue which will

which parallels State Highway 5. impact the decision is the proposal to link a
future intermodal terminal in Rensselaer

Rochester with an extensive Riverfront development.

For the most part, the corridor running
The existing intercity rail terminal in

Rochester is in a fair location and could through Albany / Rensselaer is suitable for

serve as a future maglev terminal, higher speed operation.

However, the trackage accessing the New York City
terminal from both the east and west has

some co.qstraining curvature and should be Penn Station is th_._eeintermodal terminal

straightened if at ali possible. Additional facility in New York City and is undergoing

investigation into alternative terminal an extensive improvement project.

locations should occur at some future time. However, there are some problems in using
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this terminal as a future maglev station. Philadelphia

First, the tunnels under the Hudson and East

Rivers are very narrow and would not allow The 30rh Street Station is ideally situated for

wider equipment without modification, use as a future maglev terminal, lt is truly

Second, Penn Station suffers today from the an intermoclal facility and appears to have
adequate capacity for additionallack of operational capacity. Lastly, trains

accessingPenn Station from the north must transportation infrastructure. Obviously, the
travel the Westside Connection which Northeast Corridor is perhaps the best

corridor in the nation for further high speedincludes a very constrainedcurvature as it

approaches the station. Ali of these issues improvements.

must be addressedadequately before Penn Boslon
Station could be usedas a future maglev

station. If maglev accessinto Penn Station The intermodality and commercial activity

is not possiblefor some reason, an presentat the SouthStation Transportation

alternative transferstation outside the city Center, coupled with on-going

would have to be evaluated, improvements on the New Haven to Boston

corridor, makes this an ideal location for a

Pittsburgh future maglev terminal.

Penn Station is centrally located and could Washineton, D.C.
serve as a future maglev station. However,

the hilly topography of the metropolitan area The unique mix of transportation ,nodes,

createsa difficult climate for high speed commercial activity and the relatively high

operation. Curves are tight and gradesare speed Northeast Corridor makes Union

steep and maglev (orother high speed Station the likely candidate for a future

technology) would have to overcome these maglev terminal in Washington, D.C.

with expensive structuresand bridges.
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