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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 11th and 12th
Conferences, Maglev ‘89 and Maglev '92, were held in conjunction with the 5th and 6th 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 result 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 .uture Prospects

Eisuke Masada
Department of Electrical Engineering, The University of Tokyo
Hongo, Tokyo 113, Japan

Abstract - The present state of developments is ov-
erviewed on the maglev transportation systems and the
related technologies in Japan. Both EDS and EMS systems
are at the final stage of development for practical
applications. Their prospects are explained for future
application fields in relation with their own features.

I. Introduction

The railway systems have been well developed in Japan
as the mass transports for public. The urban networks
withsubways and suburban systems have covered over many
large cities. The Shinkansen system has extended witn
longer than 1,800km track connecting cities over our
main land with highspeed as 270km/h. They have
contributed to support socio-economical activities in
Japan and assist industrial growth.

Our land is narrow and long extended over 2000km from
north-east to south-west. The need for superspeed
ground transportation system 1is considered as the
growth of the demand of the Shinkansen system,
especially for the connection between Tokyo and Osaka.
However, the rail system has its own limit of operati-
onal velocity due to maintenance efforts to keep it
with high reliability and environmental influences on
the area along its track. The problem is more severe in
the metropolitan area.

Therefore the developments of the maglev transports
were considered and started in late 60's, in order to
solve the lunits of the wheel and rail system. Begining
with the basic research on the new concepts and the
realization of necessary components, the develogments
have taken more than 20 years and are at their final
stage for the practical applications.

1I. Short History cf Developments

At early 70's, after basic researches in institutes and
universities, the Ministry of Transport, Japan (MOT),
the Japan Air Lines (JAL) and the Japanese National
Railways (JR) were interested on the maglev system as
transports in future in different application fields
respectively, and started practical development for
their own purposes. MOT wished to solve the problem of
public acceptance for the construction of new urban
transportation systems needed from the rapid increase
of the population in large cities with the reduction of
environmental infringement due to the operation of
transportation systems based on the principle of
contactless maglev system. JAL intended to introduce a
new high speed t::nsport mean to connect airports
with city centers in short time, in order to keep up
with expansion of the domestic air network. JR concent-
rated to develop the superconducting maglev system,
which could operate at the velocity up to 500-600km/h
and was applicable as the next generation inter-city
system replacing the Shinkansen.

MOT constructed a 166m test track at Tsukimino near
Tokyo. A test vehicle EML-50 of 1.8t with the electro-
magentic suspension system (EMS) was made and operated.
It verified the technical feasibility of the maglev
system, but the original concept was based on too heavy
vehicle for the urban application. The council for the
transportation technologies of MOT approved the
necessity of the wurban maglev transports and
recommended their staged development in cooperation
with HSST project.

In 1973 JAL completed a 1.3km test track in Higashi-
ohgishima, Kawasaki and carried out operational
experiments of the High Speed Surface Transport (HSST)

system with test vehicles HSST-01 and 02. HSST is based
on the concept of the combined lift and guide tyoe of

EMS system utilizing U-shaped magnets and U-shaped rail
in their cross section. The technical feasibility of the
system was established with operational tests at the
velocity up to 308km/h. The vehicle can be light-
weighted due to rather simple EMS structure and is
considered to Dbe applicable to urban transports
practically.

MOT supported further development of HSST for the
urban transport. Then HSST-03 was demonstrated on 400m
track in Expo'85 in Tsukuba for public. It satisfied
more than 600,000 passengers with its excellent riding
comforts and very low operational audible noise. It im-
pressed them as a promising future transport in urban
area. Continuously demonstrations of HSST-03 in Expo'86
in vancouver and HSST-04 in Saitama attracted interests
of many peoples. In 1989 on the occasion of Yokohama
fair, HSST-05 was licenced for revenue service by MOT on
the basis of operational results before as a demonstra-
tion transport operable up to 60km/h. Practical deve-
lopment for the urban transport is taken over by the
project in Nagoya based on its success in Yokohama.

After the basic research on the principle of the
superconducting electrodynamic suspension system and the
superconducting magnets in Railway Technology Research
Institute, JR constructed a 7km long test track in 1977
in Hyuuga, Miyazaki. ML-500 vehicle recorded the highest
velocity of 517km/h in 1979 and verified the technical
feasibility of the system. The guideway was modified
into U-shape in 1980 and the manned operation was
carried out thereafter with MLU-001 vehicle
successfully., Though its operational velocity was
limited due to original dimension of the guideway, it
attained at the speed of 40lkm/h. Improvement of super-
conducting magnets was done to increase their reliabi-
lity and better their characteristics to realize appli-
cable ones to practical system.

Though JR was separated and put into private manage-
ments in 1987, the development was continued and
transfered to RTRI. The prototype vehicle MLU-002 with
the half size of the practical model and equipped with
bogietracks, was introduced. Operational characteristics
of csuperconducting magnets agaist complicated dynamic
motion of bogies coupled with car body were measured and
evaluated for the design of the full-scale train. On the
basis of the concept of this this system, JR Central
Japan proposed the Linear Express Project in 1989, which
would connect Tokyo with Osaka in about an hour as a
future system to measure the growth of demand in the
21st century. It was approved as a candidate system for
the Chuoh Shinkansen Project which yeinferthes Tokaido
Shinkansen as a trunk line for the Tokyo-Osaka corridor.
To prove the technical readiness of the superconducting
system for the project, a new large scale test track was
decided to be constructed in the south east of Koufu,
Yamanashi in 1990 by MOT.(1)

III. Superconducting Maglev System

In order to evaluate technical completion to be
applied to a practical system with the operational speed
up to 500km/h, and clarify the economical basis of the
investment, the Yamanashi test track is under



construction. 'Technical studies are carried out conti-
nuously in the Miyazaki test track for the design of
the facilities in Yamanashi and improvement of the sys-
tem. 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.

A. Linear Express Project

The ridership of Tokaido Shinkansen has grown steadi-
ly and the number of passengers per day has attained up
to 360,000. 1t is toreseen that its transportation
capacity will not be able to cope with the demand in
the 21st century. The second connection between Tokyo
and Osaka passing over mountainous area straight has
planned as the Chuoh Shinkansen from this reason.

JR Central Japan proposed to introduce the supercon-
ducting maglev system into this connection and named it
"Linear Express". (2) It is considered to connect
Tokyo, Nagoya and Osaka with the operational velocity
of 500km/h. 10 trains with 12-16 cars will operate per
hour at most. It wil) share the passengers in Tokaido
corridor with Tokaido Shinkansen and carry more than
200,000 passengers per day. The profitability of Linear
express is estimated good, if it operates alone.
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MOT instructed JR Central Japan and Railway Construc-
tion Corporation to investigate geographical and geo-
logical condition of the route for Chuoh Shinkansen on
the basis of both conventional Shinkansen and linear
express in 1990. The work will be completed in 1997.
With the test results on the characteristics of the
superconducting maglev system obtained at Yamanashi
Test Track, the final decision for ithe realization of
Linear Express project will be done in 1998.

B. Yamanashi Test Track

After ten years of basic develoments and operational
tests in Miyazaki Test Track, MOl and JR groups decided
to construct a full scale test track for the practical
realization of the superconducting maglev system in
1989. The objectives of the project are:

- to complete the system technology necessary for
practical application
-  to evaluate economical feasibility of the system
as a superspeed transportation system
To carry out enough operational tests to achieve these
objectives, a new test track is needed, which has the
length of about 40km, double tracks, tunnel and bridge,
as well as steep gradient and curves. PFrom three alter-
natives, Yamanashi Test Track located south east of
Kofu was chosen. 1f the successtul results will be got
there and favorable decision will be given to the
superconducting maglev system, the test track will be
utilized as a part of the track of the linear express
line.

The length of the test track is 42.8km, 35km of which
is tunnel. 1ts centrai area of 24km is double track
with a high speed switch. The highest gradient is 4%.
The smallest radius of the curved track is 8,000m. The
space between the center of double tracks is 5.8m. It
has two substations, which feed variable frequency

current to each train, and a depot for trains.

e 42.8km

Kofu

tunnel

u Ohtsuki

Tsuru O
@ Mt. Fuji

Fig.2 VYamanashi Test Track

The project was started in 1990. The construction
begar in 1991 and the operation will be carried out
from 1995. The total amount of the project budget is
346 B¥. JR group shares main part of it. R Central
Japan invests 196 B¥. The government supports about 20%
of it. 12% of it will be spent for the technical deve-
lopnent program.

C. Definition of New System

On the definition of the system realized in Yamanashi
the following improvements of the system characteri-
stics are taken into account for practical application.

- reduction of energy consumption

- increase of system reliability
Then such modificatios are taken over the system used
in Miyazaki test track before as:

- introduction of the sidewall levitation scheme

- two layer coil arrangement for the long stator of

linear synchronous motor

- G10 inverter for the drive system

- coupled bogie structure for multi-section train
The basic design of Yamanashi Test Track was carried
out on these concepts.

1) guideway: The long stator coils and levitation
coils are installed on the side of the U-shaped guide-
way. In order to suppress disturbances in the magnetic
field generated with the long stator and to increase
operational reliability of superconducting magnets, the
stator coils are equipped in two layers. The levitation
coils are installed over them as shown in Fig. 3.

Three kinds of coil fixing structure and three types
of beam structure of guideway will be tested in the new
track for the study of economical construction of
guideways. ( 6 combinations )

2) concept of train: Two train sets with 3 and 5 cars
will be manufactured. The length and weight of the
front car are 28m and 30t. Those of intermediate cars
are 21.6m and 20t. The maximum operational velocity is
supposed to be 550km/h. A superconducting magnet with 4
coils is installed in each side of a coupled bogie. Its
magnetmotive force is 700kAT.

3) power supply station: Two power supply stations
will be constructed, which can supply current indepen-
dently for each train, as well as transfer powerfeed to
a train between them. They have different capacity. 'The
smaller one is equipped with a forced commutated
converter to  suppress disturbances to utility
network. To supply variable frequency current to the
long stator to accelerate or deaccelerate a train, the
voltge source type, pulse-width modulated GTO inverter
is utilized.



D. Technical Developmnent Program
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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.

1) 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
were influential to quench phenomena. New construction
scheme is introduced to suppress these effects.

First bogie installed new designed magnets were equi-
pped to MLU-002 and put into operation in June 1991.
However, due to the interaction with the other old
bogie, operational results of it were limited. The
second new bogie was equipped in October 1991. Unfor-
tunately on the first day of the operation of the new
arrangement, the vehicle had a fire because of mechani-
cal failure in a wheel and was completely distroyed.

2) sidewall levitation scheme: With EDS system,
enough 1ift force cannot be obtained at low speed as
less than 200km/h. The wheeled cperation with rubber
tires is required in this velocity range. If the levi-
tation coils are installed on the surface of the base
of the track, as in the original arrangement in Miya-
zaki, induction current flows in these coils even
in wheeled operation and causes much energy losses due
to low speed.

A new scheme to install these coils on the sidewall
of the guideway is introduced to improve operational
energy efficiency and named “sidewall levitation". If
the superconducting magnet is positioned at the center
of the 8-shaped levitation coil on the sidewall under
wheeled operation, no induction current flows because
of the null-flux principle. Then no losses are genera-
ted in them. Though the null-flux connection between
coils or both sides of the guideway to provide lateral

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
studied with mock-up guideway mndels.

3) MLU-002N vehicle: Soon after the fire of MLU-002,
MOT approved to restore it. A new vehicle MLU-002N was
brought into Miyazaki at the end of December 1992 and
has been operated from January 1993. Its basic confi-
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

- no seats for passengers

- double frame, link coupled bogie

- l4-inch tire with the disk brake

- inframable hydraulic oil

- heat resistant piping

- sensor for inner pressure of tires
- guarding wheels

Photo 1 MLU-002N
E. Future Prospects

The future of the application of the superconducting
maglev system depends strongly upon the results of con-
struction and operational tests in Yamanashi Test Track
for this several years. Though high speed rail develop-
ments are being carried out in Japan too and operation
over 350km/h has been realized, their emission of audi-
ble noise to the environment is considered to be diffi-
cult to be solved for practical application. Also the
problem related to the increase of air traffics over
Japan should be taken into account. The superconducting
maglev system has high potential as the future transpo-
rtation system with larger capacity, better environmen-
tal influences and higher safety. The extension of
Linear Express to further west to Fukuoka, the airport
connection in Sapporo and others have been considered
by local governments for possible application of the
system.

IV. HSST Project

As the first stage of application of HSST, many local
governments have been interested to use it for urban
transports in city center. The maximum operational
velocity less than 100km/h is considered to be enough,
but negotiation with small radius curves and steep
gradient track are required to be realizable. The con-



struction and operation costs should be evaluated in
details. For its practical construction and operation,
the official legislation and technical standardization
should be established. The Nagoya project has been
introduced for these aims.

A. MNagoya Project

For the evaluation of HSST system as an urban trans-
port, HSST Co. (a subsidery of JAL), Nagoya Railways
Co. and Aichi Prefecture formed a joint venture of
Chubu HSST Development Co. (CHSS3T) in 1989. It con-
structed a new test track of l.6km long in Nagoya,
Aichi, utilizing an existing line of Nagoya Palilways
connecting Che with Nagoya Port in the south part of
the city.

Various components needed for the realization of an
urban transport with HSST have been installed and
tested for two years.

1) quideway: 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 gradient parts of 6% and 7%

- curving parts with radius of 100, 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 urba. area, using
their r'ght of way to make land acquisition for the
track easy.
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Fig. 4 CHSST Nagoya Test Track

2) vehicle: Assuming the application in the center of
cities, a train unit with two cars (2-section vehicle)
of rather small size has been tested. It is modeled as
a half unit of the practical train unit, which consists
of 4 cars and is applicable to the urban transport in a
local city. The basic features of the train unit are:

- dimensions: 8.5m(L)x2.6m{W)x3.3m(H) per section

- weight of train: 18t(empty), 30t(max. allowable)

- no. of seats: 24 seats per section

- no. of passengers: 44 per section (normal)

67 per section (max.)

HSST is based on the combined lift and guide EMS system
and the short stator linear induction motor propulsion,
which are integrated into a structure called "module".
The basic features related to the module are:

- vertical gap length: 8mm

- 3 modules per side per section

- each module equipped with 4 magnets, a SLIM landing

skids, hydraulic brakes and sensors

- modules in both sides of section are coupled each

other through beams

- conn .;ed to the cabin with air springs

- ma. lift force 5t

The propulsion of the vehicle is controlled with a
GTO variable frequency variable voltage inverter, which
regulates the stator current of 6 LIM's in each
section. Both regenerative and reverse prase braking
are applied directly to the vehicle by LIM's. The hy-

draulic brake is also operable as a back-up system and
in very low velocity. The maximum acceleration and de-
celeration is 4.5km/h/s, but the latter can be in-
creased up to 5.3km/h/s in emergency. The maximum
operational velocity is 110km/h. The propulsion is
automatically regulated based on the pre-programmed
operation pattern. The protection of train operation is
done with ATS and ATO.

3} Electrical system: The electrical power to the

vehicle is supplied with 1500 v.d.c. from a substation
at the end of the track. AL/SUS solid contact rails are
equipped along a side of guideway beam. Through sliding
collector the current is fed to the vehicle.

Photo 2. HSST Nagoya Test Track

It should be noted that the whole project is strongly
intended to keep operational and technical compatibil-
ity with the conventional urban transportation system,
as being understood from above explanation.

B. Operation and Tests in Nagoya Track
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The operation and tests in Nagoya have two objec-
tives. Aichi prefecture has made a study on the
technical evaluation of readiness as a practical system
and the application field in it on the HSST, in cooper-
ation with CHSST Co. MOT has carried out an investiga-
tion on the technology and safety of the EMS maglev
system as the public transport. The program of tests
was considered to satisfy both. The operation has been
done by CHSST, as well as the main part of tests. The
research institute on transportation safety of MOT has
shared the tests related to the safety and influences
on the environments.

The results of both studies are evaluated by the com-
mittee of academics and specialists respectively. The
reports are completed at the end of March 1993.

C. Readiness for Application

The technology of HSST is decomposed into more than
140 items to evaluate its technical completion level
and necessary investment costs to construct it as a
practical system.

Since May 1991, the operational tests with HSST-100
were carried out to gather needed data for the evalua-
tion stated above. After that the continuous operation
test has been continued to attain the total length of
more than 35,000km of operation. During the tests, some
modifications are made both for the vehicle and guide-
ways to improve the characteristics of the system and
satisfy the requirements. The construction efforts on
site and the maintenance experiences are analyzed in
details to estimate expenses, too.

No important modification was needed in relation
with the maglev system, other than the reinforcement of
the fixing of the levitation rails.

The conclusion of the evaluation is as follows.

The only one item, the consumption of the skid for the
emergency landing, is evaluated to be improved before
the construction of the practical system. Other items
are evaluated as technically enough completed.

On the basis of the results, the investment and
operational costs of the system are calculated and
compared with those of the monorail and the people
mover, in relation with an assumed system of 10km long.
The results show that the costs are less in the case of
HSST than others, though the profits from revenue
service will be obtained in longer time than the mono-
rail due to the governmental supporting system in
Japan.

Due to the higher velocity and the flexibility to
negotiate smaller radius curves and higher gradients,
the application fields of HSST-100 is considered to be
mainly in the system, which has rather longer track as
more than 10km and connects the city center to sub-
urban residential area. Such characteristics of HSST
are stressed as preferable urban transports compared
with other alternative systems:

- smaller travelling time

- better riding comforts

- less audible noise to environments

- higher safety due to no-derailing structure

- robustness to weather conditions
It is also noted that the operation after the stacking
of snow up to 4am was also successfully experienced and
proven to be satisfactory.

D. Evaluation as Public Transports

As a part of the technical investigation on the EMS
maglev transport, MOT evaluates the technology and
safety of HSST as a public transportation system. For
this purpose, technical items, which are considered to
be essential of the system, are listed up and related
to necessary characteristics of the components, sub-
system and system. These items are evaluated on the
basis of test results, simulational studies, and theo-

retical studies. Mainly the matters on the safety and
environment are studied in details.

The lateral guidance with magnets based on the com-
bined lift and guide principle is a key item related to
HSST, as an example. It is evaluated with the guidance
characteristics in operation;

- performances at the irregular arrangement of rails

- operation over curved track with various velocity

- variation of gap length in normal operation
The experimental results and theoretical analysis of
the motion of the module over small radius curves are
examined., Then the item is decided acceptable as the
public transport.

A few items related to the life of skid and brake ma-
terials are considered to be tested further before the
practical application case, ovut the HSST is evaluated
to be applicable as a public transportation system.

Even though HSST technology is considered to be
applicable, it should alsc be based on the reasonable
investment and operational costs. Then two practical
cases of public transports are chosen and the costs
related to HSST are calculated. 1he results show that
HSST can aliszo be constructed and oeprated in these
cases with reasonable costs.

As a whole, MOT has concluded that HSST is applica-
ble to practical transportation and is acceptable to be
licenced as a public transport with operational veloc-
ity under 100km/h. In the case of the system with
higher speed as 200km/h, further study as this project
would be needed.

E. Prospects for Applicatiorn in Future

Aichi prefecture studies eagerly to construct a HSST
system in it on the basis of operational tests and
results of the Nagoya project. As a possibility, a
connection between a housing complex in the suburb and
a metro station, or a transportation system from the
city center to the planned expo site, both in Nagoya,
is considered. HSST Co. studies also applications in
urban area near Yokohama and An airport connection in
Hiroshima. Hopefully one project might be realized
before the turnover of the century.

V. Related Systems

The public interests on the new type of transporta-
tion system is much in Japan, but there exist same un-
certain feeling on the technology. Then it is consider-
ed to be important to show publics its component
technology practically and make them convince step by
step. In this sense, as an intermediate stage to future
transportation system, it is important to utilize its
component technologies in conventional transportation
system.

A. Linear Metro

The transportation authorities of metropolitan area
both in Tokyo and Osaka have introduced the linear
motor drive system in their subway systems. With the
application of the short-stator, single-sided linear
induction motor, though the basic configuration of the
vehicle is basically same with the conventional invert-
er driven cars of the subway, the cross section of the
tunnel is made small and the construction costs are
reduced. The projects were also supported by MOT.
Before practical utilization, similarly as the case of
HSST, the operational tests of the system had been
carried out with test track long time.

Though the influences of the normal forces cause by
SLIM's on the wheels, the operational results in both
systems have been satisfactory. various types of the
secondary of linear motors are also tested to evaluate
their operational characteristics and costs. The
successful operational experience of both systems have



given publics the applicability of linear drive system References
clearly.

1. E. Masada et al.: "Technology of Maglev
B. Transportation Systems with Pennanent Magnets Transports" Ohm-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).
1) CM: 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. Canpared 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 demonstration 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.

Photc 3. Linear Metro in Osaka

The conceptional study of the suburban transportation
system based on it was carried out as ALPS. The system
utilizes rubber tires to lift and guide the vehicle. A
new version with permanent magnets is also under study.

VI. Conclusion

The development of maglev transports are at their
final stage for the practical application. The
conclusion of the technical evaluation of systems based
on the data obtained at test tracks are positive. The
realization before the 2lst century is expected
hopefully in Japan. Some experiences obtained already
with hybrid systems with conventional systems have
given good results and proven as a gond example.

Though the introduction and extension of high speed
rail are also planned and developed, the maglev
transport has high potential as the future system in
the operational velocity, riding comforts and environ-
mental influences, which are important features for the
active soclety in the next century.
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Abstract - Since 1970, Japanese National Rallways have contin-
ued to promoted R&D of a superconducting maglev system. The
epoch-making event for this system came in 1980 when it gained
the status of a national-funded project in Japan. The government
authorized a 42.8 km test line in Yamanash! Prefecture and R&D
entered a new phase. The date for completion is set for the fiscal
year of 1997. Our main objective is to upgrade the new test line's
nllabllify and stability, and also to ensure commercial viability.

This paper shows some background on R&D, the brief descrip-
tion of newly constructed test line and the future outlook of this
system.

I. INTRODUCTION

The concept of a superconducting maglev system was advo-
cated in the paper of ASME by Dr. Gorden Danby and Dr. James
Powell of Brookhaven National Laboratory in 1966. We are
most thankful for their pioneering work on this system.

Since 1970, Mr. Kyotani and his colleagues of Japanese Na-
tional Railways have continued to promoted R & D of this sys-
tem. He worked vigorously to establish the principle of maglev
which means magnetic levitation system, by conducting many
experiments from basic ones to more complex ones including the
test of MLUOO1. His work confirmed the feasibility of this sys-
tem,

The epoch-making event for maglev came in 1990 when it

Manuscript received March 15, 1993. The development of the supercon-
ducting maglev system has been financially supported by the Ministry of

Transport of Japan.

gained the status of a national-funded project in Japan. The Gov-
emment authorized a 42.8 km test line in YAMANASHI prefec-
ture. R & D entered a new phase. The project team consists of
Railway Technical Research Institute, the Central Japan Railway
Company and the Japan Railway Construction Public Corpora-
tion, was organized. The date for completion is set for the Fiscal
year of 1997, Our main objective is to upgrade the new test line's
reliability and stability, and also to ensure commercial viability.

I1. DETAILS OF DEVELOPMENT

In order to create a railway system which would far exceed the
Shinkansen in speed, it was necessary to seck a new one. The
maglev was born in the course of groping after the successor to
the Shinkansen.

The following are the reasons why it has been examined.

(1) For the train to run at a high speed beyond 500 km/h, it is
suspected that the conventional railway is limited by the adhesive
force between rails and wheels.

(2) Adopting Lincar Induction Motor (LIM) 1z be replaced lat-
er by Linear Synchronous Motor (LSM), will make it needless to
mount a heavy motor on the vehicle.

(3) The height of levitation of about 100 mm ensures this sys-
tem against earthquake.

(4) Because of non-contact, it is advantageous in maintenance.

(5) Noise and ground vibration caused by train are smaller and
they are favorable for the preservation of environment.

Around 1967, the first experimental facilities that had a small
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vehicle using permanent magnets and a short track with electro-
magnets were installed on the premises of the RTRI. It was the
first step for the development. In 1972, marking the Railway
Centennial in Japan, a vehicle of LIM system firstly succecded in
levitated running.

In order to prove the possibility of 500 km/h running, a test
track with length of 7 ki was constructed in MY AZAKI prefec-
ture, south-west of Japan, about 1,000 km away from TOKYO,
in 1975.

In December 1979, an unmanned vehicle named ML-500 at-
tained a maximum speed record of 517 km/h surpassing the tar-
get speed, which demonstrates the feasibility of high speed run-
ning. Subsequently, it was found that the straddled type vehicle
had to be changed into more practical box type one (0 secure a
room for the passengers, and the inverted-T shaped guideway
was transformed into U shape. The manned vehicle named
MLUOQO1 after that transformation successfully attained a speed
of 400.8 km/h in 1987,

The next vehicle MLUOO2 debuted in the same year, and the
latest car MLUOO2N unveiled in January 1993. The tests of dura-
bility for YAMANASHI test linc or practical use in future have
been continued.

III. COMPARISON OF MAGNETICALLY LEVITATED VEHICLES

The magnetically levitated train system HSST of Japan and
TRANSRAPID of Germany are levitated by attractive force us-
ing electromagnets, but the JR type maglev uses repulsive force
using with superconducting magnets.

In MIYAZAKI test track, we have had the facing levitation
method with the ground coils for levitation arranged on the slab
of viaduct. But it was decided to change the levitation method
from the facing to the side-wall type to reduce the magnetic resis-
tance. In the side-wall levitation method, a ground coil for levita-
tion ("8"-figured coil) formed by transposed connecting the small
upper onc with the lower one is set up on the side-wall of the
guideway.

Though the magnetic resistance which influences electric con-
sumption in running increascs at low speed, the side-wall system,
which is superior inefficiency of levitation force to the facing
one, may reduce the electric drag.

Besidcs, there is merit that the high voltage at null-flux cables
will be cut down by using the side-wall levitation coils for lateral
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guidance of the vehicle instead of as coils for propulsion.

The side-wall levitation method has already been set up on
some sections in MIYAZAKI test track, and the data about the
vehicle motion, riding comfort, etc. were collected.

This will be adopted in all sections of the newly constructed
test line in YAMANASHI prefecture.

IV. BRIEF DESCRIPTION OF NEW TEST LINE CONSTRUCTION

In order to put the vehicle to more practical usc as means of
railway, a new test line which has the sufficient facilities to pro-
mote the technological development related to the magicv will be
needed in future. This is due to the facts that the MY AZAKI test
track is only 7 km in length with a single track and the structures
consist of only viaducts and bridges, that it is impossible to carry
oul a running tests in tunnel sections.

Japan Ministry of Transport (MOT) made investigations and
studies on the site suited for construction of a new test line and
the step of pursuing the technological development for its real-
ization.

Meanwhile, MOT set up an internal committec called "The
Superconducting Magnetically Levitated Train Study Commit-
tee” (chairman: Prof. Dr. Eng. Yoshiji MATSUMOTO, Science
University of TOKYO) in 1988.

The requirements for the new test line agreed upon by the
Commitice arc as follows;

(1) There shall be a continuous straight section.

(2) There shall be a curve.

(3) There shall be a steep slope section.

(4) There shall be structures such as tunnels and viaducts.

(5) Besides fulfilling the above requirements, the test line shatl
have an overall length of some 40 km or so.

After the discussion being made concerning the test line con-
struction site, the Committee selected Y AMANASHI prefeciure
as the best one from the view point of feasibility of achicving the
test objects, effective use in future and obtaining the cooperation
of local authority concerned.

The plan for development of fundamental technology and the
plan of Y AMANASHI test line construction are approved by the
Minister of Transport in Junc 1990, and these plans are being
pursued.

The YAMANASHI test line has a length of 42.8 km including
about 35 km length of tunnel sections, partially with double



tracks. And it has some sections with maximum gradient of 40
permillage (4 percent), and with minimum radius of curvature of
8,000 m. The distance between the centers of tracks is 5.8 m.

The following are main items to be tested;

(1) Stable run at 500 km/h with safety and comfort.

(2) Reliability and durability of vehicles including supercon-
ducting magnets and ground facilities.

(3) Structural standards specifying a minimum radius of cur-
vature, the steepest gradient, etc.

(4) Distance between both guideways taking account of two
trains passing each other.

(5) Vehicle performance related to tunnel cross section and to
the pressure fluctuation in a tunnel.

{(6) Turmnout performance.

(7) Control system between substations.

(8) Multiple train operation control system.

(9) Safety operation system.

(10) Environmental preservation.

(11) Technical standards on maintenance.

(12) Investigation of cost performance, and grasp of construc-
tion and operation cost.

V. CONDITION OF PROCEEDING

In September 1991, the ground-breaking ceremony was held
for cast-side section of KUKI Tunnel in Tsuru-City, which is to
be about 1,670 m long, it was the first phase of the constructions.
And now, the excavations in 9 tunnel sections are in process by
the Japan Railway Construction Public Corporation and the Cen-
tral Japan Railway Coinpany. At open section, theworks for in-
frastructures such as bridge and viaduct will be started in already
prepared section.

But progress in the works delayed about a year because of a
difficulty in right-of-way purchase. Otherwise, with the improve-
ments of specifications achieved such as boosting the blocking
voltage in the ground coil for propulsion and enlarging the capac-
ity of GTO inverter, a higher acceleration can be set in the run-
curve.
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In order to begin carly the running test in some section where
the construction was finished, it was concluded that “The Priority
Section” which had a length of 18.4 km sct up at midpoint includ-
ing the main installations such as a substation, a test center and a
car shed was constructed on priority basis. Although a test will
remain for stabuiity and durability over long period, prospects for
the technology development have been confirmed by the running
test in the priority section, with the stationary test and some sim-
ulations, will have to be planned with Fiscal Year 1997 target
unchanged.

V1. CONCLUSION

We have been researching and developing a superconducting
maglev system for 24 years. And we now are highly honored to
be conducting a "national project” of this magnitude. But, sever-
al obstacles must be overcome before we have a commercially
viable system. Two main ones are;

First, we have 1o ensure reliability and durability of the magnet
system as well as the total system when it is running at super-high
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-
MANASHI test line.

Second is the issue of cost. In order to reduce the running-cost
we made a major improvement by shifting levitation ground
coils from the floor of the U-shape track to side-wall, thus, reduc-
ing the running resistance. And we are also making an cffort to
reduce the construction costs of the total system.

The construction of the YAMANASHI test line is going on.
Our anticipated success on this test line will be a major step to-
wards building a "CENTRAL LINEAR EXPRESS" linking TO-
KYO and OSAKA. Because of this, the focus of much of our
work is the national YAMANASHI test line project.

We are convinced that the superconducting maglev system
will be an important transportation system in the next century.
After all, it is an ideal system offering super-speed service, high
energy efficiency and the lcast pollution of environment.
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Abstract - Today, in Yamanashi Prefecture In Japan, we are
constructing a 42.8km test line using a superconducting maglev
system whose technology Is based on the best results achieved by
the efforts of the defunct Japanese National Railways (JNR) and
Railway Technical Research Institute (RTRI). The new test line,
having as many useful installations as possible to operate the rev-
enue service, will be used for evaluating the practicability of a su-
perconducting maglev system,

This system features an electrodynamic levitation system
(EDS) which enables a superhigh speed running without any spe-
clal control device for levitating a coach as well as guiding one.
Using this fundamental method, we developed and designed a
new test line, which is mainly composed of vehicle, guideway, lin-
ear synchronous motor (LSM) and so on. To be a practical trans-
port means in the 21st century for high speed operations, the ma-
glev system requires high running stability and perfect safey, in-
cluding the friendliness to the environment, even if it may involve
all the possible risks which originate from outer disturbances or
any other troubles. To fulfill these requirements, we conducted
many laboratory works and full-sca'e running tests. Through
these efforts, we have Identified the problems, devised counter-
measures to solve them, and developed subsystems. The design of
the Yamanashi test line is based on these achievements so far
gained. Today, the development is coming into a more practical
phase of assessing the reliability, the durability, and the economic
efficiency using a new long test line.

Manuscript received March 15, 1993. The development of the supercon-
ducting maglev system has been financially supported by the Ministry of
Transpon of Japan.

I. INTRODUCTION

Two years before Bullet Train of Tokaido Shinkansen came
into being, JNR started basic research on super-high speed rail-
way systems in 1962, which has led to the present supercon-
ducting maglev system composed of both LSM and EDS. Dur-
ing the past 30 years, the technology has made great advances;
for example, superconductors, power electronics, engineering
plastics, to name a few. This progress has made the manufac-
turing subsystems easier and more reliable. In the early stage,
based on the experiments, we pursued feasibility studies vigor-
ously. But, now, we are struggling with the problems concern-
ing the manufacture, the maintenance and the environment.

In 1987, JNR was privatized and divided into seven Japan
Railway companies (JRs) and so on. RTRI took over the work
of R & D and also all the matiers concerning the MAGLEV
system from JNR. In 1990, the Government authorized con-
structing a 42.8km test line in Yamanashi Prefecture. To push
ahead with this plan, a project team, which is composed of
RTRI, Central Japan Railway Company (JRC) and Japan Rail-
way Construction Public Corporation (JRCC) was organized.
Now, this team is held responsible for the construction of the
Yamanashi tesc line.

The facilities in the test line will be made using the best tech-
nology available and all the necessary equipment for the com-
mercial maglev service will be furnished as far as possible.
Using this test line, we shali evaluate the serviceability of this
superconducting maglev system, that is, JR maglev system.
As for the Miyazaki test track, full-scale test runs using it will
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be kept up, and the results thereof will be reported to the com-
mittce of the Yamanashi project team.

II. JR MAGLEV'S FEATURE AND PRINCIPLE

JR maglev system, using a superconducting magnet (SCM),
featurcs a super high speed running without any control pro-
cess, which is achieved by the EDS. The utility of this system
will be confirmed through the running tests on Yamanashi test
line.

The principle of a superconducting maglev system is as fol-
lows:

An onboard SCM can be moved by a travelling magnetic
field caused by the current of ground coils for propulsion.
Thus a maglev train runs synchronized with the ground travel-
ling magnetic field of a linear synchronous motor (LSM). A
moving SCM produces an induced current in the ground coils
for levitation, which generates a repulsive force between the
ground coils and SCMs. This is an electrodynamic levitation
system (EDS). As the train speeds up, the levitation force in-
creases. But, at low speeds, the induced levitation force is not
enough to lift a maglev train, which then needs rubber tires to
support itself . A guidance force can be obtained by the current
induced in the levitation ground coils, linking both side levita-
tion coils by a null-flux cable. When a vehicle runs on the
center of the guideway, no guidance current is induced. But,
when it runs leaning to one side, a guidance current will be
generated, which makes a guiding force. This is a null-flux
guidance.

As for the braking, JR maglev normally uses a strong power-
regenerative braking. However, against any trouble in the
ground facilities or the vehicle, some safeguards will be avail-
able, such as a coil short-circuit braking, an acrodynamic brak-
ing and a wheel disc braking.

The running stability of SCM has been studied sufficiently.
But, in the case of a quenching trouble with loss of the magne-
tomotive force of SCM, a null-flux guidance generates an un-
necessary guidance force. To avoid this unnecessary force,
both side pairing SCM will be discharged promptly. And be-
sides, the onboard stopper wheel is provided to protect the side
of the car body against abrasion. Even in this case, we can
move the maglev train up to a safe place using other energized
SCMs.
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As a quenching trouble influcnces the system reliability, we
performed stationary vibration tests using an electromagnetic
field, in a simulation test. This equipment can generate an
electromagnetic field which is equivalent to the actual electro-
magnetic field to which the running SCM is exposed on ac-
count of energized track coils. Through testing, we have ac-
quired good prospects.

II1. JR MAGLEV'S TECHNICAL DIFFICULTIES

Aiming at the revenue scrvice, we need to confirm the abil-
ity of the 14 subsystems, which are scheduled to be introduced
in Yamanashi test line as many as possible (see Table 1).
Table 1 reveals what is peculiar to JR maglev and what is dif-
ferent from the conventional iron-wheel system though it may
look similar to the conventional system at a glance. Besides,
the technology which is common to all systems is listed.

To commercialize JR maglev, not only the performance of
each subsystem, but also its environmental compatibility,
safety, reliability, durability and economic efficiency have to
be well balanced and perfect. The Yamanashi project team is
making efforts to put together all subsystems into an integrated
well-balanced system, i.e., the best system.

Concerning the conventional rail-wheel system, we have
sufficient know-how and standards. On the other hand, as for
the superconducting maglev system, I regret to say, inexperi-
enced matters remain. So, we are now making a review cover-
ing a wide area, such as all the design specifications, advance
survey of the weak points in each part, the system safety in all
the cases of failures which may occur. We have used some
effective means of the failure mode and cffect analysis
(FMEA), the Fault Tree Analysis (FTA) and so on.

1V. MAJOR RESULTS To BE UTILIZED
IN YAMANASH! TEST LINE

In the following, we present major results to be imple-
mented in Yamanashi test line -the results derived fromR & D
up to now in vehicles, guideway, driving system and so on.

Progress is remarkable, especially in the stability and the ef-
ficiency of JR maglev sysicm.

A. Development in the field of vehicles
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TABLE 1
CONFIGURATION OF THE JR MAGLEV SYSTEM

Subsystem Peculiar technology to JR maglev

Common technology between new
and conventional sysiems

Similar technology between new
and conventional systems

Running operation Generating a running curve

Supervision of operation
Management of diagram
Control of route

Traffic control pursuing a train
movement

Traffic control

Blocking control
Train speed control with
monitoring

Inductive wires for inductive radio
transmission

Telecommunications

Leakage coaxial cable
Information system

Inductive wires for inductive radic
transmission

Train position detector

Train position detector

Power supply and driving Driving control Power converter
Propulsion coil Feeder
Feeder section switch
boundary section switch
Suspension and guidance Caoils for levitation and guidance
Null flux cable
Guideway Running way Tumout Tunnel
Guiding way Viaduat
Bridge
Station Platform Information
Vehicle SCM Track Car body
Magnetic shielding Onboard conrol unit
Auxilliary guiding wheel Onboard braking equipment
Aunxilliary supporting wheel Coupling device
Onboard power supply
Cabin facilitics Ventilation facilities Broadcasting
Accommodation
Onboard equipment
Car depot Cooling system
Exciter
Distribution Distributing
Charger

Ground equipment

Protection for overrun
Protective equipment
Preventing disasters

Maintenance wagon

Inspection wagon
Service wagon

We have madc some test vehicles which are listed in Table
2, in which we introduce the main results. Among the listed
vehicles, the test vehicle coded ML-100 is one exclusively us-
ing the linear induction motor (LIM), having an onboard reac-
tion plate and running on the active track. Other vehicles are
driven by LSM. The car named ML-500R is the first onc hav-
ing an onboard refrigerator which re-liquefies the recovered

cvaporated helium gas. The truck of the car named ML-500 is
applied to the car named ML-500R, whose car body has been
made newly for the onboard refrigerator. As a morc practical
testing car with a box type cabin, we made a train set named
MLUOO1 composed of three motor cars having 8 SCMs o one
car. Running tests with a single car and with a train sct have
been carried out. Unfortunately, the car named MLUO)2 was
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TABLE 2
THE TesT VEHIQLBS OF JR MAGLEV AND RESULTS
Year Names of test | Typical results
manufactured | vehicle
1972 LSM200 Running by LSM
1972 ML-100 Verification of EDS
i9/5 ML-100A Prototype of JR Maglev
1979 ML-500 Confirmation of high speed running at
500 km/h
1979 ML-500R Onboard refrigerator
1986 MLUO01 Running of train sets
Testing of train motion
1987 MLU0O02 Concentrated arrangement of SCM on
truck
1993 MLUOO2N Elastic suspension ¢f SCM

spoilcd by a fire on last October 3rd in 1991, Using a new car
named MLUOO2N which has two aerodynamic braking sets,
test runs on Miyazaki test track have been resumed in Jan. ‘93.

Up 1o the present, we have developed a simpler I-type SCM;
a lighter concentrated arrangement of SCM using a truck; a
downsize onboard refrigerator to re-liquefy the evaporated he-
lium gas; a track brake system with sliding frictional shoes for
high speed running; an aerodynamic brake and so on.

Now, using MLUOO2N, we are completing with an elastic
suspension truck system, a wheel disc braking which is avail-
able at a high speed of 500 km/h. These products are to be
implemented in the new test cars for Yamanashi test line.

B. Development in the field of guideway

We began with a test using ML-500 on an inverted-T type
guideway in Miyazaki test track in 1977. In 1980, the guide-
way was changed to a U-type and the 1csting car was changed
to MLUOO1. Recently, we changed a normal flux levitation
system to a null flux magnetic suspension system which re-
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duces magnetic drag and increases levitation ability, which has
been verified mainly by MLUOO2 since 1988. This change has
borne fruits, which make it possible to simplify thc mainte-
nance work of guideway, that is, the re-alignment work is re-
stricted to one face of the side-wall, having levitation coils and
propulsion coils. Besides, the side-wall has become a "beam”
fabricated to high precision as a precast concrete becam. Then
manufacturing a side-wall beam has becomc much simpler,
that is, we can manufacture side wall beams in a yard near the
construction site. In the same yard, we can also set up all the
ground coils. Therefore, with high accuracy and without labo-
rious work, we can build a maintenance-free structure, that is, a
side wall beam.

In the development of a turnout, we developed two different
Lypes, one of which is a traverse type for high speed running
and the other is a side-wall concrete traversing one for a car

depot.
C.Development in the field of propulsion system

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.
The system configuration of a propulsion system is presentcd
in Fig.1. When running on the guideway, a vehicle issues a
signal. This makes it possible for us to know where the train is
running using an inductive wire for inductive radio transmis-
sion. Using this position data, the LSM propulsion control
equipment outputs which section must be energized and what
power, that is, propulsion current must be supplied. A power is
supplied 10 the appointed feeding scction using a feeder section
switch. This switch changes over as every train passes. As its
frec{uency is very high being equal to the running frequency,
we have developed a much more durable switching gear, for
example, can be switched 300,000 times.

Even when a maglev train is crossing over the feeding sec-
tion, to propel a train smoothly we have used a two-power con-
verter system in Miyazaki test track. To improve the fault tol-
erability of the power supply system, we have decided to adopt
a three-power converter system in Yamanashi test line. Using
this system, we can drive a maglev train when onc power con-
verter fails. Besides, the total capacity of the power supply
equipment will be reduced to three-fourths of a two-power
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Fig. 1. Power supply system of Miyazaki test track
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Fig. 2. Feeding Arrangement for propulsion coils

converter system.

The development of the power converter equipment is un-
derway as follows:

At Miyazaki test facility, we have used a cycloconverter
with a thyristor element. As this is a direct conversion type
without intermediate direct current (DC) circuit, a characteris-
tic of the load may influence the electric power system. There-
fore, in the early stage, we have used a rotary type power con-
verter with a motor-gencrator set as the first converter. The
next converter is a circulating current type cycloconverter
without a frequency converter as a motor-generator set, its ca-
pacity being 16 MVA. Even this type needs many capacitors
to improve the power factor. And in an arca with low power
capacity, the cross influence between the load and the power
system through the cycloconverter is undesirable.

Meanwhile, today, the technology of the large power gate
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 converter with DC circuit.



Using this type, unacceptable cross influence will not occur,
being eliminated by intermediate DC circuit. After authoriza-
tion of Yamanashi test line, we have installed a PWM inverter
in Mivazaki test facility for testing, whose capacity is 10
MVA. The data derived from this inverter set are available for
designing the new large inverter of Yamanashi test line, whose
capacities are 20 MV A and 38 MVA.,

V. Testing items in Yamanashi test line

As for the details of equipment installed in the new test line
which are presented in the poster session, we have simplified
the description. The technical assessment concerning the
equipment is conducted in three steps as fc'lows:

Fit st, the basic running performance of each of two train sets
is confirmed, such as the acceleration and the deceleration
when running on a curve section, a gradient section, a tunnel
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section.

Second, considering the revenue service, the overall running
performance is confirmed, such as passing each other test runs,
substation cross-over test runs, simultancous multiple trains
operation tests, test runs with artificial failures.

Third, the continuous test run at high speeds is confirmed to
assess the reliability and the durability of the total system.

In parallel with these tests, we conduct other tests concern-
ing the passenger physiology, the influence on the environ-
ment, the economic efficiency, the maintenance specificatio:s
and so on.
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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 an urban transit version
of Maglev — HSST (High Speed Surface Trans-
port) system, which has been tested for the sooner
practical use by CHSST (Chubu HSST Develop-
ment Corporation).

This paper reports HSST-100 system and its
test runs on the test line in Nagoya, Japan.

I. General and History of HSST

A. HSST Development before CHSST

HSST is nonwheeled maglev vehicle system which is sup-
ported and guided by attraction forces between electro-
magnets and iron rails, and propelled by LIM, Linear In-
duction Motor.

HSST development work was started by Japan Airlines
in 1974, and has been succeeded by HSST Corporation
since 1986.

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

Especially, HSST-05 was operated on the first maglev
commcrcial line with Railroad license in Japan though it
was a temporary operation at low speed in ‘89 Yokohama
Expo site.

B. CHSST

HSST demonstrated its maglev operations at six expos
(two International expos included), however, the opera-
tions were made at low speed due to limited track lengths
available and the conditions were not enough for the com-
plete system test.

To be certified as the public transit system, HSST has
to demonstrate its system performance for safety, relia-
bility, economy, etc through the repeated runs on the test
line with sufficient length, necessary curves and slopes.

CHSST was founded in 1989 by Aichi Prefecture (a
local government), Nagoya Railroad Company and HSST
Corporation to conduct test runs of HSST-100 system.

Aichi Pref. conceives a plan to construct the 10km
HSST commercial line in east of Nagoya City.

C. HSST development after CHSST

CHSST decided the specification of test line, then con-
structed it in Nagoya City. Two-year long HSST-100 test
runs started in April 1991.

The special committee to evaluate HSST-100 System
was organized by Aichi Pref. It consists of Chairman
Prof. Masada and other professors, government special-
ists (Ministries of Transport and Construction, and Aichi
Pref.) and engineers of manufacturing companies (vehi-
cle, electric systems, signal systems etc) and construction
companies. The committee also gives advices regarding
test plans and test items.

Ministry of Transport (Japan) has formed another com-
mittee which discusses how to revise transportation reg-
ulations etc for the practical use of Maglev (normal con-
ducting) systems.

II.  Outline of HSST Test Line in Nagoya

A. General

Nagoya test line is 1530 m long single lane track including
a track switch (turnout). Fig.1 shows a plan and profile of
the test line that is capable to make all types of test runs
for HSST-100 system and is equipped with steep slopes,
small curves and a track switch. Maximum (design) speed
is 110 kph for this line.

Table.1 shows major specifications of HSST-100 system
and Nagoya test line.

B. Test Vehicle and Test Facilities

1) Vehicle: The test train consists of two HSST-100
cars which are called MC1 and MC2 respectively as shown
in Fig.2, and the car bodies are made of aluminuin alloy.

Modules are HSST’s essential parts that are similar to
the truck bogies of conventional train, and contain all of
levitation magnets, LIMs, brake system etc. Each car has
six modules which are connected to the car body with air
springs and slide tables. Fig. 3 shows Modules.

LIM output (drive and brake forces) is controlled by
VVVF Inverter (Variable Volt./ Variable Freq.) loaded
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on MC2 car.

Normal brake system is LIM/Hydro-combined type
with vehicle load compensation function, and it consists of
LIM brake (Regenerative/Reverse phase) and Hydraulic
(mechanical friction) brake which is applied in case of in-
sufficient LIM brake.

2) Guideway and its structure: Test line has minimum
curve of 100 m radius (8 degrees of cant angle or superel-
evation angle) on main line and 25 m radius on a branch
line beyond a switch.

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

1000 m radius vertical curves are incorporated to
smoothe the gradient change points.

Fig.4 shows a guideway structure for standard portion.
Each rail has an inversed U-shape cross section and is cov-
ered with aluminum reaction plate on its upper surface.
Rails are bolted onto PC girders with H-shaped steel cross
arms in 1.20 m pitches.

Various combinations have been constructed to test the
characteristics in the cost, maintenability, etc.

They are Rail installations onto :

PC girder with Steel Cross arms (Basic)

I

PC girder with PC Cross arms

PC girder with Steel Bracket (not Cross arm)

PC/Steel  girder
arm/Bracket)

directly  (without  Cross

One track switch is installed on the test line, and it is
3-segmented level turn type. Major switch structure con-
sists of one Main moving beam, two Dependent bearns,
Beam locking mechanisms and Transition rails.

Dependent beams are linked to the main beam in series,
and all beams are driven electrical (AC) motor through
link mechanism. Beam locking mechanism is to lock the
moving rails in each switched position. Transition rails
are provided to make rail cnnecting angles smoother. One
switch operation from one position to another can be done
within 15 seconds.

3) Electric power supply facility: A substation located
along the test line supplies 1500 V DC to the trolley rails,
and it is equipped with a power absorber unit which dis-
poses energy regenerated by LIM brake.

Trolley rails are Aluminum-Stainless Steel combined
rigid type with side contact surface, and two rails are
installed on both sides of girder respectively.

4) Signal Facilities: Dual functions are provided for
end station overrun protection. One is multi-step ATP
(Automatic Train Protection) which activates an emer-
gency brake in case of a train overrun condition detected,
and the other is the normal automatic brake activation
based on the normal operation pattern prior to an emer-
gency brake.

Train detection is based on the continuous check-
in/check-out method. Speed measurement is made
through counting and processing pulses on the pattern
belt (signal cable).

III. Test Runs

A. General of lest runs

The purpose of the test runs is to collect the demonstra-

tion data which verify HSST-100 system is complete for

the practical use. More than 100 items of test runs in

various range have been conducted in these two years.
Major test items are:

a. Characteristics of Vehicle, Guideway, Electrical
Power, Signal systems for levitation/guidance

b. Measurement to establish the design load conditions
on guideway

c. Safety and Capability for operations in case of system
failure, rescue of failed vehicle, etc.

d. Levitation characteristics and Ride quality to estab-
lish guideway precision tolerances (test for bad con-
ditions)

e. Measurement of Ride quality, Noise, Vibration on
ground, Mag field leakage, Electric field intensity

f. Measurement of Power consumption, Parts’ wear,
Maintenability, etc.

g. Endurance and Reliability of Vehicle system and
Switch for long period/repeated operations

h. Operations in adverse weather conditions (wind,
snowfall)

B. Schedule of Test Runs

Test runs began with preliminary test including unit car
test and speed-up test, then the planned iterns were tested
with both empty and fully loaded vehicles. Abnormal
and bad conditions’ tests and the long period run tests
followed to check the system performance in safety, en-
vironmental aspect, reliability, maintenability, economy
etc including emergency cases. Fig.5 shows the test run
schedule.
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Prior to vehicle test run, the function of power collector
unit was tested at a speed over 100 kph with a rotating
disc test machine.

In speed up test, speed was increased, step by step,
up to 100 kph while confirming the safety and basic per-
formance, and correcting discrepancy as necessary. After
completion of speed up test in early C-tober ’91, to lessen
yawing motions of vehicle, an oil damper was installed
near the coupler portion between cars. Then, more than
100 items advised by ihe committee were started to test.

From March '92, tests of guideway, mainly for the on-
ground (not elevated) experimental girders, including 100
m radius curve and a track switch, were conducted with
both normal (levitated) and nonlevitated runs (sliding
with skids).

Last test items with fully loaded train from August
1992 to September, were passing through the guideway
in abnormal conditions such as displaced rail connection
(with wide gaps in vertical/lateral) etc to obtain the data
necessary to confirm the guideway precision tolerance (re-
yuirement).

The long period run tests through the days from morn-
ing to night for Endurance and Reliability, were started in
October ’92, and will be completed in June 93, targetting
20,000 km of train run distance (grand total 32,000 km).

The track switch was successfully completed 50,000
times’ continuous operation tests, and the test is planned
to last up to end of March ’93 (estimated 80,000 times).

Ministiy of Transport of Japan (MOT) has formed a
special teain to establish the standards for Maglev tran-
sit including HSST system, and Traffic Safety/Nuisanse
Research Institute of MOT has conducted 7 times of eval-
uation test/meastrements on HSST-100 since September
'91.

1V. Results of Tests (part)

A.  Vehicle (Levitation/Guidance)

5) Levitation gap and Guidance gap: At 100 kph run
with tull loaded weight, a levitation gap fluctuation was
normally £2 mm, and 3 mm of peak values observed on
passing through the rail connecting point with maximum
tolerable rail displacement intentionally set. So they are
well within +6 mm of mechanical moving range and there
is no possibility of contact with rails during runs.

Maximum lateral oscillation observed was 12 mm of a
full amplitude (6 mm per side) and it is within lateral
movable range (15 mm, contact with guidance skid).

6) Levitation characteristics for running speed: Fig.6
shows levitation gap fluctuations for various speeds (coast
operation) with full loaded weight. RMS values (average

of fluctuations at forward and aft of module) are pro-
portional to square root of speed. At 100 kph, RMS of
fluctuation is 0.8 mm, and a peak value is 3 mm or ap-
proximately 4 times of RMS.

Fig.7 shows magnet power consumption that is calcu-
lated from magnet resistance and measured magnet cur-
rents.

At 100 kph run, it is 0.88 kW /each tonne of train weight
that is 1.3 times of power at zero speed.

B. Signal (function and noise characteristics)

Fig.8 shows the signal system of the test line. It consists
of Normal Brake Pattern (similar to ATC indication) in-
dicated to the train corresponding to the absolute train
position, and Automatic Train Protection (ATP) system
by equipment provided along the track.

Reliable and fail-safe speed detection for Overrun Pro-
tection is made by counting pulses on twisted loops of
pattern belt (signal cable).

7) Normal Brake Pattern function test: It was verified
that Brake Apply/Release a.lions were taken in 1.4” (de-
sign : 1.6”) of response delays in both signal and actuation
systems when the overspeed occurred.

8) ATP Emergency Brake function test:
ified to function in 1.3” (design : 1.6”).

With both Normal and Emergency brake functions,
Overrun Protection was verified as satisfactory.

It was also ver-

9) Noise characteristics test: Pattern belt (signal ca-
ble on the girders) and antennas of signal system may in-
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-
ified that the effects by equipment noises are within the
acceptable range, for example, noise level in Train Detec-
tion system is Lelow —60 dBv, or with 13 dB of reserved
margin for the miaimum required level.

C. Infrastricture and Guideway

Measurements were made mainly to establish the design
load coditions and to check details of structure. Measured
items were displacements, stresses (strains), accel- ation,
etc of rails and sturctures for both dynamic (vehicle test
run) and static (temperature effect) conditions on nine
(9) girders, four (4) piers and a track switch.

10) Temperature effect: Temperziure of rail surface
was highly corelated with the ambient temperature, as
shown Fig.9 and below:

RailTemp.(°C) = AmbientTemp.(°C)x2.644 — 43.80



During daytime, the temperature on sunny side rail sur-
face is hotter than on shaded side by 2 - 3 °C, and almost
none of temperature difference at night.

Five (5) mm of the daily vertical displacement at mid
point of 20 m span PC girder was observed (without
train load, convex in daytime/36.3 °Cmax, and concave at
night/25.1 °Cmin, due to difference of heat propagation
for rail/PC girder).

11) Dynamic load test: As typical sample of tests to
establish the load condition for structural design, Impact
load factor is shown here.

In contrary to the wheeled systems, HSST is supported
by levitation magnets with distributed load along almost
full train length.

Train impact load (vertical) is defined as the product
of Train load (max weight) and Impact load factor,i .

i = (d—s)/s
while,
d : stress’or displacement by dynamic load

s : stress or displacement by static load

Fig.11 shows Impact load factor, i, calculated with the
equation above and the measured stress and displacement

Nagoya Railroad
Tokoname Line

of PC girder of test line, and also shows Impact load fac-
tors used for HSST test line design and for the design
standard of other transit systems.

As shown, HSST’s Impact load factors observed in test
are much less than the standards of other transit systems.

V. Maturity of HSST-100

The evaluation committee has evaluated test results, item
by item, and almost all items have been marked as “A”
on A, B, C, D, E Scale. So far, none of serious technical
problems have been left, and HSST-100 is evaluated to
be acceptable for the practical use.

VI. Future Plan

The long period test run for endurance will be completed
by the end of June 1993, and it is planned attain approx-
imately 35,000 km of total run distance.

Further system improvement may be made according
to experiences obtained during test runs, especially for
better maintenability.

January 1993, HSST Development Corporation was
founded by Japan Airlines, Nagoya Railroad, etc for the
stronger formation to expedite the development for sooner
practical use.

" HSST Guideway
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Branch Line
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Testline length

Girder structur

Rall gauge

Min curve radff
(horlzontal)
(vertical)

Max Cant angle

Max Gradient

Switch

1530 m in total
Single Beam PC or Steel
1.70 m (between rail centers)

100 m (mafn line), 25 m (branch)
1000 m

8 degrees

7%

3-segment, horizontal turn type

SIGNAL SYSTEM

Traln control
Switch control
Trailn Overrun
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ATP (Automatic Traln Protection)
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Fig.2 HSST-100 vehicle used for test
Tab.1 Specification of Test systems
items specification
Ve o ( MC2) Slide Tabl
Formation Two-car train (MC1leMC2 e Table
Dimensions 8.5m(L)/car, 2.6m(W), 3.3m(H) Thrust Rod Alr Sprin
Train Weights |Empty 18,000 kg - F Y
(per two cars) |[Maximum 30,000 kg Rt w1 = - Landing Skid 1 =yt
Capacity 44 %24 scats; per ca: (nﬁminalg === n [
67 (24 seats " " (pea oad - T T g2
Passenger Door |one bi-parting slide door 'lu:4 Accelerometaf ?HCR“P Roller i “
per each side of car 'I wr i ) = ' 4
Modules six (or 3 paire) per car 5 = !
in 2.5mw pitch —llyd Brake
Levitalon & by attraction forces, of . = =147 (Ll 8=
Guidance U-shaped elcgrémaznets pmemm—— .,‘r""",_ ...... N MR ‘t"\", _______ oy
Levitat, Height|8mm (magnetic gap — & e <
Power recelved |1500 V DC (by power collectors) N \\/ N a2l T /N —
Propulsion six Ltnea; Induction Motors/car \ \L
" control jone VVVF {inverter per train -
Aux. power unit|one DC-DC Converter per train Gap Sensor 20 Levitation Magnets
Brake system o——
Regular LIM(Regenerative/Reverse phase)
and Hydraulic brake (LIM-Hydro Fig.3 Module structure
combined & Load compensated)
Emergency Hydraulic brake
Alr condition Cooler/Heater
Couplers Ends: none X
Between: Rod type coupler
Train control [ATP(Auto. Traln Protection) (g:ttern Belt
Train operation|Manual (with Auto., function) gnal C°b1°{ 1700(mMm) Reaction Plate
10 /
TRAIN PERFORMANCE B
Maximum speed 110 kph =
Acceleration 4.5 km/h/sec (maximum) Y
Dec;ler:ti?n y|4.5 xosmy A Cross Arm
egular(max . m sec =
Emergency 5.3 km/h/sec 5o o o | o L°V1t°té:?{0u1dance
GUIDEWAY =

Trolley Rail

™ PC Girder

Cross section of guldeway (standard)
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HIGH-SPEED MAGNETIC LEVITATION TRAIN TRANSRAPID,
PLANNING OF THE DEVELOPMENT PROGRAM UNTIL 1995
AND PROSPECTS OF UTILIZATION IN THE
FEDERAL REPUBLIC OF GERMANY
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Fed. Ministry for Research and Technology, Ref. 514
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Phys.-Ing.
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Abstract - The TRANSRAPID is a new high-speed
transport system using levitation technology for speeds up to
500 km/h. It is supported and tracked by electromagnets. A
synchronised linear motor provides the levitated propulsion.

In 1970, the development of a high speed magnetic
train was begun in Germany. After more than 20 years of
development, and after extensive investigations of the
system, the TRANSRAPID was granted readiness for
application by Deutsche Bundesbahn, at the end of 1991.

The first operational route in Germany was selected
after an extensive selection process from five different
routes in the new German states and three routes between
Bonn and Berlin. The investigations showed the
economically most promising results for the Berlin -
Hamburg link which connects the two largest German cities,
thereby permitting the close interconnection of these two
industrial centers, It was therefore incorporated in the
German transportation plan. An decision about the financing
concept is expected in 1993. After completion of the
planning phase, the construction of the operational route can
begin in early 1996.

1. STATE OF DEVELOPMENT

1.1 Overview of the First Years of Development

The origins of electromagnetic levitation
technology date back to the 1930's with Hermann Kemper, -
a German inventor and engineer - who was already
researching the possibilities of using electro-magnetic
levitation technology for high-speed transport. The first
form of electronic gap control to maintain electromagnets in
a condition of levitation is accredited to him.

At the beginning of the 1970's, the German
Ministry for Research and Technology launched an

Dieter ROGG
Dipl.-Ing
Dornier GmbH, Dept. PBPE
D-7990 Friedrichshafen - GERMANY

extensive development programme for tracked high-speed
transport systems. The electromagnetic, electrodynamic and
permanent-magnetic levitation methods as well as air-
cushion technology were researched for their suitability in
the use of high-speed trains. In 1977, after numerous
investigations of the system and component testing, the
electromagnetic levitation method using synchronised linear
motors was selected as the definite development line. Two
years later, the TRANSRAPID 5 - an experimental
demonstration train in electromagnetic levitation technology
- transported over 40,000 visitors at the International
Transport Exhibition in Hamburg over a 1 km long streich
of track. Furthermore, the construction of the large scale
TRANSRAPID test facility was started, in the same year, in
the Emsland ((TVE).

1.2 Testing on the TRANSRAPID Test Facility in the
Emsland (TVE)

This was the world's first MAGLEV test facility
which enabled the full-scale testing of all principal
components and of the complete system at high speeds and
continuous operation. Main TVE components are the
guideway, a high-speed straight section with guidewayloops
on both ends, with an overall length of 31 km and with three
switches; 2 vehicles, the TRANSRAPID 06 and 07, with a
capacity of approximately 200 passengers each; the test
center, power supply and the operations control system (fig.
1 and 2). The construction of the facility was begun in 1979
by an industrial consortium and started operations in 1984.
One year later it was taken over by the Versuchs- und
Planungsgesellschaft filr Magnetbahnsysteme (MVP), a
company founded by the Deutsche Bundesbahn, Lufthansa
and IABG with the aim of testing the TRANSRAPID from
an operator's point of view.
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Fig. 1: Test vehicle TRANSRAPID (7
Testing was not without its technical setbacks,
which, however, were almost never attributable to specific
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
relevant for an operator of a revenue system, such as
verification of safety, investment costs, maintenance, energy
consumption, aerodynamic behavior, riding comfort and
noise emission.

The overall results were as follows: The principle
advantages of the TRANSRAPID could be confirmed to full
extent. Fundamental redesigns have in no case been
necessary. All problems arising during the test phase could
be solved satisfactorily. A number of possibilities for further
optimization could be brought to light. Continuation of the
endurance testing is still necessary in order to complete and
to corroborate the test results.

1.3 Qualification of Readiness for Application

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
solution approaches exist and are being assessed.

Supplementary information and suggestions are
given for the additional development work with regard to
application.

Fig. 2: TRANSRAPID Test Facility Emsland
(TVE), vehicle TRANSRAPID 07

2. DEVELOPMENT PROGRAM 1991 to 1995

The BZA expertise has provided an exactly defined
development state so that development work which has still
to be performed could be specified. In the negotiation of the
coalition parties of the German Federal Parliament in
January 1991, it was basically agreed to carry out the final
development. As soon as these prerequisites had been
settled, the final program was started. It will be executed in
the 1991 to 1995 timeframe and consists of the main
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7096] 1997] 1998] 1999] 2000] 2001 | 2002] 2003

Development Program 1991 to 1995

Proof of readiness for application

Tech:.unogical optimazation
TVE Test operation

TVE, Integration of optimized
components

TRANSRAPID, Application Track
Planning procedures
Construction

Commissioning, operation
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1999] 2000 2001 [ 2002 2003

19951 1996] 1997 1998

Fig. 3: TRANSRAPID, development program 1991 to 1995, planning and construction of a first application track

in Germany

program parts (fig. 3):

* Final technological optimization  with the
keypoints high speed aerodynamics, utilization of the
technological progress in electronics, further improvement
of the availability and of the data which are relevant for
environmental influences;

« Endurance testing on the TVE under all specified
operating conditions, in order to gain more experience in
operation and maintenance, with the aim to define and
validate the regulations and operation instructions for
revenue lines;

» Employment and testing of optimized components,
especially for the vehicle, propulsion and signalling/control
system and of auxiliary operation devices on the TVE;

« Basic research and companion studies and

assessments.

3. TRANSRAPID - Characteristics and
Application Fields

With electromagnetic levitation methods, the
electromagnets act on both sides of the vehicle, from

underneath on the magnetic armature rails on the track. The
attracting forces lead to a stable levitation condition by
means of an electronic gap control adjusted to the high
acceleration and breaking ability.

The function of the linear motor corresponds to a
conventional synchronous machine. For TRANSRAPID, the
windings are accommodated on the track which, driven from
a stationary substation with variable tension and frequency,
generate travelling magnetic fields. The desired propulsion
forces are generated through the interaction with the
electromagnets on the vehicle.

On-board power is transmiited inductively to the
vehicle via linear generator windings; the power is supplied
and buffered in on-board batteries. The levitation, guidance,
propulsion and brakes as well as the power transmission to
the vehicle occur completely contact-free, i.e. without
mechanical contact with the track. This provides some
particularly good features compared to conventional rail
systems. The resulting advantages of this design permit
efficient and ecologically reasonable operation throughout
the whole speed range:

* Low wear and maintenance cost
* Low guideway loads

* Comparatively low emission of noise and vibra-
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tion, particularly in the speed range used for entering urban
areas

* Comparatively low energy consumption because
of low vehicle weight and complete aerodynamic fairing

* Flexible routing parameters

* Minimum interference with the landscape due to
easy adaptation of the route to the topography

*  Economical operation due io short vehicle
travelling time per cycle

* High acceleration and deceleration by virtue of
low vehicle mass and high propulsion power in those
sections of the track where it is necessary. As a result, a high
average speed can be achieved even when there are short
distances between stops.

* High payload, nearly constant over the whole
speed range

* Propulsion and braking systems are independent of
wheather and friction

Short travelling times, high ride quality and high
safety combined with competitive fares and an appealing
image play a vital role in a passenger's choice of a transport
system. As the TRANSRAPID fully meets all of these
criteria, it can contribute to making public passenger
transport systems more attractive.

4. Application of the TRANSRAPID System

4.1 German Transportation Plan

As a result of the German Federal cabinet's decision
on 15th July 1992, a new Transportation Plan for both East
and West Germany with a fixed programme up until 2010
has been submitted. This first Transportation Infrastructure
Plan for the whole of Germany was consequential to the
unification of the two parts of Germany and will improve
the transport network in the direction East-West within the
next twenty years.

The traffic forecasts carried out in the course of the
Transportation Plan show a considerable increase in the
traffic volume in the coming years.

The Federal Ministry of Transport calculated the
following increases (reference year 1988):

* In total 80% more freight traffic and 30% more
passenger traffic;

* Doubling of the transit freight traffic through

Germany by 2010 and almost triple the amount of transit
passenger traffic

* Within Germany, freight traffic between West and
East will increase more than seven fold, passenger  traffic
almost eight fold

* The number of cars will increase to over 45 million
-at the moment there are more than 36 million cars.

In order to cope with this traffic volume with
regard for the economy and the environment, the extensive
reshaping of public transport is a priority goal alongside the
intended extension of the road network.

Therefore the 1992 Transportation Plan sets a new
investment strategy to solve environmental ‘and mobility
problems by combining all the different transport means into
one coordinated transport system.

In this plan, the TRANSRAPID has to play an
important role. It should reduce, for economic and
ecological reasons, undesirable short-range flights and long
distance private vehicle traffic, as well as provide free
capacities in the rail network for freight traffic.

To identify suitable lines for a first TRANSRAPID
application the Federal Ministry of Research and
Technology and the Federal Ministry of Transport started
investigations in summer 1991,

4.2 Selection of Routes

In the selection process the following aspects had
to be considered:

An established need for transport and a sufficient
traffic volume; preferably no selection of routes that already
yield high gains within the existing railroad network;
preferably selection of routes with only a small effect or
none at all on planned conventional rail links, prospects for
subsequent extension, possibility of realising a
TRANSRAPID track in successive construction phases;
above all the TRANSRAPID should upgrade service in areas
which so far have been underserviced.

With these criteria in mind the Federal Ministry of
Transport proposed that the following links be analysed

(fig.4):
T1:Hannover - Halle - Leipzig
T2:Hamburg - Berlin
T3:Hamburg - Parchim Airport - Berlin
T4:Berlin - Berlin Siid Airport - Dresden

TS:Stuttgart - Niirnberg - Dresden

[3%]
9]
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In response to a recommendation by parliamentary
working groups a link between Bonn and Berlin was also
selected for detailed investigation (fig.5).

4.3 Procedure

The proposed routes were studied in a step by step
analysis according to the general evaluation procedure
which has to be performed before infrastructure projects
can be included into the general traffic infrastructure
planning:

* environmental impact assessment; such as use of
land, segregation, noise emission

* alignment; with special regard for the environment
as well as the topography and with the aim to attain a
binding with existing infrastructure (rail and roads)

* forecast of passenger transport volume;

®
Cottbus

S

Gon.uj
Dres Qﬂ\}

Crémnitz

7

o s S
i{'Lelpeig

Hot®

* service planning;

* dimensioning of the infrastructure;
* cqlculation of investment CoS(s;

* calculation of operating costs;

* determination of effects on the existing passenger
and freight transport network;

* evaluation of the effect on the whole national
economy;

* evaluation of effects on the profitability of the
German Rail.

The benefit/cost ratio resulting from these
evaluations is decisive for the inclusion into the
infrastructure planning.



4.4 Results of two selected Routes
4.4.1 Hamburg - Berlin

The Hamburg - Berlin route is of particular interest
from the transport and economic point of view. First and
foremost, this intercity line is to link the two biggest
German cities as a kind of metroliner.

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

The transport volume is estimated at about 15
million passengers and more than 4 billion passenger
kilometres per year. The TRANSRAPID takes around half
of these from air and road traffic, thus relieving the
pressure on the environment. The increase in the capacity
of freight trains on the existing railway lines was calculated
to be some 430 million ton kilometres. The total investment
costs for the infrastructure (guideway, energy supply,
operation and maintenance facilities) amount to 6,700
million DM, the investment costs for the rolling stock to
600 million DM. The total yearly amount of the operating
costs was estimaied at 190 million DM. With a fare 30%
higher than the Intercity Railway standard and 15% higher
than the ICE-tariff the yearly revenues amount to
approximately 800 million DM. The revenues can be
further improved through optimization of the offer. The
completed overall economic evaluation for the German
Transportation Plan showed a benefit-cost ratio of 2.8. The
favourable results led to this route being upheld in the
Transportation Plan.

4.4.2 Bonn - Berlin

Three tracks for this link have been studied:

Bonn - Cologne/Bonn Airport - Diisseldorf Airport
- Essen -Dortmund - Paderbom - Kassel - Leipzig - Berlin
Airport -Berlin Central Station (710 km);

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

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

Assuming a travelling time of 3 hours, a traffic
volume of about 40 million passengers can be expected
according to estimates with respect to the first version of
the Bonn - Berlin link. Version 3 would offer the shortest
travelling time of about 2 hours.

The Bonn - Hamburg - Berlin route can, with the
transferral of the German parliament to Berlin, prove its
worth,

4.5 Time Schedule for the Implementation of
TRANSRAPID Application Tracks

The Hamburg - Berlin connection was
incorporated in the German Transportation Plan as the first
TRANSRAPID application track in Germany. New forms
of operation are to be studied for the new transport system,
the TRANSRAPID. The project should, as far as possible,
be financed through private means. At present, under the
incorporation of industry and banks, appropriate financial
concepts are being developed. Following a decision on the
financing and operator concept, which is still awaited in
1993, the legal planning procedures can be initiated. In this
case the construction work may start in 1996. If all goes
well, the TRANSRAPID can take up revenue service
between Hamburg and Berlin around the year 2000.

A first step is hereby taken towards a promising
new transport system which helps to avoid traffic
congestion on the ground as well as in the air, and which
causes less damage to the environment than other means of
transport. In the future transport plan in Germany and
Europe, the present demand forecasts and the
comprehensive allocation of external costs of air and road
traffic have to be taken into consideration. In particular, the
political opening in eastern Europe and the expected long-
term industrial development give the TRANSRAPID
substantial opportunities, since large distance have to be
covered and the infrastructure is still poorly developed.
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Abstract - The high speed maglev system Transrapid will comple-
ment the existing transportation networks in a cost effective and envi-
ronmentally acceptable way. According to expert opinion, the basic de-
velopment is concluded and the readiness for application in revenue
service of the Transrapid system is achieved, The paper describes the
features of the Transrapid technology and its major advantages in fu-
ture fields of application. The basic data have been verified by exten-
sive testing of the TRO7 vehicle in long term operation amounting to
more than 130 000 km (80 000 miles) at speeds of up to 436 km/h (280
mph) at the Transrapid Test Facility in Emsland. A first analysis of the
financial scheme of the most advanced German Transrapid project, the
link between Berlin and Hamburg, shows the high efficiency and prof-
itability of the Transrapid system.

1. Introduction

For more than 15 years, Thyssen Henschel has been involved
in the development of magnetic levitation technology. Begin-
ning with the first test vehicles for electromagnetic suspension
(EMS), Thyssen has provided the leadership in consequently
developing and optimizing this completely new transportation
system.

In December 1991, a working group of experts from the
Deutsche Bundesbahn (German Federal Railroad) in coopera-
tion with renowned universities approved the technical readi-
ness for application of the Transrapid.

That was one of the most important prerequisites for the Ger-
man Federal Cabinet to include the magnetic levitation system
in the new Federal Transportation Master Plan in 1992. The
Cabinet also approved the route Berlin — Hamburg to be the first
application of Transrapid in Germany, but with the condition of
private or partially private financing. Three different financing
models have been developed with the condition of relieving the
public budget and presented to the Government,

The current project plan foresees the construction phase be-
ginning in 1995/96.

I1. System Description and Characteristics

The high speed transportation system Transrapid is a track—
bound system, capable of revenue operation at speeds of 400 to
500 km/h (250 to 312 mph). The principle of attractive magnetic
force is used for the suspension and guidance ofthe vehicle anda
synchronous linear motor provides the propulsion and braking.

An overview of the system characteristics is shown in Table L.

TABLEI
Technical Data
Design Speed 500 km/h
Operating Speed 300-500 km/h
Passenger Vehicle
Empty Weight 46,000 kg
Total Weight, allowed 55,000 kg
Cargo Vehicle
Empty Weight 42,000 kg
Total Weight, allowed 58,500 kg
Acceleration
0 - 100km! 300 m 20 s
0 ~ 200kmt'! 2,000 m 60 =
0 - 300kmm? 4900 m 120 s
0 - 400km/m? 9,300 m 165 s
Allowed Crosswind
Standstill 60 m/s
200 km/h 40 mys
400 km/h 30 mfi
! Commuter operation max. acceleration = 1.4 m/s?
2 Long distance operation
A. Vehicle

Transrapid trainsets are composed of up to ten vehicle sec-
tions with each section having a length of 25.5 meters (84.2
feet). They are designed to transport passengers or superior ex-
press goods at speeds of up to 500 km/h (312 mph).

Flux—coupled electromagnets arranged in a redundant con-
figuration and controlled in two degrees of freedom are used to
levitate and guide the vehicle. A safe-life power supply for the
vehicles is provided by linear generators independent of any ex-
ternal power supply. These generators convert part of the ve-
hicles” kinetic energy into electrical energy. The safe-life be-
havioris achieved through sufficiently high redundancy. Atlow
speeds (less than 80 km/h or 50 mph), the on—board power sup-
ply network is buffered by batteries.

Eddy—current brakes using modular design are provided to
assure the safe-life braking function of the vehicle.

Skids are used to support the vehicle on the guideway at stand-
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still and to stop the vehicle in the eveat the electromagnetic levi-
tation system is deactivated.

The structure and design of the cabin correspond to the latest
technological development and are zomparable to modern rail-
way coaches.

B. Propulsion System

The propulsion system is realized by a synchronous long sta-
tor linear motor. It consists of stator packs with a three-phase
winding installed under the guideway (comparable to the stator
of a rotating motor) and electromagnets mounted on the vehicle
(corresponding to the rotor of a rotating motor).

C. Automatic Train Control

The communication and control system is fully automated. It
maintains the trainset speed within the operating specifications
(safe speed enforcement) and provides a safe and unobstructed
travel path (route integrity). The system relies mainly on micro-
processors which are designed and verified with fail-safe, fail-
active, and fault—tolerant techniques.

D. Guideway

Various types of guideway structures are available for route
planning with regard to cost efficiency and environmental con-
cems:

- Single or double track elevated guideways using steel or pre~
stressed concrete beams mounted on 5 meter (16 feet) high
piers (normal height)

TABLE II

Track Alignment Data

Lateral Accelerstion < 1.5 m/s?
Vertical Acceleration < 0.6 m/s? < 1.2 nys?
(crest) (trough)
Omnidirectiona} Jerk < 1.0 m/s?
Lateral Inclination < 16°
Curvature Radli
Minimum 350 m
200 km/h 705 m
300 km/h 1,590 m
400 km/h 2,825 m
Foundation Area (Double Track)
Elevated Guideway 1.5 m?m
At—grade Guideway 1.8 m%m
Total Area (Double Track)
Normal Case 120 m%m
Mountainous Region 228 m?m

— Single or double track at—grade guideways for tunnels, cut-
tings, bridges, and areas where this is required for better gen—
eral acceptance

For guideway switching, bendable switches with maximum
vehicle turnout speeds of 100 km/h (62 mph) and 200 km/h
(125 mph) have been developed and tested.

Table II gives an overview of the guideway alignment data
and parameters which are technically allowed. The land surface
area reflects the foundations required for anelevated or at-grade
guideway route. The land required (right of way) and the exca-
vations are based on various representative reference align-
ments.

E. Availability

High availability of all subsystems is essential to ensure that
the Transrapid system maintains a high level of operating per-
formance in revenue service.

This is achieved through:

— Error-tolerant behavior, i.e. mission accomplishment evenin
case of multiple component failures

—~ On-line diagnostics

— Automatic deactivation of components in case of failure and
on-line self~diagnosis including reactivation routines

- Easy handling and maintainability

~ Computer-aided equipment for preventive and corrective
maintenance

— Insensitivity to environmental influences (outside tempera—
ture, winter conditions, lightning, crosswind, and earth-
quakes)

Development models of computer—aided equipment for pre-
ventive and corrective maintenance have been installed in the
Transrapid Test Facility and undergo continuous testing in daily
operation. The target data for reliability and availability have
been verified during the long term operation at the test facility.

The summary of the operation performance at the test facility
is given in Table III.

TABLE IIl

Operation Performance at the Transrapid Test Facility

Speed record 436 km/h
Total distunce accumulated over 130,000 km
Longest non—stop distance traveled 1,050 km
Maximum daily distance 2,500 km
Long term test

Average daily distance 1,200 km
Portion of distance above 350 km/h 422 %
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F. Safety

The Transrapid high speed transportation system has been
subjected to a detailed and comprehensive safety analysis and
evaluation. The methodology and procedures in the safety
assessment relied on developed and verified techniques applied
to analyze complex systems such as railways, air transportation
networks, and chemical and power plants.

On the basis of quantitative criteria to decide acceptance or re-
fusal of risk, safety measures have beendefined and evaluated in
aclosed loop processing of risk assessment and evaluation. The
end of the iterative process results in a final safety specification.

A comparison with other transportation systems demon-
strates the high level of safety of the Transrapid. Using the num-
ber of fatalities per billion passenger—kilometers as ameasure of
safety, the Transrapid system is safer than air travel by a factor of
20, than conventional railroad by 250, and than road travel by
700.

The high level of safety in the Transrapid system can be ex-
plained as follows:

— As anew transportation system, the Transrapid profits from
the experiences with existing systems, by avoiding from the
ouiset known accident risks.

~ The technique of magnetic levitation used in the Transrapid
system does not introduce any new risks. It guarantees safe
operation on the basis of the adopted technical and design
measures.

Specific requirements for application in the U.S. were inves-
tigated through a U.S.~German cooperation, carried out by the
Federal Railroad Administration and TUV Rheinland. In this
cooperation, project specific data and U.S. statistics were gath-
ered and used as input for the safety analysis and evaluation, as
well as for the definition of specific regulations for Transrapid
applications in the U.S.

G. Environmental Compatibility and Performance
Characteristics

Environmental acceptability has become more and more im-
portant for the implementation of transportation systems. Align-
ment parameters for the maglev train Transrapid are extremely
favorable. Due to the vehicle’s ability to climb steep gradients
and travel tight curves, the guideway can be flexibly adapted to
the landscape and co-located closely with existing roads and
railroad tracks. Elevated or at-grade, the guideway requiresless
ground area than other transportation systems.

Transrapid is matchless in terms of quietness, especially
within the range of those speeds utilized in densely populated
areas or when approaching stations.

The high acceleration and deceleration ability permits the
system:
~ to serve as a commuter train in lightly populated areas

TABLE IV

Environmental Compatibility Data

Specific Secondary Constant Speed Typical Trip
Energy Coasumption [watt hour per seat km]
200 km/h 26 29
250 km/h 31 KX]
300 km/h 33 43
4n0 km/h 58 64
Nolse Emission ! Distance 25 m
200 km/h 79.0 dB(A)
250 km/h 82.5 dB(A)
300 km/h 86.5 dB(A)
400 km/h 93.5 dB(A)
Magnetic Field 2

Extreme Low Frequency (ELF) Fields

Passenger Compartment 10 uT
Near the Guideway 65-95 UT
Passenger Station 2 uT
Static Field 4 0-335 uUT

T Measured by TUV Rheinland at elevated guideway.
At-grade guideway reduces the level by 34 dB.

? Measured by Electric Research and Management,Inc.

In comparison to:

3 Houshold appliances 1,000 1T (ELF)
4 Barth's geomagnetic field 50 WT (static)

— toreduce cruising speed when passing noise sensitive areas or
in tight curves without significant impact on overall travel-
ling times

The environmental data and performance characteristics giv-
enin Table IV are derived from the evaluation of measurements
of test rides at the Transrapid Test Facility in Emsland and from
data provided by the Versuchs- und Planungsgesellschaft fiir
Magnetbahnsysteme mbH (MVP).

The calculation of the vehicle specific data is based on a typi-
cal trainset configuration with eight vehicle sections and 702
seats. The secondary energy consumption refers to seat and kilo-
meter when riding at constant speed and/or to a reference travel
cycle, i.e. standstill - acceleration ~ constant speed — braking —
standstill.

H. Economic Efficiency

The investment costs correspond to those required for amod-
em high speed train. The operating costs are significantly lower
due to reduced expenditure for maintenance and repair.

The non—contact technical concept and aerodynamic optimi-
zation of the vehicles lead to lower drag coefficients which re-
sul¢ for example in about 30 % lower energy consumption in
comparison with modern railroads.

These characteristics enhance the opportunity for profitable
operation at competitive ticket prices.



III. The German Transrapid Project between
Berlin and Hamburg

As the world’s first magnetic levitation train system, the
Transrapid stands application-ready for use. The German gov-
ernment has recognized that the magnetic levitation train Trans-
rapid, due to its innovative technology, can play an economical-
ly and environmentally sensible role in overcoming the continu-
ously growing traffic volume in western Europe.

After the German reunification, the federal government in-
vestigated various magnetic levitation train routes in conjunc-
tion with the new federal states. The route Berlin — Hamburg
showed itself to be particularly attractive. It was included in the
federal cabinet’s Federal Transportation Master Flan 1992 with
the condition that private/partially private financing models be
investigared for the financing of the route.

Sinc: Lien, the corporations Thyssen Industrie AG, Siemens
AG, and Daimler Benz AG/AEG AG in conjunction with the
Deutsche Bank and the Kreditanstalt fiir Wiederaufbau (Credit
Institute for Recoustruction), have developed three financing
model alternatives for the government. Industry serves as the
general contractor in all three models and is responsible for ful-
filling the work to schedule and within budget while also guar-
anteeing the functionality of the system. This goes far beyond
the historical rolc of industry in realising public railroad proj-
ects. The risks though, which result from public approval pro-
cesses or acts of God, must be carried by the public authorities.
This also goes for the political risks due to traffic politics, fares
etc.

TABLEV

Operation and Base Data

Traffic Volume ! 14.5 million passengers/year

Traffic Performance 4.1 billion passenger—km/year

Number of train trips

per day and direction 96

Trip frequency 10  minutes
Number of trainsets 19

Number of vehicle sections

per trainset 4

Route length 283 km
Operational sheed 400 km/h
Trip time 53 minutes

Operational performance 6.6 billion seat—km/ycar

Number of scats per trainset 332

Average trainset utilization 63 %

! Basis: Gesellschaft flir Transport —, Umwelt-, Kommunika—
tionsanalyse mbH

A. Route Alignment and Operation Data

1) Route Alignment: The base case for the economic calcula-
tions is the planning case,

Berlin Westkreuz-Hamburg Hauptbahnhof (Main train station).

The suggested alignment route utilizes land areas in use in the
existing traffic corridors. To avoid further cutting up of the land-
scape, the rvute will travel along the highway connecting the
two cities, Berlin and Hamburg.

Ongoing deliberations point toward having central and pe-
ripheral stopping points in Berlin and in Hamburg. The estab-
lishment of an intermediate stop is also planned in one of the new
federal states which are passed through by the route, such as near
Schwerin, the state capital of Mecklenburg—Vorpommem.

2) Operationand Base Data. The significant results of the op-
erational plans have been determined for the base case onthe ba-
sis of the route specific traffic demand prognoses. These are
shown in Table V.

B. Initial Data for the Profitability Calculation

The profitability calculation uses the following project data
as a basis:

Route data:

Berlin Westkreuz — Hamburg Hauptbahnbof

283 km, 53 minutes trip time
Time period under review:
Approval process 1993 - 1995
Construction 1995 - 2002
Commissioning 2002
Operation 2002 -2042
Investment cost (Basis 198¢)): 7.2 billion DM
Operation costs: 210 million DM p.a.
Ticket rates (basis 1992): 1st class 0,39 DM/km
2nd class 0,26 DM/km

C. Financing Models
Three financing models have been developed:
1. Use reimbursement model
2. Capital market model
3. Structural reform model
Using different methods, these models achieve through the fi-
nancing of the magnetic levitation train route Berlin — Hamburg

32



the following desired effects:

— an expeditious realization of the project

— ashifting of clearly defined risks onto the private economy

— an involvement of the public authorities in the risk while si-
multaneously relieving to a great extent the public budget

1) Use Reimbursement Model: In the use reimbursement
model, the project will be realised through a private, non-profit
project corporation. This corporation will receive the conces-
sion to build and operate the magnetic levitation frain from the
federal states involved, will apply in its own name for the re-
quired capital from the banks, and will contract anindustry con-
sortium as general contractor for the construction. Immediately
after completion, the construction and the equipment will be
transferred to tbe public sector. With the start of operation, or at
the latest, rvith the start of the debt service, the complete project
costs not re.ated to the operation, will be amortized through over
time distributed, use reimbursement payments, These use reim-
bursement payments will be paid for by the sale of travel tickets.
These operation and traffic volume independent, use reimburse-
ment payments will be insured through a utilization contract
with the public authorities. Thus the credit risk for the capital
market is given de facto to the public authorities. This type of
govemment assurance is normal for privately—financed large
projects that have public significance and is already in practice.

The project is divided into three phases:

— preparation phase
— planning and construction phase
~ operation phase

After system acceptance, the operating corporation will begin
operation and fare collection. If the operating and use reim-
bursement costs are not completely covered by the fares, then
foreseenis that the federal government will guarantee the differ-
ence through a subsidy. The project corporation performs its
debt service through the use reimbursement fees.

The profitability analysis yields: the magnetic levitation train
connection Berlin ~ Hamburg is self supporting. The fares are
sufficient during the entire life of the project to cover the operat-
ing costs and reimbursement fees. That means that demands on
the public authorities and therefore a strain on the public budget
would not occur. Moreover the tax receipts would constitute a
considerable sum. The financal resources will be supplied en-
tirely through bank credit.

2) Capital Market Model: As an alternative to the use rsim-
bursement model, the capital market model differentiates itself
mainly through the grounding of a stock corporation as preject
carrier which would be listed on the exchange. It will receive the
grant from the federal states for the construction and operation
concession. The shareholders of the corporation would be Lub-
lic stockhelders, public authorities, states, etc. and interested in-
dustrial companies. The project stock corporation will finance

the project through its own equity and outside capital. Anindus-
trial consortium would be contracted as general contractor. The
project corporation would own the magnetic levitation train
route and would carry the economic risk. An operator corpora-
tion, such as the Deutsche Bundesbahn (German Federal Rail-
road) or Lufthansa, would be trusted with operating the route.
The operator will transfer the proceeds from operating the route,
minus the costs, to the project corporation. After subtraction of
all expenses, the remaining free cash flow is available for divi-
dend distribution.

The following preconditiornis will be necessary in order to
raise the owned equity on the capital market:

— adivision of risk between industry and the public authorities

~ aconvincing concept for operating the route with the possi—
bility of a route extension

— additional incentives for private and institutional investors

Such an additional incentive could be achieved through the
earning of a stock connected, guaranteed minimum returnin the
form of a PUT option. This gives the stockholder the right be-
tween the start of operation and the distribution of the first divi-
dend, within a specific time-limit, to offer the stock to the public
authorities. The minimum return can be assessed as less than
that of riskless investments (forex. federal bonds of equal matu-
rity).

The results of the profitability investigation based on the capi-
tal market model are: The funding necessary in the capital mar-
ket model is less in comparison to the use reimbursement model,
because of the availability to the project corporation of non—in-
terest—bearing equity for the financing prior to the employment
of outside capital. Dividend payments commence according to
the plan in the third year of operation and resultin comparatively
good, rising returns over the time period considered. In addition
to tax revenues which are larger than those foreseca in the use
reimbursement model, the public authorities receive as stock-
holder, their portion of the dividends distributed.

The capital market model also offers the possibility, to dis-
tribute the budget load over a longer time period due to the indi-
vidual participation of various corporate bodies (federal and
state).

3) Structural Reform Model: This financing model corre-
sponds to the future structure of the German railroad, which
foresees a division between the railroad track (guideway) and
the operation. The investments for the guideway fall in this case
on the government. Thus the size of the investment costs differ-
entiates this financing model from the others. The guideway will
be created by an organized, legally private guideway corpora-
tion under direct and exclusive government participation.
Through this is assured that the public legal approval process
can be accomplished quickly. This corporation leases the guide-
way to a likewise organized, legally private operations corpora-
tion for a use~dependent reimbursement. This reimbursement,
which will begin with the commissioning, will correspond to
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the guideway depreciation rate. Interest expenses for the guide-
way corporation which could occur under certain circum-
stances, will not be calculated into the use—dependent reim-
bursements.

The profit—oriented operations corporation will aquire all of
the magnetic levitation train economic goods, other than the
guideway, required for operation and will operate the route in its
own name and expense. It will carry the full economic operating
risk. The operating costs and the funds to service its own equity
and the outside capital will be acquired through the operation
proceeds (ticket sales). The operations corporation will finance
thereby its allocated investment volume with approximately 20
% owned equity and 80 % outside captial. Other than in the pre-
vious models, only the profitability of the operations corpora-
tion will be considered in the structural reform model. The oper-
ations corporation can support itself using the assumptions for
the base case. In the case of a stock corporation and with the as-
sumed development, the stock could be placed into the capital
market. The operations corporation generates taxes for the pub-
lic authorities at a level well above that for the use reimburse-
ment model.

D. Opportunities and Risks

The operational revenues carry special significance in the
profitability assessment for all of the models. They are in-
fluenced primarily by the traffic volume, the fare arrangement,
and the potential for additional receipts.

The traffic volume prognoses used for the magnetic levitation
train route Berlin — Hamburg are the same as those used in the
1992 Federal Transportation Master Plan. The traffic volume is
assumed to remain constant after the prognosis limit for the year
2010. This assumption can be taken as conservative, since nu-
merous indicators predict that the volume of track--bound traf-
fic, particularly for the connections between the old and new
federal states, will disproportionally increase mid and long
term. Therefore it can be assumed that the traffic volume for a
large portion of the time period considered, will lie well above
the base values used in the profitability calculations.

In respect to the fare arrangement, the Deutsche Bundesbahn
is working on a new fare system for passenger traffic, which spe-
cifically takes into account the individual competitive situation.
After exhaustion of the speed potential, the Deutsche Bundes-
bahn will orient the train fares (Ist class) using airfares as a
guide. Higher revenues as compared to the planning case as-
sumptions are also possible by optimizing the fare structure
upon this new basis.

IV. Summary

The system characteristics and advantages of the magnetic
levitation train Transrapid are well documented. With its readi-
ness for application and the final development stage currently in
progress, the time has come to integrate the system into the over-
all transportation network. As with the innovative technology
used in the Transrapid, the financing required to achieve the suc-
cess of the project will also break new ground for infrastructure
projects.

The models presented here offer financing alternatives which
relieve the public budget in different ways. They differentiate
themselves fundamentally from the previous financing of public
infrastructure projects. Inall cases though, the public authorities
must assume definite risks which can not be transferred to the
private sector.

Intended is the stimulation of discussions between the private
economic sector and the public authorities as to how the magnet-
ic levitation train connection Berlin —~ Hamburg is to be fi-
nanced.
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1. DESCRIPTION OF THE FACILITY

The decision to continue to investi-
gate only the electromagnetic levitation
system was linked to the decision for a
large-scale test facility for the TRANSRA-
PID.

The task of this facility was initially
the qualification of the magnetic levitation
technology under realistic application
conditions. The Emsland test facility thus
created the possibility to travel at high
speeds and to prove the running qualities
uphill and in bends and the feasibility of
switches. Adapted to the financial conditi-
ons and the factors pertaining to the site,
the test facility was built as follows.

;

Concrete Guideway
Ist building section

R=1690m, vpgy= 282 kmh

Steel Guideway
ist building section

Switch 2

Prototype steel and concrete

Switch |

Test Centre with
Stabling Unit

Concrete Guideway
2nd building section

Switch 3

A = 1000 M, vy ax= 200 kmh

Steel Guideway
2nd building section

Fig. 1 Test Facility in Emsland

The test route consists of two loops,
connected by a fairly straight stretch. The
design speed on the straight is more than
400 km/h, for the two loops 280 and 200
km/h. The guideway is basically elevated,
but there are sections with a height of 13
m and some ground level guideway. The
longitudinal tilt is up to 3.5%, the maximum
banking angle up to 12 degrees. There are
three switches as part of the test facility
with lengths between 67 and 150 meters.
The test centre contains a traverser with
stabling facility in addition to a hall for
maintenance and repair.

The overall length of the guideway is
31.5 km; a complete circuit gives a distan-
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-
way, 21.5 km concrete guideway. The
vehicles available are the TRANSRAPID
06 (TR 06) and the TRANSRAPID 07 (TR
07). The basic test runs in recent years
were undertaken with the TR 07, the
newer vehicle. The TR 06 has been used
for tests of individual components (e.g.
tests on the runner surface). The propul-
sion is provided by a substation accom-
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.

2. QUALIFICATION OF THE TRANS-
RAPID SYSTEM

As has already been mentioned, the
first important aim of the central test facility
was the qualification of the magnetic levi-
tation system. This was undertaken in the
meantime in a convincing manner, even if



there were problems over a longer period
of time with the availability of the guide-
way. These guideway problems are not
Maglev-specific but concern the
conventional part. They can be put down
to the disregard of construction and engi-
neering principles and will be corrected in
accordance with the availability of funds by
1993.

The general qualification was the
essential basis for the assessment of ser-
vice readiness which the Bundesbahn-
zentralamt Munchen (Federal Railway
Central Office in Munich) confirmed as the
independent assessor in 1991. 1.000 km
per operating day were covered in an
intensive operational phase for one month.
The longest non-stop journey was 1.050
km. The longest journey in a day was
2.476 km. About 10% of the journeys were
covered at top speeds over 400 km/h. In
the course of this month, over 23.000 km
were covered. In all the total distance
covered with the magnetic levitation
system amounts to 135.000 km. it should
be noted that currently the aim is not to
achieve as much distance as possible but
lies in the achievement of selected test
journeys for individual measurements.

The top speed achieved on the test
route to date was 435 km/h.

About 25.000 visitors have travelled
on Maglev as part of the qualification tests.
It has to be stated here that, due to the
priority accorded to tests, the runs with
visitors have been handled very sparingly.

3. INDIVIDUAL COMPONENT FUNC
TIONS

Besides the qualification of the gene-
ral functionality of the magnetic levitation
technology, the individual subsystems,
vehicle, guideway, propulsion and
operational control system were
intensively tested at the test centre. The
results from these detailed investigations
have already led to optimisations of the
components originally used at the centre.
In 1989 the TR 07 was integrated into test
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centre operation as a further development
of the TR 06 and a second generation of
command and control technology is
currently being integrated and tested. In
the following is be given a brief overview of
the tests to date back and their results.

Guideway

As has already been mentioned,
differing guideway constructions have
been compared at the test centre. This
refers not only to the steel and concrete
designs but also to the single span and
two span girders. An important but also
surprising result of the tests at the test
facility in Emsland was the fact that the
temperature differences between the
upper and lower booms of the guideway
girders were considerably higher than was
specified in the generally applicable
construction regulations (e.g. for road
bridges). These temperature differences
lead to guideway deformations, which
have considerable effects on the follow-up
behaviour on the support and guidance
systems. As part of the service readiness
assessment, in 1990 and 1991, both a
steel and concrete two span girder were
erected and tested positively at the test
centre. In this case the girder deformations
under temperature and load flows
correspond to the specified loads. Actual
the two span girder is envisaged for an
application route.

The construction form of the single
span  girder, reveals unfavourable
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
results suggested an essential better
behaviour.

A further result obtained from the
test centre operatinns led in the new two
span girder to a new fixture for the long
stator on the guideway girder, which dif-
fers from the stator fixtures to date both in
dimensions and by an additional redun-
dant fixture. Aiready positive load qualifi-
cations have been carried out. Solely the
question of resonances has to be consi-
dered in great detail in an optimisation
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phase. Unfortunately, due to the given
installation measures, it was not possible
to incorporate this stator fixture in the
other test centre girders.

Vehicle

As part of the vehicle tests to date,
the speed range up to 435 km/h was
tested. The magnetic support and gui-
dance systems were tested positively con-
cerning stability, sequential behaviour and
failure tolerance in numerous test runs.
Particular  attention was paid to

experimental function qualifications of the

The interaction between contactless
energy transmission and on board energy
supply in the TR 07 could also be positi-
vely evaluated experimentally in compre-
hensive tests at the test centre.

Technical qualification of the braking
concept, in particular with the eddy current
brake system, which is applied as an
emergency brake given a propulsion fai-
lure, were conducted as were design loads
for support, guidance and propulsion for-
ces.

In particular as part of the intensive
long-term test operation, the optimisation
potential of the support magnets was
developed, which were implemented with
the fitting of modified support magnets.
The fitting of new magnets is planned to
take place in Summer 1993.

3

support and guidance systems at unusual
guideway curvature points. Detailed inve-
stigations into the behaviour of various
malfunctions were taken into consideration
for the qualification of failure tolerance.
These were in particular magnet failures
and board network failures.

The faultless interaction with the
other subsystems (propulsion, guideway
and command and control) was proven in
all essential points in comprehensive
series of tests.

Fig. 2:

Test Center in the Emsland
with the TR 07 in front

of the hall

Propulsion

The development of the propulsion
has advanced since the initial introduction
of the test facility in Emsland. The stagge-
red arrangement of motor windings has
been realised instead of the leapfrog
method for the relaying of guideway secti-
ons and the digital propulsion control in-
stead of the analog system or the test
facility as on-going concepts.

All subsystems of the propulsion run
satisfactorily over the whole speed range.
The newly installed subsystems digital
propulsion control and staggered arran-
gement of motor windings run without fault
under operating conditions. In connection
with the digital propulsion control, several
vehicle position detection systems were
tested. The investigations into the rotor



displacement angle start support and slip
suspension detection could be concluded
positively. Currently work is being carried
out on an improvement in the braking
precision. In the course of the investigati-
ons and development it has proved advan-
tageous to set up simulation models for
the propulsion system. For this purpose,
experimental protective elements for the
data to be collected in the simulation are
implemented.

Operational Control System

An adaptation to the state-of-the-art
has been undertaken in operations control.
This new operational control system
corresponds to electronic controlling unit
technology for wheel-on-rail systems. The
data transmission is undertaken with 40
GHz radio. As operations control has to
accept the full safety responsibility for the
test operations, not only the technical
functions have to be proven in this
instance but also the overall certification
procedures for safety technology be
completed. The technical functions have
reached a satisfactory status after
comprehensive tests. The certification
process will take until the end of 1993.

Magnetic Field Strength
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Fig. 3: Magnetic Field Strength

The results of the measurements of
the magnetic field strength are shown in
Fig. 3. The magnetic field of Transrapid
lies near that of the natural earth magnetic
field. So the influence is so slight that any
negative effect even on passengers with
heart pacemakers is completely ruled out.

Sound Measurements

The acceptance of modern
highspeed trains is highly dependent on
low noise emission. To achieve a quiet
vehicle the knowledge of the dominant
noise sources and their mechanism is
necessary. Furthermore their position and
strength have to be known to perform
reliable calculations of the estimated noise
immision for the area along a highspeed
track.

in contrast to conventional raii/wheel
systems there exists no primary
knowledge of noise sources for the maglev
train TRANSRAPID. Especially the

strength of localized turbulence noise -

and their position - with respect to the
areal boundary layer noise is unknown.
Therfore an experimental setup has been
developed and installed at the
TRANSRAPID test facilty for the
investigation of these questions.

On the basis of these
measurements, the inclusion of the
magnetically levitated system in Acoustics
03 - a public and legally recognised
evaluation of acoustic radiation of rail
systems - is still being worked on.

Fig. 4 shows a typical measurement
of the noise source distribution for a
velocity of 400 km/h in the frequency
range 250-3150 Hz. Dominant noise
emission occurs only at the lower part of
the vehicle where the flaps are located
which cover the propulsion and guiding
magnets. They consist of segments with a
basic length of 3 m which can move
independently from each other to provide
an optimum guide along the track. It is
supposed that the edges of the flaps
cause local aerodynamic turbulences
leading to noise emission (a significant
contribution of the propulsion system itself
can be excluded for the high velocity
range). The dominant peak occurs in the
very front of the vehicle and is caused by a
turbulence at the nose of the vehicle. The
upper part of the vehicle (passenger
cabin) which has a smooth surface without
edges shows a much lower noise
emission.
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Fig. 4: Sk

Noise emission of -7
the maglev train TRANSRAPID

during passby with 400 km/h.

(running direction right to left) 3

So one result of the noise
measurement is that aerodynamic
boundary layer noise is not the dominant
noise source.

Aerodynamics

With the help of a measurement
panel erected for this purpose parallel to
the guideway on the test facility, the expe-
rimental pre-requisites for the assessment
of two-way behaviour of two Maglev
vehicles at high speed in accordance with
recognised procedures.

The nose and tail of the TR 07 were
investigated for this. As part of the aero-
dynamic measurements, the nose design
of this vehicle was optimised. Experimen-
tally secured statements for the pressure
loads of the windows at high speeds ailso
exist.

The most important topic for high
speed vehicles of the positioning of inlet
and outlet openings for the air conditioning

Fig. 5:
Maintenance vehicles
at the test facility
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system was similarly comprehensively
investigated and corresponding modifica-
tions were undertaken.

Operational Observations

Parallel to the individual investiga-
tions and functional qualifications, the
behaviour of the individual components is
supervised and documented under opera-
ting conditions in order to be able to use
the experience obtained on the test facility
for the operation of a test route.

The aim of the observations on the
test facility is to investigate procedures
and actions for operations in terms of their
rational sequence and handling. Included
here are the maintenance of the system
and the individual measures and the
procedures concerned. There is consi-
derable experience where this point is
concerned. This has been implemented as
realistic measures and procedures (e.g.
maintenance vehicles for the guideway).
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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 resuits 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 all the basic
factors for a decision for the use of the
high-speed magnetic train in Germany
have been created.

It 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
Technology initiated a small R&D project in 1989 to
assess the possibility of developing a magnetically
levitated train system. This government project is
closed to the end of its 1lst phase in which the
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
commercialization oriented.

The government project not only proved the
possibility but also triggered the interest of Korean
industry giants such as Hyundai and Daewoo, and
they are now actively pursuing programs of their
own. As a result, Hyundai is building a 40 person
vehicle to exhibit during the Daejon Expo’93 and
Daewoo is testing a similar size vehicle at the
moment, The main focus of these programs is low
to mid speed maglev technologies based on
Electro-Magnetic Suspension (EMS) and Linear
Induction Motor (LIM) drive. These maglev teams
are in the process of forming a consortium to
accelerate the delvelopment and commercialization
efforts.

The Korean maglev program when successful will
find its prime applications as urban guided transit.
Korean government is conducting feasibility studies
for a number of urban guided transit routes to

alleviate traffic congestions in large cities. The
prime candidate for the maglev application is
connecting downtown Seoul and New International
Airport under construction. The target date for the
new airport transit operation is year 2001,

I. Introduction

Much of the previous interest in magnetically
levitated train has centered on high speed systems
but advantages of low friction and noise, and high
reliablity showed promise for low speed applications
such as urban transits also. The successful service
of Birmingham People Mover (BPM) at Birmingham
airport proved this possibility and recent development
of HSST program to low speed applications provides
a renewed hope for the future of the low speed
maglev.

The government program started without clear
target for application nor clear picture of system
choice. During its 1st year (1989-1990), the program
office compared various maglev systems and
assessed them in terms of technical difficulties and
available resources, and application. High Speed
Systems of MLU (Japan) and TRANSRAPID
(Germany), and mid to low speed systems of HSST,
BPM and M-Bahn were looked into. From
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application side, possibility of Seoul-Pusan Corridor
(high speed) and urban transits for Seoul suburb
(low speed) were assessed. It became immediately
clear. The technology requirements for the high
speed systems were to high and there were to many
problems to slove for the time and resources
available to this program. Furthermore, government
(Ministry of Transportation) was pursuing
construction of high speed train system
(wheel-on-rail) with foreign technology and thus did
not want any form of distraction. The only available

choice for the government maglev team was
low-to-mid speed system for urban transit
application.

The large cities of Korea are experiencing aweful
traffic and pollution problems due mainly to the rapid
increase of automobiles during last decade and
government is seriously considering various guided
transit systems as a solution. This situation also
played a role in the choice of system and application.
Another factor contributed to this system choice. At
the time of program formulation, Korean government
was applying to hold an international exposition in
1993. A group of maglev people, which later formed
the government maglev team, suggested maglev
exhibition in the Exposition and this idea was
adopted. Both Hyundai and Daewoo showed interest
in the exhibition but the task was awarded to
Hyundai while the government team was selected to
supervise and coordinate the task in behalf of the
Expo organizing committee. Daewoo continued their
maglev program and developed a 40 person vehicle.

The program started with little maglev experience
in the team. The team is composed of people from
three government supported labs , Korea Inst. of
Machinery and Metals(KIMM), Korea Electro-
technology Research Inst.(KERI) and Korea Research
Inst. of Ships and Ocean Engineering(KRISO) with
the project office installed in KIMM. The project
office took responsibility of the system engineering
and integration, and vehicle dynamics. Levitation
and propulsion tasks were given to KERI  Guide
way designs and construction was assigned to
KRISO which had years of experiences with large
precision metal works.

II. System Choice

From the early stage of the project it was decided
that Electromagnetic Suspension and LIM drive
would be only possible choice of the system. Two
test proven systems of HSST and BPM were used
as models in the designs of levitation/propulsion
modules.

During the 1st year, two small scale (~1/2 scale)
modules were built, one after HSST and the other
after BPM. The 1st one used staggered magnets
with transverse magnetic flux paths and 2nd one
used longitudinal flux paths.

Some of the important features of the modules are;

1st 2nd
No. of Magnet 8 4
No. of LIM 2 1
Weight 1.0 ton 2 ton
Length 12 m 23 m
Gap 6 mm 8 mm
Guideway 15 m 15 m
Levitation Control Analog Analog
Power Collection | AC 220 V |DC 600 V

The modules executed the basic functions of
levitation and propulsions successfully. The
objective of these modules were to evaluate the
design concepts and technical problems associated
with them. These modules revealed many technical
problerns which we did not fully aware of. After
the test of these modules, magnet arrangement with
transverse flux paths is selected mainly from the
guidance consideration.

Eventhough EMS/LIM drive was chosen early in
the stage, we didn't have a good picture of full
vehicle or components. Table 1 shows some of the
ideas we had at the time of system choice. The
arrow sign show the directions of progress.
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Table 1 System Ideas

Levitaiton Control :
Propulsion Control :
Power Conversion :
Track

Analog—Digital

Constant Slip—Speed pattern
Power TR—IGBT—GTO

. Single Beam

Steel — Concrete

II. Research and Development so far

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.

1. Include as may test features as possible

2. Test track simulation to commercial one and
room for extensions

3. Room for upgrade

The test bed includes :

1. 2 different size test modules
2. 100 m track with curved guideway
3. DC power supply facility

The two modules were orginally designed with the
following specifications.

1st Module
Weight 4 tons
Length 37 m
Gap 11 mm
Design Speed : 40 km/hr
Levitation Control : Analog
Inverter Power TR (1 KHz)
Chopper Power TR (2 KHz)

Power Cellection : DC 600V

2nd Module

Weight
Length 25 m

Gap 9 mm

Design Speed : 50 kmv/hr

Levitation Control Digital

Inverter speed pattern control IGBT (10 KHz)
Chopper IGBT (10 KHz)

Power Collection : DC 600V

2.5 tons

Fig. 1 Shows the Track and a Module

There was 9 months time separation between the
two modules. Several changes were made in the
2nd module reflecting the progresses. Along with
change of module length, new methods in levitation
and propulsion controls were introduced and high
frequency power conversion equipments were
employed. Change of module length were made to
investigate the curve negotiating characteristics of
the modules. Digital levitation control made the
management of control parameters during tests much
easier. Various mode controls such as active
guidance control, pitching control in addition to
levitation were possible. High frequency power
conversion equipments were introduced mainly to
reduce the noise generated from to low frequency
switching but new transistors allowed compact
equipment design also.

Due to the length of the track, the maximum
speed possible is only 10 km/hr, 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
store all the test data. For the two-module tests,
the 1st module will be upgrade with control and
power equipments similar to those of the 2nd module.

Hyundai's Expo’93 Exhibition Program : Hyundai is
the first to start maglev oriented research in Korea,
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 pavillion 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.

Fig. 2 Hyundai's Expo Track

Table 2. Expu Vehicle Specification

Vehicle L176m x W30m x H38 m
Weight 28 tons
No. of Seats 40
Max. Speed 50 km/hr
Levitation Allractive Magnets
Propulsion Single-sided LIMs
Air Gap 12 mm
Track 520 m
Levitation
Control Analog

Daewoo’'s Maglev vehicle Daewoo’'s maglev
program is reported separately in this conference(PS
1~2). A short remark may be made here. Starting
from scratch, Daewoo developed a full size vehicle in
shortest time(~2 Year) and demonstrated
successfully on 100m track. This vehicle is shown
in Figure 3.

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 :
Power Conversion Equipments The EMS/LIM

driven maglev employs choppers and inverters to
power magnets and LIM, respectively. Reliability of
these equipments became major source of trouble
during the tests. These equipments were not
designed for vehicle mount and frequent failures of
elements occured. These failures are caused due to
the lack of protection circuits and exessive vibration
during the tests. Our team of power electronics is
working with selected equipment manufactures to
improve the reliability.

Test Track : A vehicle can not be completed without
proving its performance at the speed and track
conditions similar to the commercial one. The test
track we have is grossly inadequate for the kind of



tests required for the commercialization. The project
office applied for the special funding for the
construction of 1 km test track in 1992 and it was
approved. The plan calls for completion of track in
3 years starting from 1993. Some of the important
features of the track includes :

Total length 1 km

- 400 m straight section
Smallest radius of 60 m

Two switchings

Slopes between 3 % and 6 %
- Vertical curvatures of 1 km

|

This track, when completed will allow to test the
vehicle up to a speed of 70 km/hr and various curve
negotiating characteristicc.  The straight section of
this track rmay 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

Magnetically Levitated Train for Seoul-New
International Airport Transit” is being prepared by
the consortium organizers.

VI. Conclusion

A development task of maglev scale can not be -

successful without clear picture of application and
support from the user. Korean maglev program is
not an exception. The users (government) want
make sure the system is in applicable form before
making any application decision but the system can
not become fully applicable until the application
picture is provide by the user. The future of Korean
maglev program depends on how soon the government
fully commits to the maglev application.
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A General Survey of Chinese Maglev Train

1.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
status is briefly introduced in the paper first,
which shows the heavy traffic in large cities
and their suburbs and in some railway districts.
Then, the necessity of developing a maglev
train in China is proposed in detail. The
scheme and status of reserrch and development
of the maglev system in Cnina are described.

[. INTRODUCTION

China's economy has developed rapidly with the reform
and opening in the last ten years. The gross national
product increased by 12% in 1992, and the per capita
income increased by 10%. Prediction shows that the
increase in 1995 will be even higher than that of 1992,
But the communications and transportation have riot caught
up with the rapidly developing situations. Hence, the
Chinese government gives the first priority to
communication and transportation systems in its seven
emphasized investment fields in 1993. It is well known
that China's transportation system depends mainly on the
railway which makes up about 60-70% of the total
transport capacity and this situation can not be changed
thoroughly within a relatively long period. Mo<t of this
60-70% of the total freight volume is concentrated in the
coastal area of east China, where heavy traffic results from
the rapidly developing economy. Therefore, it is an
important task to solve the problem of heavy cargo
passenger traffic in this area.

Table 1 lists the railway districts that have a relatively
higher density of passenger-cargo traffic on the basis of
prediction for the year of 2000. The predicted carrying
capacity required in these districts are shown in Table II.
One can sce from these Tables that the districts have a large
and stable passcnger flow. In order to meet the transport
quotas in 2000, the carrying capacity must be enhanced.
However, the conventional high-speed railway can not
satisfy such a requirement because it occupies a lot of land
which is not available in those areas.

The annual railway passenger traffic of China is about a
billion person-trips at present. It is predicted that by the
end of this century, the annual passenger trafiic will reach
1.6 billion person-trip. In fact, passenger trains are often
overloaded by 50-70% on the heavy trunk lines. One can
hardly find a place to stand in the passenger train during the
traditional Chinese Spring Festival

Melropolises all over the world are suffering from
crowded traffic at present. There are 31 cities in China
with a population of more than 1 million. The urban
population increases very quickly along with the
construction of satellite towns. Taking Beijing for
example, the passenger traffic is now €.86 times that of

1975. However, the number of vehicles is only 4.84 times
that of 1975. The conventional city traffic causes
environmental pollutions. For instance, in the city proper
of Shanghai, the traffic noise accounts for 35% of the total
environmental noise. In the busy section of Shanghai, the
traffic noise level can reach 85 db.

The traffic character of large cities in China is the large
number of bicycles. The number of bicycles in the whole
country is nearly 400 millions and the number is
increasing annually. Large numbers of bicycles result in a
lot of problems. The ratio of the road area occupied by the
bicycles to that occupied by the passenger bus is 12. The
city roads are congested with bicycles which lead 1o traffic
jams and increasing accidents. For example, the bus
running speed in Chinese cities has dropped from 20 km/h
in 1960's to 10 km/h at present. People take a long travel
time to go to work and back home. This is not only waste
of time, but also of vigor, and leads to low work
efficiency. The large number of bicycles causes a marked
increase of traffic accidents. Statistics show that the
mortality rate is 4-6 people per thousand bicycles per vear
in Beijing, Shanghai, and Tianjing.

I NECESSITY OF DEVELOPING MAGLEV TRAIN
IN CHINA.

The unreasonable structure of the transportation system in
China is the main cause of crowded traffic and the difficulty
to take trains or buses, whether looking at the traffic state
in some railway district on the trunk lines or in the large
cities. Passenger and freight transport should be separated,
and special high-speed passenger transport railways should
be constructed, The number of bicycle should be reduced in
large cities. It is not realistic to drive a private car to go 1o
work because of the large population. It is also difficult to
increase the number of buses because the the roads have
already been saturated with vehicles. Therc are subways,
lignt-rail vehicles and maglev trains that can be chosen as
solutions. The maglev train has some special advantages
over other two means, such as large volume of traffic,
reduced pollution, high speed, safety and comfort,
beautification of cities, and relatively low costs. Subway,
buses on surface, and elevated maglev railway together
form a three-dimensional transport network which can
relieve the traffic tension in large cities.

China is now a developing country, its economy and
technology are still weak. However, the problem of
communications and transportation is extremely serious.
The Chinese government makes cvery cffort to find a
solution that tallies with the actual situation. From the
longer viewpoint, it is rather favorable to consider the
maglev train as a solution whether inside large cities or
inter-citics. We chose the suburb of Beijing (Beijing-
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Changping) to do the feasibility study in order to develop
maglev train in China.

Beijing is the political, economic, cultural and
transport center of China. It covers an area of 16800 square
kilomelers, in which the city proper covers 68 km2. It hos
a population of more than ten million, about six million
live in the city proper. The four center districts of the city
have a population of 2.4 million, and the population
density is nearly thirty thousand people per square
kilometers. Beijing served as the capital of past successive
dynastics in Chinese history, which left many historical
sites and scenic views. Every year many domestic and
forcign visitors come to the city. So the floating
population is fairly considerablc (about several hundred
thousand each day), and in recent years, the satellite towns
have flourished, all of which incrcase the load of
transportation. Because of the shortage of land and other
limited conditions in Beijing, the problem cannot be solved
well if the traditional transport system is employed. But it
is fairly suitable to adopt the maglev train.

According to the imagination of overall city plan, the
total railway length of the Beijing-Changping district is
about 40 km. There are many world famous scenes and
four satellite towns along the railway line. These towns
arc the center of light and textile industry, the center of
heavy industry, the center of higher education and research,
and the center of tourism, respectively. Each town has
about a half million people. On account of traffic, it is not
convcnicnt to travel from satellite towns Lo the city proper
because the travel time is too long. Many people try very
hard to move back to the city proper again although
measures have been adopted to encourage people to live in
the satellite town. Clearly, people would cnjoy living in
the satellite towns if the travel time could be controlled
within a half-hour. Therefore, it is necessary Lo build a
maglev railway Lo disperse the population in the city
proper and promote prosperity in the satcllite lowns,

[II. APPROACH TO BEUING-CHANGPING MAGLEV
RAILWAY

To plan a maglev railway with busy passenger traffic,
the first thing to do is to analyze the passenger volume
between the start and the end of the line. The next is to
choose a suitable mathematic mode! 1o predict the traffic in
futurc ycars. These are the primary conditions to decide the
alignment of the line, station scale, number of cars in
trains, operation management, and required numbers of
facilities. These are also the important bases for the further
appraisal of investment business income, business costs
and the financial and economic analysis of the project.

There are highways and railways between Beijing and
Changping. The transportation mainly relies on the
highway which accounts for 95% of the total traffic. It
takes aboutl two hours to go from Beijing to Changping
and vice versa. |7 the maglev train is adopted, the round-
trip travel time wiil only be about a haif-hour.

Table 11 shows the passcnger traffic in Beijing-
Changping district from 1978 10 1987. According to it the
graph of passenger traffic on time sequence can be acquired,

as shown in Fig. 1. Bascd on the preliminary regularity of
Fig. 1, a quadratic polynomial model is adopted to do the
prediction and analysis with the aid of a computer.

The prediction on the basis of the mathematical model
shows that the passcenger traffic will reach torty six million
in Beijing-Changping district in the year 2000.

The passenger turnover volume is the product of
passenger traffic and the average mileage of passengers
completed in a certain time. It includes the factor of
milcage and can reflect the passenger traffic well. It is once
of the main quotas on the passcnger transport operation,
and also the main basis of calculating and analyzing the
cost and income of passenger transport, and the labor
productivity. Passenger's average milcage can be obtained
from the ratio between the total turnover volume and the
total passenger traffic of cach ycar. In the Beijing-
Changping district, the passenger's average milcage is 30
km,

To predict the turnover volume of the maglev train in
the future, it is assumed that the absorb cocfficient of the
maglev train is 60%. Table 1V shows the annual turnover
volume of the district in the next ten years.

There are a number of maglev routes that can be
chosen for the Beijing-Changping district. Two routes
have been carefully compared. One is from Xizhimen to
the north of Changping through the Summer Palace,
having a total length of 42.1 km. The sccond is from
Deshengmen to Changping, the total length being 38 km.
Both routes can cooperate with the Beijing subway and
other public traffic systems very well, making the traffic
convenient for the residents, and ensuring enough passenger
traffic. The railway is easy to built because of the smooth
t>rrain along the railway line and a small amount of housc
movement. The first route begins at Xizhimen and goes
through the city proper, but it is curvilincal and needs
considerable investment. The sccond route begins at
Deshengmen and goes a very short distance through the
city proper. This linc, being mostly straight, requires a
smaller invesument and should be adopted.

After the maglev route is determined, the organization
of the uain operation should be planned, the carrying
capacity and other relative quotas should be checked or
calculated in detail.

When planning the organization of the maglev train
operation, the annual passenger traffic shown in Table IV
should be considered first. The sccond to be considered is
the unbalanced cocflicient of the whole day passenger traffic
to that of peak hours. According to the stastics of
Beijing wraffic, the peak hour accounts for 12% of the
whole day passenger traffic in Beijing, i.c the unbalanced
coefficient is 1.2. The operating hours of cach day and the
minimum interval time of tains should be decided on this
basis. The organization of operating plan s as following:

- operating 18 hours everyday (5 amto 11 pm):
- Minimum interval time of trains: 3 minutes;
- Requirement of traffic:
« single dircctional carrying capacity in year
2000: 27.5 million passengers
« single directional carrying capacity per
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day: 76.7 thousand passengers
- carrying capacity in cach peak hour:
11.5 thousand passengers.
- Paramecters of the maglev train:

- running speed (km/h) 200
« acceleration (m/s?) 1

- acceleration in starting (m/sz) 0.7

« deccleration in braking (m/s?) 0.8
« slarting time (s) 794
- distance of starting (m) 2205
« braking time (s) 69.5
« distance of braking (m) 1929

There will be two stations between Beijing and
Changping: the Qinghe station and the Shahe station. The
running time from the Deshengmen station to the Qinghe
station is 4.48 minutes, and 5.1 minutes from Qinghe to
Shahe or from Shahe to Changping. The detention time in
each station is one minute. We have compared the single
line with the double line. The results are listed in table V.

The construction of the Beijing-Changping maglev
raitway will remedy the crowded surface traffic greatly,
decrease pollution, improve the environment, reduce traffic
accidents, and more importantly save travel time. If the per
capita income of Beijing residents is 1.2 yuan per person-
hour, each person saves 1.5 hour travel time every day, and
the daily average passenger traffic is 76.7 thousand
passenger-time in 2000, then the vaiue of the time saved is
50 million yuan/each year. On the contrary, if the same
passenger traffic is completed by buses, and if it is assumed
that the average running speed is 30 km/h, then 60 buses
need to be added every day even if each bus can hold 150
persons. If we consider the cost of buying buses and
auxiliary facilities, widening the roads and so on, the
investment will not be less than that of the maglev
railway. Therefore, from the point of social and economic
benefits, it is favorable to build a maglev railway between
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. It seems
necessary to import the foreign investment and technology
to build the maglev railway.

IV RESEARCH STATUS OF CHINESE MAGLEV
TRAIN.

China began to study maglev trains in the early
1980's.  Southwest Jiaotong University is a key
comprehensive University which has a history of 97 years,
and has brought up a large number of raiiway technical
personnel. It began to study maglev trains in 1987, and
has already successfully conducted experiments on maglev
model. Then, in 1990 it began to develop a maglev train
weighting one ton and holding 2-4 passengers on a 42
meter-long track. The assembly work is expected to be
finished this year.

In 1991, the Chinese Science and Technology
Committee made the maglev train a key item of China's
8th Five-Year Plan and appointed the Railway Ministry to
organiz¢ and develop a maglev train weighting 14 ton,

holding 46 passenger, with a 500-meter long wrack, and
running at a speed of 50 km/h. The maglev vchicle will be
tested in 1995 at the loop—track experiment base of
Railway Science and Technology Institute (RSTI) in
Beijing. The RSTI will be in charge of the project.
Changchun Passenger Coaches Manufacture Plant will
make the train. Southwest Jiaotong Umiversity is
responsible for the basic rescarch work.

V. CONCLUSION

As a result of the reform and opening, the Chinese
economy has developed quickly in the last 14 years. The
passenger and freight traffic have increased year by year.
The intense state of communication and transportation is
quite out standing. It needs to find a new transport means
to relax the heavy traffic loads in large citics or between
large cities and their satellite towns. It is an effective
measure to adopt the overhead maglev train, which can
satisfy the passenger traffic demands of China after 2000
year. According to the present economic and technological
status of China, this paper presents the idea of giving first
priority to developing the Beijing-Changping maglev
railway.
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T e 1

TABLE [

Higher density railway districts in China in 2000.

Passenger traffic density, up

Freight taffic density, up

District Mileage going (million person)/down | going (million ton)/down
(km) . - . .
going (million person) going (million ton)
Beijing-Tianjing 137 26. 48/28. 47 40.66/61. 00
Nanjing-Changzhou 144 28.00/27.563 21.30/51. 00
Chanzhou-Shanghai 167 29. 42/29. 26 21.10/47.00
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 .
Passenger| Freight ;I::reaslsrilon Passenger| Freight Total
train train (minute) r train train | capacity
10 130 90 220
Beijing-Tianjing 65 73
8 163 95 268
10 128 75 203
Nanjing-Changzhou 64 61
8 160 80 240
10 134 69 203
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 train.
The freight train is calculated in 5000 ton/each train.

TABLE
The passenger traffic in Beijing-Changping district from 1978~1987
Year Passenger traffic Year Passenge traffic
(thousand person-time) (thousand person-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 16737. 9
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TABLE WV
Turnover volume in the future

Total passenger Average Bi-directional

. : . 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

Type Operating quotaes Operating quotaes
of single line. of double line
Year
Quota In the year of 2000
Whole day passenger traffic (thousand people) 76.7 76.7
Passenger traffic 11.5 11.5
Peak hour Overload rate 65% 65%
(morning Mashalling number and 14 pairs, 10 cars 58 pairs, 4 cars
or dusk) operating 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)
Necessary number of cars 40 30
Necessary number of staffs 200 330
Apprised investment (billion yuan)* 1.5 22
Recovery time of investment (years) 10 14

a. One yuan equals about %3 doilar
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Present Status of Research for Maglev in Italy

G.Martinelli and A Morini
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Abstract - In 1Italy the researches in the field of magnetic
levitation transport systems are late as regards other
industrialized countries: at present there is no MAGLEV
practical realization. In the frame of the Progetto Finalizzato
Trasporti 2, promoted by the National Research Council and at
present operating, a research project has been financed to
studly MAGLEV systems driven by long-stator linear
synchronous motors. The three-year research, begun in the
second half of 1992, involves the Universities of Padova,
Bologna, Palermo and the Polytechnic of Milan.

I. INTRODUCTION

The Italian transportation system presents to-day
heavy drawbacks, owing mainly to the following reasons:

e extreme concentration of goods traffic in the roads with
consequent congestion of the main routes because of the
low competitiveness of the rail transport and the
increasing demand in transportation;

¢ deficiencies in the services of both the railroad and the
harbors, due also to bureaucratic procedures not
compatible with an operative management;

e high traffic congestion of the main airports, nearly
saturated,;

o high congestion of the great urban areas, because of the
inadcquate quality of the public utilities and of the
absence of integration between individual and public
transportations,

It is therefore plain that the social and economic
growth of the country demands a more efficient transport
systcm, both for passengers and goods, as well as a re-
examination of the transport policy in order to find more
satisfactory solutions.

The importance and urgency of the problem were
acknowledged by the National Research Council (CNR),
which promoted and financed the Progetto Finalizzato
Trasporti 2 (PFT2), following and completing the Progetto
Finalizzato Trasporti. The main aim of the project is to seek
for the most appropriate incans of increasing the efficiency
of the ltalian transport system and of suitably responding to
the rising demand in transportation. The attainment of such
a target nceds also the development of new technical
solutions and from this point of view the chance of
investigating the prospects of MAGLEV applications in

Manuseript received March 15, 1993, This work was supported by the
Progetto Finalizzato CNR Trasporti 2.

Italy, as components of a balanced and integrated transport
system, has been acknowledged. It follows that in the frame
of the PFT2 a research on the high-speed MAGLEV
systems driven by long-stator linear synchronous motors has
been funded.

I1. STUDY OF HIGH-SPEED MAGLEV SYSTEMS IN THE
FRAME OF THE PROGETTO FINALIZZATO TRASPORTI 2

The Progetto Finalizzato Trasporti 2 is a five-year
project; it began in the second half of 1992 and has been
initially funded by th¢ CNR with about 290 thousand
million lire. The main targets of the Progctto are:

e to increase the efficiency of the transport system with
regard to the technical and economic aspect, as well as
to the fulfilment of the demand of transportation;

e to increase the harmonization between the territorial
and transport policies in order to rationalize the
movement of population;
to protect the environment;

e 1o increasc the safety and reliability and to reduce the
vulnerability of the transport system:;

e to improve the competitiveness of the transport
industries;

e to contribute the creation of technical abilitics in the
field.

For the attainment of such purposes the strategy
adopted by the PTF2 consists in the following points:

development of system innovations;
development of component innovations;
transfer of advanced technologics to the ficld of
transportation,

e incentive to the basic research and to the creation of
specialized abilities;
advice and support to the economic planning,
methodological support to the planning, management
and control of the transportation system.

Such strategy is followed by mecans of six sub-
projects:

Management of mobility and Tools for planning
Vehicles

Support technological systems and Substructures

Urban transportation

Goods transportation 51
International programs
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In the frame of the sub-project "Vehicles" the
rescarch topic "Guideway vehicles with non conventional
sustentation and/or propulsion" is included; one of the
rescarch  projects of this topic is entitled "Study of
innovatory transportation systems with long-stator linear
synchronous motors and magnetic levitation obtained by
mcans of superconducting and/or conventional coils".

The aims of this three-year rescarch project are:

e to study the high-spced MAGLEV systems with long-
stator linear synchronous motors (LSM);

e to investigate on their possible applications in Italy;

e bearing in mind the results of the international
rescarches on high-speed MAGLEV systems, to
coagulate the Italian experiences and resources in the
field in order to make actual proposals for such systems
also in Italy.

The rescarch is divided into the following points:

¢ technical and cconomic analysis of the MAGLEV
systems, both eclectromagnetic (EMS-MAGLEV) and
clectrodynamic (EDS-MAGLEV);
prospects of their application in Italy;
design criteria of the levitation magnets as well as of
the LSM windings, both in the case of superconducting
ficld coils and in the case of conventional coils and iron
core;

¢ design criteria of the supply and control system of the
vehicle,

e preliminary design of a prototype and of the related
supply and control systems;

e construction of a LSM model.

The final target is therefore the acquisition of
specific abilitics on the design criteria of high-speed
MAGLEYV systems and of their components (in particular
the LSM) and the availability to transfer such criteria to
national uscrs for possiblc applications.

Four opcrating groups take part in the research
program:

e Dcpartment of Electrical Engincering of the University
of Padova;

e Institutc of Electrotechnics of the University of
Bologna;

e Dcpartment of Electrical Engincering of the University
of Palermo.

e Department of Electrotechnics of the Polytechnic of
Milan.

The activities of the rescarch groups are closely coincici
and coordinated.

III. PRESENT STATUS OF THE RESEARCH

The technical and economic analysis on the
prospects of application of the high-spced MAGLEV
systems in Italy is still under preparation. The first results
secem to point out that such systems could be utilized for
intercity travels, as an alternative to high-speced on-rail
trains and to short-haul flights; they could also be utilized
for shorter distances, to realize speedy connections between
airports and downtown or between neighbouring towns.

In comparison with on-rail high-speed trains,
MAGLEYV systems offer the advantage of reduced travel
time; such advantage is maintained in Italy also versus
medium-haul aircraft flights (400+800 km), bearing in
mind the check-in and check-out operations, the airport
congestions and the transferring times between airport and
downtown.

Although detailed indications on the cost-competitivity of
MAGLEV will be available only after the operation of the
first commercial lines, nevertheless the preliminary analyses
show that, in comparison with high-speced railways,
MAGLEYV systems should have lower operating costs and
comparable capital costs {1,2].

In comparison with air transportation, the advantage of
MAGLEYV is given by lower specific energy consumptions
and by the reduction in sky and airport congestion, duc to
the financing costs to construct a MAGLEYV system, the cost
comparison between MAGLEV and air flights must be done
on the basis of the trip length and number of
passengers/day.

For short distances, the advantage of MAGLEV versus
motor cars is given by lower specific consumptions, by the
reduction in road traffic (very congested in Italy) and by
reduced travel times,

As regards a strictly technical point of view, the
activities of the operating groups have been initially directed
towards the comparative analysis of the functional and
structural characteristics of the proposed high-speed
MAGLEYV systems (EMS and EDS systems) [3,4].

An integrated and coordinated sct of calculation codes has
also becn defined and implemented; the codes arc of
different kind and characteristics (analytical and numerical
methods, two- and three-dimensional methods, PC and
workstation codes) and arc to be utilized in the comparative
analysis and calculation of the magnetic field and forces.

In particular, an analytical three-dimensional method has
been proposed to calculate the magnetic field and the
levitation, drag and propulsion forces acting in EDS-
MAGLEV systems with superconduciing coils for both
levitation and LSM ficld; the method takes into account the
most general coil arrangement [5,6).

At present the activity mainly concerns the
dcfinition of the design criteria and the optimization of the
performance of the inverter-LSM drive, as weii as the study
of the dynamic stability of the system.
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IV. CONCLUSIONS

For the time being there is no practical realization
of MAGLEYV systems in Italy.

A three-year research program on high-speed
MAGLEV systems is under development, funded by the
National Research Council in the frame of the Progetto
Finalizzato Trasporti 2.

The scientific activity of the first months of the
research mainly concerns the implementation of a set of
calculation programs which will be utilized in the definition
of the design criteria of the system and of its components.

The first results of the technical and economic
analysis show that MAGLEV systems could be utilized in
Italy for intercity travels, as an aiternative to high-speed on-
rail trains and to short-haul flights; they could also be
utilized for shorter distances, to realize speedy connections
between airports and downtown or between neighbouring
towns.

A practical obstacle to the realization of intercity
high-speced MAGLEV systems in ltaly seems to be the
difficult integration of such systems with the on-rail high-
speed systems, particularly in view of a European railway
network.

Moreover, the Italian political and industrial
sensitivencss is probably not yet ready to deal with these
new technologies. Nevertheless, the delayed starting of the
reorganization of the Italian transport system as well as the
development of MAGLEYV researches in other industrialized
countrics may give the opportunity to partially correct the
planning in the field of transportation: according to this, the
possibility to realize, for some specific utilizations,

innovative systems may be taken into account. In particular,
the MAGLEYV systems may be proposed as components of a
balanced and integrated transport system, with the object of
rationalizing the movement of population and increasing
the high-technology know-how of the national transport
industry.
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Absrract

This paper describes the development and technical
details of DaeWoo Maglev System (DMV. DaeWoo Magneti-
cally Levitated Yehicle). Some experimental results are
also shown.

Introduction

DaeWoo Heavy Industries commenced 3 research and
development program in 1989 with the objective of
providing a new mass transportation system by means of
magnetically levitated vehicles.

In October 1992 three full size maglev vehicles were
successfully produced which passed all performance
criteria measured on the test track in the DaeWoo plant.

Reliability trials are continuing to obfain life data and
develop ride quality.

Initial trials were carried out on 3 one-third scale
prototype model.

Fig. 1. First unit running test

History of research and development

item Period Remarks
1) Design Team Sept. 1989
formation and to
data survey Sept. 1990
2) Basic design with Oct. 1990 | Han Yang Univ.
industry / university | to {Prof.
cooperation Nov. 1990 | Or. Dal-Ho Im)
3) Detail design Dec. 1990
to
May 1991
4) Development of Apr. 1991 | KMM
levitation controller | to (General Manager.
with institutional July 1991 | Chan-Il Park)
partner
S) Manufacture | July 1991
Prototype to
Aug. 1991 13 seat
1st capacity
phase | 6) Prototype Sept. 1991 | vehicle
tests & frial | to
running Nov. 1991
7) Detail design | Dec. 1991
fo
Apr. 1992
2d g Manufacture | May 1992 | 40 seat
phase full size to capacity
vehicle Sgpt. 1992 | vehicle
9) Tests & trial| Oct. 1992
running
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Brief Specification of DaeWoo Maglev

Item Specification
Length x Width x Height| 5m x 3m x 3m
Tl | yeight (Gros 18
Vehicte eight (Gross) ton
Number of seats 40
100 m.
Length straight-single
mode
Track Width 23 m
Height “4m
Designed max. speed %0 Km/h
Speed [ ooeration speed on | 5 Km/h
100M test track
Electro-Magnetic
System .
v Suspension
Levitation | Air gap 1 mm
Power conversion Chopper
method & Controller
Single sided Linear
System induction Motor
Propulsion
Power conversion Variable Voltage
method Variable Frequency
Power Supply DC 600 V

2 of 6

3000

I
1)
D
X
3000

—
=
p—
e

— ]
[—-—

2080

T

1400

Fig 3. Sectional View of the System

Guide Way

The height of the coulmn is 14m and the distance bet-
ween columns is 12m. Two kinds of guide ral are used.
one 4.8m long and the other 2.4m long. These are
arranged in zig-zag formation.

The mass produced method would probably ental
an extrusion. a welded structure was used for the
development track.

Fig. 2. DaeWoo Maglev vehicle

55



Fig. 4. interior Design

Car body and Trim

The structure of the car body and end sections are
mainly welded aluminium alloy covered with FRP.

Three large boxes under the cabin contain the electrical
equipments (converter, inverters and choppers). hydraulic
equipment and emergency back-up battery.

interior trim is FRP-plated and there are two
sliding doors on each side.

Maglev Module

Modules are aluminium alloy fabrications. The car body

Slide Table Thrust Rod Linear Bearing
| et =T
T},
Magnet
Gap Sensor Linear Induction Motor

Fig 5. Module Assembly
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is supported by six modules each of which Is equipped
with four magnets. a linear induction motor. four hydraulic
lifting mechanisms and emergency skids.

Anti-roll bars Llink pairs of modules to control ride
quality

Secondary suspension is provided by four pneumatic
dampers mounted on each module.

in emergency situations. rollers are hydraulically
afuarted to engage the rail and make the vehicle safe.

Spring Equalizer Linear Bearing

|(__ Slde Table

Pneumatic
Damper

Module Frame

Rall

Magne!

Fig. 7. Secondary Suspension



Secondary Suspension

Fmrp«mtkdmspermddewovidesmmth
the vertical direction.

Lateral movement of the car body is allowed for by the
the slide table and linear bearing to which the dampers
are connected.

Lateral movement of the module end of the damper is
pestricted by a spring equalizer.

The slide table is connected to the module frame by
means of 3 thrust rod so enabling the transfer of the
thrust force from the linear induction motor fo the car

body.

Levitation System

The levitation system comprises six modules. To control
a module. four gap sensors. four accelerometers. fwo
magnet drivers and two analog type levitation controllers
are used.

A magnet driver controls two magnels each of
which is laterally offset from the center lne of
the linear induction motor by 6 mm.

Each levitation controller unit uses four sensor signal
inputs and provides two outputs.

Using four gap sensors per module,  the vehicle can
slide smoothly over the ral. even at the joint of two
consecutive rals providing there is no difference in height.

A Programmable Logic Controller (PLC) actuates the

ALTER PO
GAP 2 | SELECT 240 OROER [ ContReL [ 5~ —
P 2 10
>

CHOPPER
Vace | FLTER
—"| -0 OROER

10
Lace FILTER P P
"] 2-ND ORDER CONTROL NV CHOPPER

Fig. 8. Levitation Controller Block Diagram
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BATTERY 0C/0C CONVERTER BATTERY
T NT
DCZS0V OOV

| LEVITATION LEVITATION J
CONTROLLER -'7 —e1 CONTROLLER
UNIT

UNIT
\
CHOPPER cHoPPER [
[ 1 ' l
: MAGNET| |MAGNET MAGNET| | MAGNET
I
O ]— L {omss]
MODWLE J

Fig. 9. Levitation System

levitation sequence in intervals of one second fo reduce
power consumption.

Propulsion System

Two VVVF inverters using transistor modules as power
switching devices are used to regulate six linear induction
motors. Each inverter controls three linear induction
motors which are connected in series.

The linear induction motor is designed for a maximum
speed range of 110 Km/h.  Due fto the limit of frack
length the actual operating speed is 15 Km/h on the
experimental track.

The propulsion power of the linear induction motor is
2KN/LM. The nominal airgap between the primary and
secondary side of the linear induction moror is 13 mm.
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Driving sequence of DaeWoo Maglev System

The DMV can be driven in automatic or manual modes.
Except for levitation and landing. which have to be
operated manually, all other sequences are able to be

carried out in eather mode.

Manual operation is as follows : On actuating the levi-
tation switch. the PLC. sends “ready” signals to the
choppers and receives “ready completion” in return ; if no
respmsesmaltsrecavedawwsmallsammed
On receipt of the “ready completion” signals. triggering
tommands are passed to the levitation controller which
allows the choppers to drive the levitation sequence.

On completion of Llevitation, the levitation controtler
signals the PLC. which starts the inverters. The driver
can then move the vehicle by regulating the linear induc-
tion motors.

Speed Displayer
Current Meter /

\ Frequency Meter
Hydraulic
lndn;anon Lamps Pressure Merer
E-_jﬂ é |- -

T

|
.
|

\

Direction Selection
Switch Control

Switches

1 © @Iﬂ//

Hydrautic Brake Speed
Controller Controtler

Fig. 10. The Arrangement of Dashboard
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|
|
. {
| & TRANSFORMER
< 30 FSO0KVA
@ 6.6KV / 64OV

|

AR CIRCUT BREAKER REHOTE CONTROL
1200A | FROM
| TEST TRACK

é RECTIFIER
600KVA / DC600V

BRAKING

DEVICE

REMOTE
|| CONTROL BOX
O,
TROLLEY BAR 1000A x 2P
O, T T

Fig. 11 Power System Schematic

Test results of magnet forces

The magnet of the DMV system has two windings which
are connected in parallel. Serial connection was tried but
parallel connection proved to provide better control.

The lifting and guiding forces of the magnet were simu-
lated with a computer program. and after manufacturing
a sample magnet. the forces were measured using 3 test
bed.

Six load cells - four for lifting force, two for guiding
force - were used to measure the forces of the magnet.
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Fig. 12. Overview of the DaeWoo Maglev Vehicle

Fig. 13. denotes the simulated and the measured

The measured force of the magnet is about 8

the simulated force.

LIFTING FORCE (Kg}

lifting forces of a magnet in several air gap conditions.

0% of

1500 =
1000 —
anr
cal
3mm
500

CURRENT (A)

Fig. 13. Magnet Lifting Force

Future Plans

The DaeWoo Maglev system (DMV-92) is designed for
an intercity commuter service, such as between suburbs
and city centers or between outlying airports and cities.

Reliability trials are under way and studies are being
carried out on increased seat capacity to be provided by
multi-units andZor lightweight vehicles.

Commencing in 1995 a 150 seat capacity vehicle will be
manufactured as 3 two car system and this will be
applied to a commercial operation.
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1. IN THE BEGINNING

Superconductive Maglev aims to be a super speed
transportation system, that speed conventional rail
system can never attain. One of the reason of supercon-
ductive Maglev's super speed ability is the large clear-
ance between vehicle and the guideway, which is about
100 mm.

So, it is very important for superconductive Maglev
to select the magnetic propulsion, levitation and guid-
ance system.

In the process of superconductive Maglev develop-
ment, We have changed the structure of guideway from
inverted T type to U type. And in the U shaped guide-
way, we changed repulsive levitation to null-flux levi-
tation. As for piovulsion, we are now examining new
structure. Recent tests in Miyazaki test track are direc-
tory related to the design of Yamanashi test line.

This paper describes the changes of electro-magnetic
guideway in Miyazaki test track, the characteristics of
the new structure which is now under examination and
the prospect of the future including Yamanashi test

1

JAne.

2. INVERTED T TYPE GUIDEWAY

Superconductive Maglev's test run started at 1977 on
Miyazaki test track. At that time, guideway structure
was inverted T type. Propulsion coils were installed on
the both side walls of the center beam, and repulsive
levitation coils were laid on track.

The peculiar point of this structure is the combined
propulsion and guidance system which is attained by
connecting the corresponding propulsion coils of both
sides of center beam using “null flux cable.” If vehicle
shifts from the center line of the guideway, interlink
fluxes of both side coils become different. So, currents
are induced between the two coils, and which generates
the guidance force.

To get a sufficient guidance force, the difference of
interlink fluxes of both side coils must be enough large
for the vehicle’s displacement from the center of
guideway. However in inverted T system, not only the
distance between the coils of both sides but that be-
tween the superconducting magnets of both sides are
also small. So inevitably the difference of interlink
fluxes are few for certain displacement of the vehicle, if
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the superconducting magnets of both sides are excited
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
the propulsion force of the same direction. That is
“open” type and “cross” type.

3. U SHAPED GUIDEWAY

We adopted the inverted T type structure in order to
minimize the air drag force, and to act the propulsion
or guidance force near the center of gravity of the vehi-
cle. This allowed high acceleration-deceleration or high
speed run, so test vehicle recorded 517 km/h in spite of
short test track length of 7 km. However, we had con-
ceived that inverted T type to be inferior to U type for
practical use. Because, the cross section area of com-
mercial vehicle in inverted T type is larger than that in
U type. As there will be many and long tunnel sections
in Japanese revenue service line, it is very important for
the cross section area of vehicle to be small to reduce
the construction cost.

So we decided to change the guideway to U shape af-
ter completing the invertad T type examination. We
used the existing propulsion and levitation coils again
for U type guideway’s ground coils to save the conver-
sion cost.

In U type, the distance between coils of both side are
large, so the polarity of SCM doesn’t have large effect
upon the guidance characteristics. But as the propul-
sion coils of both side walls were different i.e. “open
type” and “cross type”, SCMs of both side had to have
opposite polarity. (Fig. 2)

M

propulsion and guidance coil

/ \5 superconducting magnet
s
— NN

|

null flux cable levitation coit

Fig. 1. Inverted T type guideway

propulsion and guidance coil

superconducting magnet —b‘:

OIS IIIIS]

null flux cable

levitation coil

Fig. 2. U type guideway

With opposite polarity excitation, the magnetic flux
is vertical on the center of floor, so the flux density of
the cabin is rather large up to 200 gauss in Miyazaki
test vehicle.

4. NULL FLUX LEVITATION SYSTEM

Null flux levitation and guidance system was in-
vented by RTRI in 1988. In this system, “8” figured coils
are installed on the side wall, and corresponding coils
of both side walls are connected by null flux cable to
generate a guidance force.

Compared with repulsive levitation, the characteris-
tics are as follows,

1) Lower magnetic drag force: It is almost zero during
the wheel running, on the contrary, there is a drag peak
at low speed range in repulsive levitation system.

2) Larger levitation force.

3) Harder magnetic suspension: It means the vehicle is
less sensitive to load weight, and means that more
regularity of the guideway 1s required to gain the same
ride quality.

4) Easier installation: All of the ground coils are in-
stalled on the side walls, so it is easier to get the guide-
way regularity than repulsive system.

5) Lower voltage guidance system: Levitation coil can
function as guidance one. So the voltage of guidance
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system is lower than that of combined propulsion and
guidance system.

6) As for levitation coils and installation equipment,
it is important to examine the strength, because the di-
rection of the levitation force is different from the re-
pulsive system, and the difference is estimated to be
harder for them.

After comparing above-mentioned merits and de-
merits, we have decided to choose the null flux levita-
tion system. We have appreciated especially the follow-
ing two points, lower magnetic drag forces and larger
levitation force.

Since 1989, we have remodeled Miyazaki test track
into null-flux levitation successively. Recently, 1.5 km
length track have completed and null-flux levitation
section is now about 2.0 km.

So far there haven't been observed large difference
between null-flux levitation and repulsive levitation as
for ride quality. On the contrary, we can observe the
clear difference of drag force between the two systems.
(Fig. 3) We will check the drag force characteristics of
null-flux levitation system at high speed range by new
test vehicle MLUOO2N.
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Fig. 3. The difference of magnetic drag

5. DOUBLE LAYERED PROPULSION COIL

At Miyazaki test track, propulsion coils are single
layered and are installed every 120" electrical angle on
the both side walls. This type is simple, but it became
evident that the large harmonic magnetic field pro-
duced by single layered propulsion coils induces con-
siderable temperature rise inside the superconducting
magnets.

It is no matter for short run time operation like
Miyazaki test vehicle, but as for long revenue service
line, the operation will be difficult if the heat generated
inside the superconducting magnet is larger than the
capacity of on-board refrigerators.

So, we have tried to improve the magnetic fields
produced by propulsion coils, by using bigger coils and
double layered installation. One coil covers 180° electric
angle, and coils are installed every 120° pitch along the
side wall. The composite magnetic field produced by
those double layered coils is as Fig. 4. The harmful
change of magnetic field is reduced remarkably. As the
distance from the superconducting magnet is different
between the front propulsion coil and the back one, it is
necessary to adjust the windings of coils between them.

harmful change
of magnetic field

U+V

V+W

Fig.4 Double layered installation
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So far propulsion coils at Miyazaki test track have
been made of SMC molding, double layered propulsion
coils are made of epoxy resin molding, which is appli-
cable to future system's high voltage coils.

About 1 km section has been remodeled to double
layered propulsion coils at Miyazaki test track, and we
are now examining the characteristics of it using
MLUQO2N.

6. BEAM OR PANEL SYSTEM

In the new structure of guideway, triple layered coils
are installed along the both side walls, that are null-flux
levitation coil and double layered propulsion coils. It is
fairly difficult to install the coils exactly in tunnel or on
bridge. So we are examining another way, that is to
make concrete beam or panel with high precision and
install coils to them successively in a plant, then bring
them to the point they should be installed. We have in-
stalled 6 bearrs and 2 panels on trial at Miyazaki test
track, and had good result.

7. ELECTRO-MAGNETIC GUIDEWAY OF YAMANASHI TEST
LINE

The electro-magnetic guideway of Yamanashi test
line is constructed based on the recent development in
Miyazaki test track. That are double layered propulsion
coils and null-flux combined levitation and guidance
coil, and beam or panel system. But according to the re-
cent advance on superconducting magnet, we will try

propulsion coil

AW

superconductmg magnet

T

| s

-

7

levitation and guidance coil

null flux cable

Fig. 5. Null-flux levitation + double layered propulsion system

the more simplified propulsion coil system partly.

Considering the magnetic field in the cabin, the po-
larity of superconducting magnet of both side is
changed to same. Therefore propulsion coils of both
side walls are also same.

As the pole pitch changes from Miyazaki system, ba-
sic dimension of coil changes correspondingly.
According to the power up of LSM system, the voltage
level of propulsion coil increases to 22 kV or 11 kV.

8. CONCLUSIONS

We have showed the recent development of electro-
magnetic guideway in Miyazaki test track. These are all
adopted in Yamanashi test line. This structure is consid-
ered to be suitable for rather large capacity LSM sys-
tem, in which long trains will be operated frequently.
Besides this, RTRI is developing various type electro-
magnetic guideways. As it is estimated that electro-
magnetic guideway cost will occupy the large propor-
tion of Maglev system construction cost, to choose the
most suitable guideway structure considering the char-
acteristics of proper revenue service system is very im-
portant.
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Electrodynamic Forces of the Cross-Connected Figure-Eight
Null-Flux Coil Suspension System
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Abstract - This paper amalyzes the cross-connected
figure-eight null-flux coil suspension system for
maglev vehicles on the basis of dymamic circuit
theory. The equivalent circuits and general
magnetic force expressions for the system are
developed. Simple analytical formulas for the
magnetic force partitions on the basis of
harmonic approximation are presented, and
numerical results are also included.

[. INTRODUCTION

The cross-connected null-flux coil suspension system has
been under development in Japan for several years [1-3). The
system consists of two arrays of figure-eight-shaped null-flux
coils mounted on the side walls of the guideway, each coil on
the left side wall being cross-connected with another one on
the right side wall to form a combined levitation and guidance
system. Both the null-flux levitation and the null-flux
guidance forces are generated from the interaction between two
rows of superconducting coils, or superconducting magnets
(SCMs), aboard the vehicle and two rows of null-flux coils on
the guideway. The concept has become very popular in both
Japan and the United States because of its several unique
features, including high lifi-to-drag and guidance-to-drag
ratios, high suspension stiffness, and very low magnetic drag
at low speed.

This paper discusses the electrodynamic performance of
the cross-connected null-flux coil suspension system on the
basis of the dynamic circuit model. The equivalent circuits of
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
formulas for the magnetic forces are derived using a harmonic
approximation. These formulas are valuable for the design of
maglev systems and for vehicle dynamic studies. The paper is
organized into several sections: (1) introduction, (2) the
equivalent circuit model, (3) harmonic circuit model, (4)
numerical example and discussion, and (5) conclusion.

II. THE EQUIVALENT CIRCUIT MODEL

A. The Equivalent Circuit for a SCM Interacting with a
Null-Flux Coil

The simplest model for a figure-eight null-flux coil
interacting with a SCM can be described by an equivalent
circuit containing one mesh with two branches, as shown in
Fig. 1. Each branch having a resistance R and an inductance

L represents a single loop of the null-flux coil. The coupling
between the upper and lower loops is described by the mutual
inductance M, ,, and the couplings between the moving SCM

and the upper and lower loops of the null-flux coil are
modeled by two time- and space-dependent voltage sources e]

and e,, respectively. InFig. 1, I, and I, stand for the currents
flowing in the upper and lower loops, and i (=] 1=-15) is the
current circulating in the null-flux coil.

‘ z I h [9
s | |1 L
z X
| =1 R
, : S e
2 v
Fig. 1  Equivalent Circuit of a Single SCM Interacting

with a Null-Flux Coil

Letting Ig and v be the current and speed of the SCM, and
M;; and Mg, be the mutual inductances between the SCM
and the upper and lower loops of the null-flux coil,
respectively, one can express €; and €, as:

oMi(x,y,z)
ox n

e =-lv

OM2(x,y,z)

=l
T @)

The voltage equation for the system is:

2Ri + 2(L-M12) g’- =€ -€2 (3)

The three components of time-dependent magnetic forces f,,
fy, f; existing between the moving SCM and the nuli-flux
coil are

fn - I,I]aM’] + I,I;aM‘Z = ’si (aMsl _ aMsz)
X ox ox ox

)
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_ 17 0Mag oM,z _ dMg; aM:z)
fy=LLZ28L g a2 = (8L . 02
re ay dy l dy ay ®
aMll aM|2 aMsl aMnZ
fz = I;I I — = ——
Mearey % o ©

(1) to (6) can only be solved step by step numerically because
M;; (i=1,2) is time- and space-dependent. The electradynamic
performance of the system is then predicted on the basis of the
system solution. It is seen from (3) to (6) that the three
components of magnetic force are proportional to the product
of the circulating current i, SCM current I, and the difference
of the mutual inductance derivatives between the SCM and
upper and lower loops. Clearly, they vanish as the SCM
moves to the equilibrium position (z=0).

B. The Equivalent Circuit Model for the Cross-Connected
Null-Flux Coil Suspension

A pair of SCMs aboard the vehicle interacting with figure-
eight null-flux coils that are cross-connected and mounted on
the two sides of the guideway shown in Fig. 2 can be modeled
by the equivalent circuit shown in Fig. 3. Similarly, each
branch having a resistance R, an inductance L, and a voltage
source e represents a single loop of the null-flux coil. The
mutual inductance M;, between loops 1 and 2 equals the

mutual inductance M34 between loops 3 and 4. [ (i=1,4) and

Fig. 2 Cross-Connected Figure-Eight Null-Flux Coils for Maglev
Levitation and Guidance

I

o~ Mira 2 T2 1,4~ M2 14

L L L L
R 1 R i R I3 R
+ + + +
< €2 €3 €4

Fig. 3 Equivalent Circuit for the Cross-Connected Null-Flux Coil
Suspension System

e; (i=1,4) are the currents flowing in the loop, and the

voltages induced in the loop, respectively. The mesh currents
flowing in the circuit are i}, iy, and i3. In particular, i,

represents the current flowing in the cross-connecting cable

across the guideway, and it contributes to the null-flux
guidance. In Fig. 3, the resistance and inductance of the
cross-connected cables are neglected. Similar to (1) and (2),
the voltages induced in the loops 3 and 4 can be expressed in
terms of the mutual inductances M4 and M, between the

SCM and loops 3 and 4, respectively:
M3

es=-Lv 3« )
€4 = ‘IsV Q.N.bi (8)
ox

Figure 3 can be simplified by eliminating the mutual
inductances, M,, between the upper and lower loops. Using

Kirchhoff's voltage law, one can write voltage equations in
terms of mesh currents for Fig. 3:

2Ri; + 2(L-M12) WL - Rip - L-Mp) 32 = ¢, - ¢,
& & ©)

-Ri; - (L-M12) 9L 4+ 2Riz + 20982 - Riy - (L-Mi)d3 = ez - ¢5
dt dt @t
(10)
n di : di _
Rz - (L-Mp2) £2 4 2Riz + 2(L-Mi2)=2 =e3 - e4
2+ @-Mig) T+ 2Ris @ (1)

After solving mesh currents from (9) to (11), one can
determine the three components of magnetic forces acting on
the moving SCM: .

PM { dMa oMy )
fl - = = I;
z v Bx ax
+ i Me _am3)+ ; ,{aMss _am)
dx  ox x  ox (12)
aMl { aMsl aMSZ )
fy= ) = OlVisy Olvis2
’ 2 l dyi  dyi
aMs’l aMs3 '(aMs3 aMsa}\
+ i -
l dy1  dy2 ? dy2 ay2 1l (13)
fz-):uaM" i {aM,, aMﬂ)
0z oz
+ ll(aMsl R aMﬂ + ij(aMSJ aMsd)l (14)
oz 72 a7 ’

where the relations between the mesh and branch currents,
Ii=iy, I=is-iy, I3=i;-ip, and I4=-i3, were used. Two different



lateral coordinates nceded for the two lateral air gaps are
specified by y, and y, in (13). Comparing (12) to (14) with
(4) to (6), onc notes that the three components of magnetic
force in the cross-connected null-flux coil suspension system
depend upon the current i, flowing between the two figure-
eight null-flux coils. At the lateral equilibrium position, no
current flows between the two figure-eight null-flux coils. In
this case, the cross-connected null-flux coil suspension
system becomes two independent conventional null-flux coil
suspension systems. The guidance force of the cross-
connected null-flux coil suspension system consists of two
parts: one due to cross-connection, which follows the null-
flux suspension principle, and the other due to the individual
null-flux coils and the air gap difference. The latter can be
determined from (4) to (6). To obtain the guidance force
resulting from the cross-connection, one can first simplify
Fig. 3 by eliminating the mutual inductances between the
upper and lower loops, and then find a Thevenin equivalent
circuit by eliminating meshes 1 and 3, as shown in Fig. 4.

Ii+12 My I3+1,
} ,m
0.5(L-M,) TN 0.5(L-M,)
i
0.5R 2 0.5R
+ &
0.5(epe,) 0.5¢3+¢9

Fig. 4 Simplified Equivalent Circuit for Determining Null-Flux
Guidance Force

Figure 4 shows that the voltage ¢, has the same polarity as
e,, and ey has the same polarity as ¢,. The null-flux guidance
force will be generated when the condition ej+e; # e3+eq, Or
I1+1 # I3+ly4, is true, The current flowing in the cross-

connecting cable between the two null-flux coils can be
determined from Fig. 4 in terms of the voltage equation;

Ri + (L-M)‘i(;l = %{(el +e2) - (ea+ ea)]‘ (1s)

The cross-connection part of the null-flux guidance force is:

f=1 M{ M , OMy; ) _ (aMsg N arvmﬂ
2 y1 adyi dy:  dy2

(16)

Because the null-flux suspension sysicm usually operaies near
vertical equilibrium, it is a good approximation to assume
that the derivatives of the mutual inductance M, with respect

to y; is equal to that of M, with respect to y,. Similarly,
one may assume that the derivatives of mutual inductances
M ; and M, with respect to y, are also equal. Thus, (16) is
simplified:

. [OMa amss]
fy= lzl{-———-- oAbl
! dyr  dy2 an
It should be noted that (16) and (17) represent only the
guidance force resulting from the current flowing in the cross-
connecting cable (i), while (13) gives a total guidance force,
Equations (9) to (15) can be numerically solved to obtain
the transient currents induced in the null-flux coils and the
time-dependent magnetic forces acting on the SCMs using an
approach similar to that discussed previously [4-5].

[II. HARMONIC APPROXIMATION

Exact solutions of (9) to (14) require a numerical approach
because of the time- and space-dependence of the mutual
inductances between the moving SCMs and the null-flux
coils. It is difficult to gain physical insight and to conduct
vehicle dynamic stability studies with numerical solutions.
Thus, (9) to (14) are further developed on the basis of a
harmonic approximation to obtain simplified analytical
expressions that are very useful for preliminary system
design. Because a maglev vehicle usually consists of several
groups of SCMs, each of which has several SCMs arranged in
one row with alternating polarities, the flux linkage through
the null-flux coils varies its direction as the SCM row moves
forward. It is a good approximation to express the mutual
inductance between a group of SCMs and a null-flux coil by a
harmonic function whose fundamental wave is:

M;; = M,i(y,2) cos lix = Mpi(y,z) cos ot

=14 (18)

where Mp; is the peak value of the mutual inductance between
one SCM and the jth loop of the null-flux coil. It depends
upon only displacements in the vertical (z-axis) and lateral (y-
axis) directions. T is the pole pitch of the SCMs, and w=nv/t
is the radian frequency. It should be noted that (18) is only an
approximation, and high-order harmonics may be added to (18)
for a higher accuracy.

Substituting (1), (2), (7), (8), and (18) into (9) to (11), one
can solve for the sinusoidal current iy flowing in the cross-
connecling cable:

1

iy = (Er +E2) - (E3 +E4) ;o (wt - ¢2)

2YR¥+ WXL + M12)? (19)
where
-1 wi(L+M
02 = tan’ mt( ; 12) 20)
and
E, = wlM,, @

It is scen from (19) that i, depends only upon the lateral

displacement., The current will flow through the cross-
connecting cable as long as (E,+E;) is not cqual 10 (E4+E ),
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or there exists a lateral displacement. Mesh currents i; and i,
are found to be

E, -E2

2YR%: @A (L-My2)>

iy =

. . L.
sin(wt - ¢1) + 2|2 @2)

and
3=

Ej-E4
2YR% 0?(L-Mi2)®

sin(ot - ¢1) + L,

(23)

where

q)‘ - tan'l (D(I"Mlz) (24)

R

Equations (22) and (23) show that the currents flowing
through the figure-eight null-flux coil 1 and coil 2 consist of
two parts: the first part resulting from the vertical
displacement, and the second part due to the lateral
displacement. At a vertical equilibrium position (E,=E; and
E4=E,), both i, and i, equal half of i;. In this case, there
still exists a null-flux guidance force as long as iy exists.
This force does not exist in a conventional side wall null-flux
suspension system, in which all magnetic forces vanish at
vertical equilibrium even though there exists a lateral shift,
while in a cross-connected null-flux coil system, magnetic
forces disappear only at both lateral and vertical equilibrium
positions.

Ei=Fai+ki2

KErER l"‘F)"Z‘

=

Fig 5 Cross-Sectional View of the Side-Wall Null-Flux
Suspension System

Substituting (19), (22) and (23) into (12) to (14) and taking
the integral with respect to time over a period, one can
determine the time-average forces in terms of dynamic circuit
parameters. Those forces can be grouped according to
physical insight and the positions on which the forces act, as
shown in Fig. 5. The time-average nuli-flux levitation force,
F,, between a pair of SCMs and a pair of cross-connected

figurc-cight null-flux coils is:

Fz=Fann + Fai2 + Fo2z + Fazn (25)

where F,;, and F,,, are the null-flux levitation forces from

the interaction between the SCMs and the left- and right-hand
side null-flux coils, respectively, when two coils are not
cross-connected. They are given by:

Fai=- 1!2_ v Mpl - Mp2 (aMpl i} aMp2 )

4 v2evd LM | 32 o (26)
Firy = 2 2 Mp-My (oM oM
oy = ]
4v2evdh LMz | 32 & 27)

and F,;; and F,5, are the additional levitation forces produced

by the left- and right-hand side figure-eight null-flux coils
resulting from the cross-connection:

Fua=- 2 (Mp1 + Mp2) - (Mps + Mp4)
8 v2+vd L+Mi2
5 (aMpl , M2 )
oz oz 28)
F.o1 _12 2 (Mpr+ Mpa) - (M + My)
8 vii+vd L+Mi2
x aMp3 +_aM,,4
T )

It should be noted that F,;, and F,; are the dominant terms,
and F,5; and F,, are very small because the derivatives of the
mutual inductances M;; and M, with respect to vertical
displacements have different signs, and so do those of M3 and
M,,. The last terms of (28) and (29) are small. Similarly,

one can group the magnetic drag:
Fx = Fx11 + Fxi2 + Fx22 + Fazi 30

where F,, and F,,, are the magnetic drag produced by the

left- and right-hand side figure-eight null-flux coils when they
are not cross-connected:

7/t Mp1 - Mp2 )’

12 vvg
Fajy = - = ——= 3]
) 4 vi4 vy L-M;2 G
2 i 2
Fyp=- 1o YVl /Y Mp3 - Mps) 32)

4 V24 v L-Mi2

and F,,; (=F,,) is thc additional drag resuiting from the
cross-connection:
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2
Fr2=- "I“" AL

16 vZ + v%

n/t [(Mpx + Mpz) - (Mpa + M,,.s)]2
L+M|2

33

Notice that since F, |,=F,,, there is no torque in the yaw

direction caused by this drag force component. The guidance
force can also be grouped as:

Fy =Fyn + Fyiz + Fy2 + Fyn (34)
where Fy |, and F,,; are the guidance forces produced by the

figure-eight null-flux coils on the left- and right-hand sides,
respectively, when the two coils are not cross-connected:

Folp = 2 ¢ (Mpl -Mp2) (IMp1 dM
yll = - = - 35)
4 v24vd L-My2 Iy B (
Fux = 2 2 (Mp-Mg) (aM,,s 8M,,4)
yR = = -
4 V2 + le L-M;, a),z a),Z (36)

Fy12 and Fy,; are the guidance forces resulting from the
cross-connection; they are the major guidance forces,
depending upon the lateral displacement and following the
principle of nul: flux suspension. Fy,; and F 5, are given by

Fyiz=- 2 (Mp+ M - Mps - M)
8 vi+vh L+Mj;
% ahdp] + aMpz )
ayi oy €0)]
F 21 = ILZ V2 (Mpl + MP2 - Mp3 - MP“)
’ 8 vi+vdh L+Mi2
X (gy_ﬁ + a_Mﬁ
dy dyi (38)

In (26) 10 (38), v, and v, are the characteristic speeds, which
are defined as the speeds at which the magnetic drags F, ;,,
F,2,,and F,,, F, 5, approach their peaks, respectively. Due

10 cross-connection, there exist two major drag forces: one
associated with the vertical displacement and characterized by
V1, and another associated with lateral displacement and

characterized by v_,. They are

VCI = __L
n(L-Mi2) 39)
and
Ve2 = _._‘CB___
n(L + My2) (40)

Up to now all 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
approximation. Clearly, these relations are straightforward
and easy to use, because they are not a function of time. One
needs only to determine the mutual inductances between one
SCM and one loop of the null-flux coil at a fixed longitudinal
coordinate, or at a plane transverse to the motion, and to
determine the derivatives of the mutual inductance with
respect to the lateral and vertical displacements.

IV. EXAMPLE AND DISCUSSION

To better understand the performance of the cross-connected
figure-eight null-flux coil suspension system, it is necessary
to consider a numerical example. Table 1 lists the
dimensions and other parameters used for the example, which
are similar to those used in paper (3].

Table 1 Data Used for the Example

Superconducting Magnet

Length (m) 1.7
Height (m) 0.5
Current (kA) 700

Figure-Eight Null-Flux Coil
Length (m) 0.55
Height/Loop (m)
Cross-Sccu'on/Conduclor(cmz) 1
Number of Tums 36
Venical Space between the

Two Loop Centers (m) 0.42
Conductivity of Al (m™1Q"1) 3x107
Resistance/Loop R (m§2) 20.64
Inductance/Loop L (mH) 0.88
Mutial Inductance between

Upper and Lower Loops (uH) 65.8

Assuming a pole pitch of 2 m for the SCM and a vehicle
speed of 138 m/s, one obtains v ;=13.9 m/s and v_,=16.1
m/s. The time constant of the coil is about 42.6 ms. Figure
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 cm. One can see that the lift forces
F,i and F,,, are dominant, and F,;, and F,,,, resulting
from the cross-connection, are relatively small. It should be
noted that Fz11 is much larger than Fz22 because the lateral
shift makes the air gap on the left-hand side decrease to 15
cm, and that on the right-hand side increase to 25 cm.
Clearly, such a large force difference between two null-flux
coils could lead to a roll motion. The cross-connection
between the two figure-eight coils may reduce such roll
motion because F,;, is negative and F,,; is positive. The
dimensions of the figure-eight null-flux coil and SCM may be
designed to increase F,,, and F,,, and to improve vehicle
stability. The lateral shift could be encountered while making
a turn with the center of curvature to the right. The induced
roll is in the correct direction for passenger comfort.
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The guidance force as a function of vertical displacement at
a lateral shift of -5 cm is illustrated in Fig. 7, where one can
see that a guidance force of about 5 kN (Fy,+F,,) resulting
from the cross-connection is obtained at zero vertical offset.
It should be noted that the main advantage of the cross-
connected null-flux coil suspension system over a
conventional null-flux suspension system is that it provides
null-flux guidance for a large range of vertical displacement,
including the vertical equilibrium position. The guidance
forces, Foii and Fy22' resulting from the difference of air gap
without cross-connection depend upon the vertical
displacement. They are relatively small at a small vertical
displacement and increase rapidly at a large vertical
displacement. Both guidance forces reach the same value at a
vertical offset of about 5 cm. Because a maglev vehicle
usually operates at a relatively small vertical offset, such as 2
to 4 cm, one can conclude that the guidance forces resulting
from the cross-connection are dominant for normal maglev
operations.

Total lift and guidance forces, lift-to-drag ratio, and guidance-
to-drag ratio as a function of vertical displacement at a lateral
shift of 5 cm are illustrated in Fig. 8, where it is interesting
to note that the lift-to-drag ratio has a maximum value of 140
at about 2 cm, while the maximum value of the guidance-to-
drag ratio appears at a zero vertical offset. Figure 9 shows the
dependence of the lift-to-drag ratio on vertical displacement
with lateral displacement as a parameter. It is seen from
Figure 9 that the lift-to-drag ratio decreases monotonically as
the lateral displacement increases, regardless of the vertical
displacement. On the other hand, for a fixed value of lateral
displacement the ratio goes through a maximum value as the
vertical displacement increases. That is, at small vertical
displacements, as the vertical displacement approaches zero
the drag force increases in magnitude relative to the lift force.
Only in the case where the lateral displacement is zero does
the drag force decrease relative to the lift force as the vertical
displacement approach zero. This is in contrast to the case
where no cross-connection exists. In the later case the drag
force diminishes in magnitude relative to the lift force as the
vertical displacement approaches zero, regardless of the lateral
displacement.

Guidance force as a function of lateral displacement with
vertical offset as a parameter is shown in Fig. 10, where one
can see that guidance force and lateral stiffness increase as the
vertical offset increases. Maximum guidance forces are about
13 kN for a zero vertical offset and about 20 kN for a 3-cm
vertical offset. Figure 11 shows the dependence of lift and
guidance forces acting on each SCM on lateral displacement at
a vertical offset of 3 cm, where a large change in lift can be
observed as the maglev vehicle displaces laterally, while the
guidance force changes are rather small. This implies that the
lateral stiffnesses of the two forces are very different.

Assuming a coil pitch of 0.7 m for the figure-eight null-
flux coil, one obtains a pitch ratio (SCM pitch over coil
pitch) of 3. Thus, the total lift force from the interaction
between a pair of SCMs and two rows of cross-connected
figure-cight null-fiux coils would be three times larger than
that discussed above. Thus, according to Fig. 8, the lift force

acting on a pair of SCMs at a vertical offset of 3 cm is about
51 kN. Twelve such SCMs can lift 31 metric tons at a
vertical offset of 3 cm and 21.5 metric tons at a vertical offset
of 2 cm. The guidance force associated with the twelve-SCM
vehicle at a lateral shift of 5 cm is about 13 metric tons for a
3-cm vertical offset and 11 metric tons for a 2-cm vertical
offset.

V. CONCLUSIONS

A simple dynamic circuit model for the cross-connected
figure-eight null-flux coil suspension sysicm has been
developed. The model can be used for the determination of
both transient and steady-state performance of the cross-
connected null-flux coil levitation and guidance system. The
closed-form expressions for the magnetic force components
are obtained on the basis of a harmonic approximation. These
simple relations are useful for vehicle dynamic stability
studies. Numerical results show that a cross-connected null-
flux suspension system has many advantages over the

conventional null-flux coil levitation system. In particular,

such a system can provide null-flux guidance at any vertical
offset. On the other hand, in contrast to the non-cross-
connected system, there is only one point where the drag force
goes 1o zero; namely, when both the lateral and vertical
displacements are zero.
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Self Nulling Hybrid Maglev Suspension System

Richard Herbermann
Grumman Corp
Bethpage N.Y. 11714

Abstract* - This paper describes a system for using
a superconducting coll on an iron core for the
levitation of a Maglev vehicle wusing the
electromagnetic or attractive suspension system
(EMS). The control system outlined here overcomes
the superconducting coil's inherent inability to
tolerate rapid changes In current,

L INTRODUCTION

This design evolved from the need for a higher
magnetomotive force (MMF) in an iron cored magnet than
was possible with normal conducting coils. This requirement
was generated by the desire to increase the air gap in an EMS
Maglev system in order to reduce the tolerance requirements
on the guideway. This concept was applied to the Grumman
conceptual design in order to increase the air gap between the
pole face and the iron rail from 1 t0 4 cm [1]

The obvious solution to increasing the MMF driving the core
was to use a superconducting coil. However, this was at
conflict with the requirement for a 10 Hz bandwidth in order
to control the gap width, of the inherently unstable EMS
system, and give acceptable ride quality. Superconductors
simply do not like high values of di/dt. This design concept
allows the superconducting coil to supply most of the MMF
and relegates the rapidly changing currents to normal copper
coils. A technique was developed to allow the flux through
the superconducting coil to change as the current in the
normal coils is varied. In addition at a low bandwidth, which
the superconductors can tolerate, the current in the
superconductors is varied in such a manner as to drive the
current in the normal coils to zero. This minimizes power
dissipation in the normal coils while retaining the ability to
rapidly vary the flux in the gap .

I. BACKGROUND

The EMS suspension system for a Maglev vehicle has been
demonstrated by the German Transrapid system [2]. This
approach has several advantages over the electrodynamic
(EDS) or repulsive system. The vehicle is levitated at all
speeds, the magnetic fields in the cabin and external to the
vehicle are extremely low, owing to the fact that almost all of
the flux is confined to the iron core and as a consequence of
the flux confinement the mechanical force and flux density at
the coil of the magnet are also very low. The latter fact
makes these magnets extremely well suited for excitation by a

* Manuscript received March 15, 1993. This work was
performed as part of the EMS Maglev System Concept
Definition study supported by the U.S. Army Corps of
Engincers under contract DTFR-92-C-000 04

superconducting coil. With the flux confined to the warm
iron core all the lifting forces for the vehicle are reacted in the
core which can be supported by heavy warm structure. With
little or no force on the coil itself it can be supported by light
cold structure thereby minimizing the heat leak from the cold
coil to ambient. A second beneiit of the low flux at the coil
is a greater stability margin in the superconducting coil.
Transrapid uses normal copper coils to create the MMF for
their magnets. The problems of power consumption and coil
heating force them to have a relatively small air gap between
the core and the iron rail (= 1 cm). This in turn causes two
other problems. First the guideway surface smoothness is
driven by the small gap and second the small gap dictates an
extremely stiff control system to prevent losing control
authority. The latter condition mandates a secondary
suspension system which is heavy and costly. Replacing the
copper coils with superconducting coils permits a much
higher MMF and consequently a much larger air gap (= 4
cm). This larger air gap reduces the requirements on guideway
tolerances and allows an adaptive control system which gives
an acceptable ride quality without the need for a secondary
suspension system,

L MAGNETIC CALCULATIONS

Let us assume that we have a normal copper coil magnet with
the necessary lifting force to support our vehicle at an air gap
of 1 cm. The lifting force as defined in (1) [3] is dctermined
by B2 assuming A and iy remain constant
B’A
M
2u,

Where B is flux density, A is the total pole face area, pyg is
the permeability of air and F is the force generated between
the pole faces. Therefore in order to increase the gap and
maintain the same lifting force all that is necessary is to keep
the flux density in the gap constant. This can be
accomplished by increasing the MMF supplied by the driving
coil. A first order approximation indicates that all thc MMF
in a magnetic circuit with a large air gap is dropped across
the gap. Assuming the reluctance of the gap is linear with
distance (in fact as the distance gets large, lcakage fluxes
makes the reluctance go up even faster) then the MMF will
go up directly as the ratio of the air gap increase. If we were
to increase the Transrapid 1 cm air gap to the desired 4 cm air
gap it would require 4 times the MMF presently used. This
would greatly increase the weight and power consumption of
the lifting magnets. A parametric study was made to evaluate
the saving when using a superconducting coil. The weight
summary for the two options is summarized in Table 1.

F=
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TABLE 1
MAGNET PARAMETERS
PARAMETER |UNI |AL |CU |SC
T
Lift per pole Kg 14701 1,470 | 1,470
SC coil weight Kg 22 |
Cooling plant weight | Kg N/A INA |20
Normal coil weight Kg 87 190
Power consumption | kW 33 3 35
per pole
Power cond. weight | Kg |66 60 10
Total weight 1 Kg 153 1250 ] 52

Both aluminum and copper conductors were considered for the
normal coils. This study also included the weight of the
cryogenic system and the weight of the power conditioning
systems for both the normal and superconducting coils. The
power conditioning was based on a weight of 20 Kg/kW.
The superconducting coil option (on the basis of overall
weight is a factor of 3 lighter than a aluminum coil and a
factor of 5 lighter than a copper coil. In addition to the
weight increase it would also be necessary to transfer
additional power to the vehicle (264 kW for aluminum coils
and 240 kW for copper coils). It is difficult to transfer this
amount of power inductively at all speeds. The high power
dissipation and confined locations of the normal coils would
require them to be actively cooled. This cooling would
require additional power consumption and add even more
weight. It is estimated that in light of the cooling and power
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problems the normal coil option will look cven less
attractive.

However, stabilizing an inherently unstable attractive system
requires that the current in the coil vary at rates of 10 or
higher Hz. Rapid current changes at this rate causcs heating
in the superconductor which, at best, greatly increases the
cooling requirements and which, at worst, quenches the

magnet
IV. HYBRID MAGNET AND CONTROL SYSTEM

The hybrid magnet and control system shown in Fig. 1
allows the superconducting coil to supply most of thc MMF
necessary to levitate the vehicle while allowing the rapid flux
variation necessary to stabilize the vehicle. The
superconducting coil is mounted on the lower arm of the core
and two normal copper coils are mounted on the legs. Two
power supplies are provided. One is for the copper coils and
the other is for the superconducting coil. The supply driving
the superconducting coils is a constant current power supply.
This type supply will automatically adjust it's output voltage
to maintain load current constant in the face of large changes
in load impedance. Looking at the supply from the load it
looks like an infinite impedance. The copper coils are driven
by a conventional rcgulated supply whose output current is
set by a gap sensor which drives the gap to the desired
spacing. There is a current sensor in the leads driving the
copper coils and it's output is fed through a low pass filter to
control the set point of the constant current power supply
driving the superconducting coil.

iron rail g9ap
S W
nomal coil normal coil
superconducting
iron coit core
£ eurent
\sensor J j
retant . dynamic
constant curren
power supply low pass power supply
fiker
1 Hz

Fig 1

Hybrid magnet control system allows the superconducting coil 10 supply most of the MMEF for lifting the vehicle while at the same time permitting the
rapid flux changes required to stabilize the inherently unsiable EMS system
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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.
The gap sensor detects a larger than desired gap and starts
current flowing in the normal copper coils. At the same time
the current sensor in the copper coil leads detects a current
flow and commands current to flow in the superconducting
coil. When sufficient MMF is generated by the copper and
superconducting coils the vehicle will begin to levitate and
the gap sensor will begin to indicate correct gap. This will
cause the current in the copper coils to diminish to maintain
the correct distance. At this point the entire MMF will be
supplied by the superconducting coil and no current will flow
in the copper coils. Should a disturbance such as an
additional weight be placed on the vehicle the gap will begin
to open and the sensor will detect the change. This will cause
an immediate increase in the copper coil current maintaining
the required lifting force. At the same time the current sensor
will detect this current and begin to increase the current in the
superconducting coil. The increased MMF will then begin to
close the gap and the detector will start to lower the current in
the copper coils until eventual equilibrium restored and no
current is flowing in the copper coils and the current in the
superconducting coils increased.

0.05

e
o
4

0.03}.

0.02

Rail Step Profile-m

0.01

Normal Coil Curr.-kAT

Fig. 2
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V. DYNAMIC ANALYSIS

The system was modeled using a single degree of freedom
(DOF) analysis to estimate the effect of a 3 cm (1.2 in) gap
step closure on the rail. This type of disturbance is
represented by a ramp input to the servo since cach magnet
module (4 magnets) sees the step accruing consccutively over
time intervals of 0.022 seconds for a vehicle traveling at 134
m/s (300 mph).

The results of this run are presented in Fig. 2 which
demonstrates that for a ramp input disturbance of 3 cm (1.2
in) the gap error does not exceed 2.5 cm (1 inch). At the
same time the control coil current does not exceed 15 kaT,
well within it's allowable short time limit, and the
superconducting coil current does not exceed 6 kaT, which is
approximately 12% variation on the nominal 50 kaT. This is
the result of the 1 Hz band pass filter. The reason that the
currents in the normal control coil and the superconducting
coil do not have to go higher is because, as the gap closcs,
the increase in attractive force approaches a constant value
equivalent to the saturation level of the iron core. If this
analysis were performed on a 5 DOF nonlinear simulation the
results would be expected to be even less severe because each
magnet module sees the disturbance in a consecutive manner

0.03
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Demonstration of cffectiveness 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
disturbance the first one will already have recovered. From
this analysis we can conclude that the system is very tolerant
to extreme conditions like a 75% step closure in gap
clearance.
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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
limits of EDS maglev and describes a new flux canceling system
that achieves high efficiency for suspension and guidance In ad-
dition to rapid attenuation of field with distance and low ac
losses in the superconductor. It has a drag peak that s relatively
small and occurs at low enough speed that the vehicle can oper-
ate at speeds below 5 m/s.

INTRODUCTION

This paper starts with a discussion of the theoretical issues
that determine lift efficiency and a comparison of the effi-
ciency of existing designs. The theory leads to a new flux
canceling EDS system that requires a minimum volume of
guideway conductors for a given efficiency. Guidance and
propulsion are also discussed.

EDS DESIGN CONSIDERATIONS

Two dimensional field model

It is important (¢ understand the fundamental limitations
and tradeoffs that are inherent in Electro Djuamic
Suspensions. There are several important limits, and they can
be understood from analysis of relatively simple models.

Fig. 1 shows a two dimensional model which assumes all
vehicle magnets are long and neglects any performance
degradation from coil end turns. The vehicle magnet is rep-
resented as a pair of superconducting wires carrying current
iy and interacting with a corresponding pair of guideway
conductors carrying current ig. The vertical suspension force
Fy is produced by the z-directed component of the magnetic
field in the vicinity of the guideway conductors, By, interact-
ing with the x directed compoenent of the current in the
guideway conductors, {p. To maximize the field, the best we
can do is space the vehicle conductors far enough apart so
that the [icld in the guideway conductors is determined only
by the nearest vehicle current element.

Consideiing only the field of the nearest vehicle wire, the z
dirccted ficid By, the vertical force per unit length Fy, and the
suspension pawer loss per unit length Pg are

4p

JTIN]
B=-U0V F =28, P =— 1)
y 88 & A

2 2nc

a )1 +i\:

-iv ~ “ts
f O-—-- superconducting—— )

vehicle coils

v .
-8B '8 —flux lincs— -ip B
e

guideway conductors with total area A
FIG. 1. TWO DIMENSIONAL MODEL OF EDS.

Manuscapt recerved March 15, 1993 This work was supported by the MIT
Depanment of Elecincal Engineening and Computer Science, and by the U S.
Depantment of Transponation via a contiact from Bechtel Corporauon.

Eliminating By , the suspension loss per unit mass is

Fy _ mo A
¢ i )

Pg 47cp,g

The design compromisc is cvident in (2). The first factor is
a material property that offers very few options; copper has
60% of the resistivity of aluminum, but on a per unit cost ba-
sis it is more expensive, so most EDS designs use aluminum
for the suspension components. The second factor shows the
desirability of a large area of guideway conductor and close
spacing between vehicle and guideway. The third factor
shows the desirability of a high ratio of vehicle current to
guideway current. Clearly, the desire for efficiency is in di-
rect conflict with a desire for light vehicle magnets and low
cost guideways with a wide gap suspension,

Inductance model

To complete the analysis we use the inductance model il-
lustrated in Fig. 2 with the vehicle and guideway conductors
modeled by closed loops carrying currents iy and ig, and with
inductances used to model the magnetic energy storage. In
Fig. 2 the coils are shown in a vertical plane with the vehicle
assumed to be in motion in the x direction. The vehicle coil is
assumed to be a port superconducting coil and the guideway
coil is assumed to be mounted on the side of the supporting
girder. The analysis can be extended to deal with more com-
plex coils in any other plane,. but the chosen model is a good
representation of our preferred design.

We want to determine the currents and forces when the ve-
hicle is moving at a uniform velocity in the x direction,. The
key problem is to determine y directed forces produced by in-
duced currents in the guideway coil.

ip Y

.
3

FG. 2. INDUCTANCE MODEL OF EDS.

Later we will consider the cffect of the resistivity pg for the
guideway coil, but for now assume the guideway conductor
has no resistance. Then the model includes a vehicle coil self
inductance Ly, a guideway coil self inductance Lg, a mutual
inductance between them Ly, the vehicle coil current iy, and
the guideway coil current ig, and the flux linkages Ay and Ag.
The directions of the currents were assigned such that in
normal operation iy and ig have the same sign. Thus Ly has
a negative value and is assumed 6 be a function of y, the
vertical displacement between the two coils. The important
matrix relaton is



{L, L, :I[z] {l} 3)
L Ly |i Ay

If there is no resistance in either inductor, the flux linkages
can not change from their initial value. The currents, how-
ever, will change and we can calculate them as functions of
the flux linkages. Knowing the currents, we can calculate the
total stored magnetic energy W, and from that compute the
vertical suspension force Fy by computing the change in en-
ergy caused by a change in the vertical displacement.

i, _ 1 L, -L,4,
ig - Lng - L%g —LVS LV lx
oW

I aL,
W==(i,A, +igd,), F === = ii, —%
2 ! s) ay 4,.4, const 6y

The vehicle flux linkage is set when the vehicle magnet is
"fluxed" (this seems to be a more appropriate term than
"charged"!) and if we assume the persistent current does not
change, A, will never change. The guideway current is totally
an induced current, so Ag =0, and we have the important re-

@

sult
iE Lng - L%g *L"E 5
! L, 2 1 aL, ©)
B g2 T
LT TR oy

Three important facts are conveyed by (5).

» The ratio of guideway current to vehicle curreat is the ra-
tio of the mutual inductance between vehicle and guideway
coils to the self inductance of the guideway coil.

« The force is twice the product of the stored energy in the
guideway inductance and the per unit dependence of mutual
inductance on position. Storing more energy costs more, ei-
ther in terms of using a larger and heavier guideway inductor
or creating more loss in the real guideway coil which has fi-
rite resistance.

+ Small Lyg is essential for low superconducting magnet
power loss due to ac currents. For a given vertical oscillation,
due for example to juidewa, bumps, the ac current induced
in the vehicle magnet is proportional 1o this inductance and ac
loss varies as the square of the induced ac current..

If we could construct a guideway with superconductors,
then the forces could be computed exactly as described. With
a superconducting guideway we would construct a maglev
system comprising a configuration of coils on both sides of
the vehicle and a guideway such that the vector sum of all
forces produces stahle equilibrium in the y and z directions
and ncutral equilibrium in the x direction. This is possiblc be-
cause the currents can change with relative position of the
vehicle on the guideway, o Earnshaw's theorem is not appli-
cable. This type of stable suncrconducting system has been
given the name "Magnetic Potential Well” or MPW, but
clearly any EDS system with stable suspension for moving
vehicles becomes an MPW system if the guideway is con-
structed with superconductors. The principal virtue of the
MPW idca is that it can help in the design and analysis of a
practical system,

The effect of loss

We can compute lift efficiency by modeling guideway loss
as a perturbation of the inductance model. If we define the
guideway coil resistance as Ry then

P =i’R fi____ii_[LhJ
g

. (6)
£8P, R\ L, oy

In (6) the negative sign indicates the force is in the direc-
tion of decreasing magnitude of Ly,., i.e. a repulsive force.
The first factor on the right is the electrical time constant of
the guideway coil when there is no vehicle present. The
second factor is the per unit change in mutual inductance with
changes is vertical position between vehicle and guideway.
The only way to achieve high efficiency is to make one or
both of these factors large.

Time constant of guideway coil

Consider first the problem of designing a guideway coil
with a large electrical time constant. Assume that both coils
in Fig. 2 are long in the x direction and neglect the effect of
end turns and model the coils as transmission line as shown
in Fig. 3 The inductance and resistance calculations are given

by (7).

9
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FIG. 3. TRANSMISSION LINE MODEL OF GUIDEWAY COILS.

#o d ng 4pg
L, ===|1 LS|, R, =—>=—=
¢t n ( "a+h * S) 5oab A
7)
L A (
Tg =——x-=-——-#0 g—(ln d +1.5)
R, 4np, a+b

To first order the inductance per unit length depends only
on the perimeter of the wire and there is very little difference
whether the cross section is round, square, or rectangular. In a
practical design we would usually make the cross section
rectangular with b somewhat greater than « 1n order to mini-
mize the distance from the center of the guideway conductor
to the center of the vehicle conductor. Since the dependence
on 4 is only logarithmic, there is very little possibility to in-
crease L. by increasing d. The only way to increasc the time
constant significantly is to reduce the resistance by usine
more conductor.

The conductors can be made with either aluminum or cop-
per. These two materials cost about the same per unit m:
and if the mass or cost is specified aluminum will produ.ce a
coii with a larger electrical time constant. For the suspension
system the use of aluminum will normally lead to lower cost,
but in cases where there is a limited space for the winding,
such as in slots in an iron core machine, copper is better.
Assuming aluminum conductors:

~J
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witha=0.02m, b=0.03 m, d=0.35m:

Py =0.0282 pohm - m, R, = 47.0 pohms/ m, @8)

L
L, =1378 ph/m, 7, = =% =29.3 msec.
RB
When end turns are considered, a practical guideway induc-
tance time constant is in the range 15 to 30 msec.

The relation between efficiency and stiffness

We set an objective of realizing at least 1 Newton of lift for
each watt of dissipation. This gives a lift power dissipation of
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-
ficiency, and assuming a guideway time constant of 25 ms,
we need

Ty e ! ey,
P, R, L, ady
)
L, 1 oL, p
if ==0.025sec, — =—40m™,
R, L, 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 Fy
slope = stiffness ~~{
N / 1g]
172 q 0 G Y
0 .
0 y

(a) Repulsive force. (b) Shear force.
FIG. 4. TWO TYPES OF STIFFNESS THAT ARE POSSIBLE.

Repulsive force designs, such as the original and new
Magneplane and the Japanese MLU series, have a nonlinear
force vs. displacement curve, as shown in Fig. 4a, and can not
produce a ncgative force. Most shear force designs that are
under development, such as the Japanese sidewall null flux
design and our flux canceling design, have a nearly linear
force vs. displacement curve, as shown in Fig. 4b, and can
produce negative or hold-down forces. Linear shear force de-
signs can be ~uch stiffer for a given clearance between vehi-
cle and guideway, and because of the hold-down force ca-
pability are preferable if all other factors are equal.

For all EDS systems the force vs. displacement curve can
be linearized and an apparent offset dy defined as shown in
Fig. 4. If Fg is the equilibrium force, combining (1) and (6)
gives

2
RELBA o 1y Py

P p, L, d ¢d, 0
oF, _BiAs

dy  P.T,

High cfficiency implies high stiffness. High flux density,
larger guideway conductors, low resistivity conductors, and

low time constant coils all act to increase both efficiency and
stiffness.

SUSPENSION AND GUIDANCE ALTERNATIVES

There are three basic choices for guideway conductor con-
figuration:
» Continuous sheets;
 Discrete coils, both overlapping or non overlapping;
« Ladders.

All of these have been described in the technical literature,
and their important attributes are discussed briefly in the fol-
lowing sections.

Continuous sheet

The original and new Magneplane [2], and other proposed
designs [3], use aluminum sheets on the guideway to carry
the induced currents that produced the levitation force. The
idea, shown in Fig. 5, is to use a relatively thick and wide
sheet of conductor under the vehicle suspension magnets. The
induced guideway current flows primarily under the vehicie
conductors and very near the surface of the conductor.

FIG. 5. CURRENT PATTERN FOR CONTINUOUS SHEET EDS.

The low efficiency of a continuous sheet is due to a skin
effect phenomena. The flux density B and current density J
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

5= P _0.0845
o w/?

For an excitation frequency of 60 Hz the skin depth in alu-
minum 9.77 mm (0.38 in),

The force density is JXB, and both fields attenuate with dis-
tance at the same rate, so everywhere in the conductor the ra-
tio of force to power is the same. A more detailed derivation
shows that the maximum possible ratio of suspension force to
guideway power dissipation is

f_,_sé'uoz Mo _ 188
P, 2p V44fp N

Equation (12) gives the highest efficiency which is theoret-
ically possible. When end turns, harmonic currents, guidance
requirements, and other non ideal attributes are added the ef-
ficiency can be still lower. For example, with a 2 meter long
magnet the fundamental frequency of induced current is
33.25 Hz at 135 m/s, so the maximum lift efficiency is 0.324
N/w w 30 kW/tonne. In order to achieve this small a loss the
sheet wnust be more than 15 mm thick and in practice the loss
will be 40 to 50 kW/tonne.

In summary, an important design objective is t0 maximize
the lift efficiency Fy/Pg, but the continuous levitation strip
does not allow independent control of B and J and the effi-
ciency depends only on material propertics and the frequency
of the induced current. Stronger vechicle magnets lead to

(11)

(alum., 20°C, fin Hz).

(alum., 20°C. fin Hz). (12)
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greater levitation height or more lift per magnet, and wider
and thicker levitation strips will allow one to com close to
the theoretical limit, but to exceed it we must create a funda-
mentally different design.

The efficiency limit can be derived with an inductance
model, but this model is confused by the distributed nature of
the currents. Roughly speaking, there is a high mutual induc-
tance between the vehicle and guideway conductors and a
low self inductance of the guideway, so there is no way (o
achieve a low ratio of guideway current to vehicle current.

The reputation of low efficiency for EDS was one of the
reasons the German Maglev project adopted the EMS ap-
proach in 1975, and is our principal reason for rejecting con-
tinuous sheets. We have rejected continuous sheets for the
following additional reasons:

« The low efficiency leads to high drag at low speeds and
can cause overheating of the guideway near stations where
low speed operation is common.

« The high guideway currents create a strong reaction field
which, in turn, creates substantial ac losses in the supercon-
ducting magnets when the vehicle is subjected to high specd
operation over a realistic guideway that is not perfectly
smooth.

« The high drag at low speeds makes it impossible to design
a practical system without using wheels at speeds below
about 30 m/s (67 mph). Wheels create reliability problems
and all sections of the guideway must be capable of support-
ing the concentrat.d load a wheel creates.

« The continuous sheet poses difficult mounting problems
because of thermal expansion, and it does not appear to lead
to lower cost guideways than other designs.

+ Itis not possible to produce downward directed forces,
and the suspension force is substantially nonlinear. These at-
tributes create significant stability and ride quality problems.

Discrete coils

The continuous sheet can be replaced by a sequence of dis-
crete coils, cach one connected in a closed loop so as to allow
circulating currents. The effect is similar to the continuous
sheet except that the current density in the wire is constant
and the wire can be located in regions of high ficld. This type
of guideway fits the inductance mode. very well.

The Japanese MLU guideway used discrete coils and their
design is at lcast as efficient as it would be with sheets except
that the mass of conductor is reduced by a substantial factor.
But they were not able to take full advantage of stronger ve-
hicle magnets because of the relatively high mutual induc-
tance between vehicle magnets and guideway coils. Also, the
discreteness of the coils, as compared o sheets, led to a
bumpy ride at low specds, 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
the guideway time constant and the per unit variation of mu-
tual inductance with position. For all practical coil configura-
tions, if the distance between vehicle and guideway coils is ¢,
we find
1 1 dL, 2
—_— —— & -

c L, o ¢

The narrow range indicated by (13) is duc to the inverse
polynomial behavior of the mutual inductance with distance.
Using typical values

(13)

L oL
forc=0.14 m, =% =0.03 sec, L-—-—"—‘-:-légm";

R, L, oy ¢
F 14
Ey 0321 N/W, or P, = —28_ =305 kW / tonne (14)
P, 7 0.321

F
atl35m/s }l=135~0.321=43
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The discrete coil approach offers about a factor of two im-
provement over a sheet guideway and, most important, there
is a possibility for further improvement.

Although there are still limits imposed by practically real-
izable values of L g/R , the discrete coil design offers more
options for increasing Tift efficiency than does the continuous
strip design. There may be some increase in cost with a dis-
crete coil design, but the extent of the cost increase does not
appear to be large. Large air core inductors can be manufac-
tured in an automated factory with labor costs that are small
compared to material cost. The coils do not really have to be
wound from wire, they only have to create a structure with
constant current density and negligible eddy current loss. For
example, we can try to emulate the cast aluminum rotor of the
squirrel cage induction motor, albeit with much thinner con-
ducting paths. The installation might actually be less expen-
sive than for a continuous strip because there would be no
need 1o use welded connections between large aluminum
plates. Another good feature of discrete coils is the fact that
frequency does not play as major a role, so shorter vehicle
cails could be used and it is easier to use the same vehicle
magnets for both suspension and propulsion.

Sidewall Null Flux

The newest Japanese EDS design uses a horizontal gap and
the magnetic force is a shear force between vertical surfaces
of a null flux system. This is a variation of the original null
flux system proposed by Danby and Powell in 1966 [1]. This
design is more efficient, but not !=ss expensive, than the dis-
crete coil design. A 2-dimensional model is shown in Fig. 6.

The key idea is to incrcase efficiency by reducing thc mu-
tual inductance between the vehicle coils and the guideway
coils. This is done by using a Figure-8 coil, and when the coil
is symmetrically located with respect to the vehicle coil, there
is no flux linking it and no current. There is a very rapid in-
crease of mutual inductance with position, a feature required
for high efficiency; see (6).

Induced current
— in guideway
conductors

Persistent current in
superconductors

Arrows show

force on vehicle,

F varies as 1/r
FIG. 6. 2-D MODEL OF SIDEWALL NULL-FLUX EDS.
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One virtue of the null flux design is that he current in the
coil can be controlled by design and we can make almost any
tradcoff we like between various parameters, limited only by
the theorctical limits discussed earlier. However, this effi-
ciency advantage comes at the expense of using more guide-
way conductor niaterial and there are more difficult fabrica-
tion, mounting aad alignment problems. Practical lift power
loss is in the range 10 to 20 kW/tonne, or less than half the
loss of a simple coil or sheet.

Ladders

Imagine that in the model of Fig. 1 the conductors shown
are the rails of a ladder and that there are cross connecting
conducting rungs. This is a cross between a coil and a sheet,
and is somewhat analogous to the rotor of a squirrel cage in-
duction motor that has been cut and rolled flat. Unfortunately,
unlike the squirrel cage motor, there are high magnetic fields
in the aluminum conductors, so the conductor must be con-
structed in a special way to achieve any advantage over a
continuous sheet. The only possible advantage of a solid lad-
der is the reduced aluminum required as compared with a
sheet. However, a laminated ladder can be more efficient than
a discrete coil, and can be used with flux canceling suspen-
sions.

FLUX CANCELING EDS

Flux Canceling Suspension

Flux Canceling EDS combines many of the best attributes
of other systems with fewer disadvantages. In Fig. 7 the up-
per and lower rows of magnets on the vehicle create a field
that falls off rapidly with distance, but is still on the order of
1 Tesla in the vicinity of the guideway conductors. The sus-
pension conductors on the guideway arc arranged as a ladder
with the rails providing the vertical lift and the rungs cutting
the flux and producing the induced current. The ladder is
laminated in a unique way that climinates skin effect
problems.

The result is a system that:

s Produces high efficiency through rapid rate of change of
mutual inductance,

= Crealcs rapid attenuation of fields with distance,

«  Makes cfficient use of guideway conductors,

« Is susceptible to a range of design compromises,

» Reduces ac losses in vehicle magnets because of reduced
guideway currents and mutual inductance,

» Permits a large vertical gap between vehicle and guide-
way?

+ Allows guidance and propulsion using the same vehicle
coils.

FIG. 7. FLUX CANCELING SUSPENSION.

Most notably there are few disadvantages and improve-
ments are still being made.

Analysis of Flux Canceling Suspension
A two dimensional model is shown in Fig. 8.

a$ -Iy
y i
b1 B,(b,c)
e
C z
|
-b1—® B,(-b, c)
-lg
-a®.

FIG. 8. 2-D MODEL OF FLUX CANCELING SUSPENSION.

The vehicle coils are modeled by three conductors that are
long in the x direction, and with current 2iy in the center
conductor and -iy in the upper and lower conductors. The
guideway is modcled by two long conductors with current ig
in the upper conductor and -ip in the lower conductor. The
dimensions are given in Fig. 'ﬁand application of Maxwell's
Equations allows calculation of the z component of B at the
location y=band z=c:

Loi, [ 2b a-b a+b (5
B, = T 2T T2 73
2r \b*+c” (a-b)"+c* (a+b) +c¢

The design problem is to determine the vehicle current iy,
and the three dimension a, b, and ¢ so as to achieve the high-
est possible B;.

The vehicle current is determined by a varicty of factors,
and for a typical design is 400 kA-turns. This is a compro-
mise between desires for a high field at the guideway but low
vehicle magnet weight and low fields in the vehicle.

Assuming the vehicle is displaced vertically from the
symmetry position, there will be large currents induced in the
guideway conductors by virtue of the motion of the vehicle.
In Fig. 8 the induced currents are +ig and -ig in the upper and
lower guideway rails. The displaccment of the vehicle from
the symmetry position is so slight that there is no perceptible
change in B,.

We would like to make ¢ as small as possible, but this di-
mension is constrained by mechanical clearance, cryogenic
insulation thickness, and suspension conductor size. The de-
sign problem is to pick a and b so as o maximize B; for a
specific choice of ¢. This optimization can be donc analyti-
cally leading to

a=2b, 9b* — 10622 ~3¢* =0, s0 2 = 11648
C

) (16)
B,=1.218280%
2nc
Although there arc optimum values of a and %, there is rela-
tively little variation over a wide range of paramectcrs.
Superconducting magnets

The basic vehicle magnet module is the octapole of 4 coils
shown in Fig. 9. Arrays of these modules provide the ficld for
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a Flux Canccling Suspension. Several modules are placed
cnd-to-cnd under nearly the whole length of vehicle so as to
create a distributed load with a large number of magnetic
poles for the LSM.

v

0.7 . m—

¢ 400kaS | 400kaN

- 20m >
FIG. 9. OCTAPOLE MODULE.

If the only problem were to create a set of magnets with a
specified total energy storage, we would use a small number
of relatively powerful magnets. Unfortunately, this would
lead to a concentrated load on the guideway and a more ex-
pensive linear motor. Our compromise is to make every effort
to reduce the size and weight of the magnet, and use magnets
under most of the vehicle length.

Several octapole modules are physically integrated, end to
end, to form a vehicle bogie, and then several bogies are used
to provide the primary vehicle suspension. In a typical design
the coils are spaced on 1 meter centers. Then a speed range of
50 to 150 m/s implies an electrical frequency of induced cur-
rents of 25 to 75 Hz. From theoretical cfficiency calculations
we know we need on the order of S0 cm2 suspension area,
but for frequencies of 25 to 75 Hz it is difficult to create uni-
form current density over the entire arca due to the skin effect
discussed earlier. Thus we resort to either discrete coils con-
structed from many strands of fine wire, or use laminated
conductors with the flux direction parallel to the laminations.

The most effective use of material is achieved with a ladder
as shown in Figs. 10. The ladder uses thin aluminum sheets
that are bonded together and slit so as to allow the desired
currents to flow but with minimum unwanted eddy currents.

— [t

rails

! [~

rungs

end view side view
11G. 10. SIMPLIFIED DETAIL OF SUSPENSION LADDER.

Typical performance

A system concept design was created using flux canceling
suspension and guidance and linear synchronous motor
propulsion. All guideway conductors were mounted on the
upper sides of a box beam guideway [4] and the vehicle had a
vertical gap of at least 100 mm The basic suspension module
had the characteristics given in Table 2.

The design described in Table 2 led to performance calcu-
lations shown in Fig. 12. Over the normal operational speed
range the lift loss was less than 10 kW/tonne and the Iift to
drag ratio was 140 at 120 m/s. This lift loss can be halved by

1507
LD

100 4+

Fr.. kN

lift»
50 +
0 } } ¥
0 50 100 M5 150

FIG. 12. L/D AND LIFT FOR 8-COIL MODULE,

Table 2. Typical flux canceling design.

Vehicle
Coils per module 8 4 oneach side
Modules per vehicle 12
Horizontal magnetic gap 145 mm
Horizontal mechanical gap S0 mm
Vertical offset, high speed 157 mm
Coil pitch 1 m
Coil length 0.79 m
Coil width 03 m
Guideway ladder
Rungs per meter 6
Rail width 30 mm
Rung width 50 mm
Thickness 40  mm

doubling the guideway aluminum mass or by increasing the

vehicle coil current by V2.

The curves in Fig. 12 signify a drag peak at 17 m/s, and at
the peak the drag is 20% of the high speed lift. The vehicle is
levitated down to 10 m/s by allowing the vehicle to settle up
to 8 centimeters below the zero-force position. With high
temperature superconductors it will be possible to use super-
conducting ladders in stations to provide stable levitation at
zero speed. In our system concept design we used air bear-
ings for emergency stopping on the guideway, with the intent
of providing magnetic suspension down to 0 speed for sched-
uled stops.

Although the ladder provides the most efficient use of
aluminum, it is not necessarily the best approach. We are ex-
ploring discrete coil designs that may be less cxpensive (o
fabricate and install.

FLUX CANCELING GUIDANCE

The suspension system provides some guidance, but for the
design described above the guidance force is only about 10%
of the suspension force. It would be possible to design a flux
canceling suspension system that produced greater guidance
force, but there is a disadvantage of making the guidance
force proportional to suspension force. In the interest of in-
creasing efficiency and minimizing interaction between sus-
pension and guidance we developed a separate guidance sys-
tem.

The guidance system is subject to the same laws that gov-
cm the suspension system, we used a flux canceling guidance
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system with many of the atributes of the suspension system.
The key is to use cross coupling between coils on opposite
sides of the guideway so that when the vehicle is centered
there is no force and no power loss. This is reminiscent of the
guidance system being used in the new Japanese design, ex-
cept that the guidance is almost totally decoupled from the
suspension.

When the vehicle is centered horizontally the voltages in-
duced in the opposite-side coils cancel, so there is no current
flow and no lateral force. If the vehicle shifts to one side of
the guideway then the induced voltages do not cancel and the
resulting current produces a push on one side of the vehicle
and a pull on the other side. Within limits the coils can be de-
signed to achieve any desired lateral stiffness, and the stff-
ness is almost independent of vertical position. The cross
coupling achieves high efficiency because there is only power
flow when a restoring force is needed. This is in contrast to
‘T'RO7 which, at high speeds, produces greater power dissipa-
tion in the guidance rails than is used for suspension.

A key feature of the design is the relative independence of
guidance and suspension forces, 0 that guidance is effective
oven if the vehicle is in the zero force position on the suspen-
sion ladder. The operation of the guidance can also be
explained in terms of the flux pattern shown in Fig. 13. The
flux linking the upper and lower coils adds and produces a
large voltage when the vehicle is moving. If there is lateral
offset, so that current flows in the coils, then the current in
the middle legs of the coils interacts with the vertical flux
lines to produce a horizontal force.

starboard vehicle coils

cross coupling between
opposite sides

~
field due to port
vehicle coils

Fig. 13. Flux canceling guidance.

:3:1::
/ flux iines

N
Cross
coupling o
opposite
coil

— Figure-8 coil

Fig. 14. Guidance coil flux pattern.
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Abstract - This report describes maglev suspension
systems in combination with linear drives for maglev
transportation of all speed ranges. The function of
suspension is separated from the function of propulsion.
These special configurations of 1L.agnets and motors
minimize the force-interactions between the suspension
and the propulsion system. The controlled permanent
magnet provides inherent stable forces either in the
support or in the guidance direction. Demonstration
vehicles show the application of controlled permanent
magnets and digital gap controls. The linear
synchronous motors are directly attached to the
levitation system and designed either as a short stator or
as a long stator type. A three-dimensional analysis of
the magnetic field was carried out to obtain the forces.
Computing models reflecting dynamic and nonlinear
properties of the magnets and the motors were
developed. The dynamic behaviour in various situations
was simulated.

[. INTRODUCTION

The attractive magnetic forces of electromagneiic
suspension systems arise trom the Maxwell stress in the
air gap of a soft iron core which is split between an
exciter on the vehicle and 4 yoke on the track. A
sufficient flux. density and hence 4 resulting force
density is generated by a few ampere turns. The
levitation magnets are excited solely by an electric
current or a controlled permanent magnet as described
in {1]. To achieve a stable levitation state the attractive
magnetic forces are electronically controlled. The
control units necessary for stabilizing the magnets
consist ot sensors, controllers, inverters and power
supplies.

The propulsion forces of linear synchronous
machines arise from the interaction of a stator current
sheet with an exciting field. The driving or braking

forces are generated corresponding to the amplitude of
the stator current and the load angle. The vehicle speed
corresponds directly to the propagation rate of the
travelling wave. The orientation of the field vector
necessary for a field-orientated control of the motor is
measured by a position sensor. The reactive power can
be adjusted by the electric or the permanent magnetic
excitation.

The layout of a levitation vehicle is mainly
determined by the characteristics of the active
components for suspension and propulsion. An
improved design of the magnet and the motor according
to power demand, magnetic forces, weight and
mechanical construction is the aim of this work.

II. SEMISTABLE MAGNET CONFIGURATIONS

The controlled permanent magnets presented in this
paper provide inherent stable forces either in the
support or in the guidance direction. The reluctance
forces at opposite pole cores in displaced position
provide stable force characteristics. With a steep
characteristic in the stable direction a position control in
this direction is unnecessary and the total amount of
control equipments is reduced. The steepness rises with
the flux density in the air gap and with the width of the
pole cores. A flux density of 1 T and a pole width to
air gap ratio of 2 provides sufficient forces for
transportation purposes.

A. Magnet with Stable Support Force

A cross-section of a stable magnet arrangement
called "magnet with stable support force” is shown in
Fig. 1 together with its flux plot. The flux excited by
the high-energy permanent magnets (NdFeB) closes its
path via the narrow pole edges of the magnets and the
double C-shaped rail. A vertical displacement of the
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Fig. |. Magnet with stable support force

magnet produces restoring reluctance forces which first
rise proportional to the diplacement and then fall
beyond a maximum point. In the stable range the
characteristic is analogous to that of a mechuanical
spring. The magnet responds immediately to track
disturbances with restoring forces and has a faster
dynamic response than conventional electromagnets,
which react with a significant delay caused by the

control procedure. Due to the spring characteristic of

the support force, the system has to be damped by
damper elements in the vehicle bogie which are
neccessary anyway.

In a vertical displaced position with increased force
the flux is lower than in the centre position, hence the
magnet can be designed for large flux densities at the
operating point. The flux density is only limited by the
saturation of the soft iron parts. Support force to
magnet weight ratios of ten are possible.

Horizontally 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
stabilization. The control coils of both sides are
connected in series. Only the ditference 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
not restrict the controlability of the magnets.

A small scale demonstration vehicle built by the
IEM shows the possibility of a surface mounted track
and the restricted expense ot a digital control. The

vehicle is levitated by four magnets capable of carrying
75 kg each.

B. Magnet with Stable Guidance Force

The magnetic field of the magnet arrangement
shown in Fig. 2 is generated losslessly by the ferrite
magnet placed in the centre of the magnet unit [2]. The
flux path runs symmetrically through the soft iron poles
of the magnet and the L-shaped rails. The flux
squeezing configuration increases the flux density in the
air gap to a value higher than the remanent flux density
of ferrite. The leakage at the flanks of the permanent
magnet is small as a result of the large magnet height
and the outer downwards shifted air-gaps.

During the process of force dimensioning an
overload factor and a control range allowing
compensation of disturbances were taken into account.
After optimization of the mechanical dimensions a
lifting force to magnet weight ratio of ten was achieved.
The design is a compromise between the conflicting
aims of high forces, small magnet weight, the
maximum current density of the control coil and the
magnet’s dynamic response.

The attractive forces are controlled by an electric
current supplied to a control coil. The control current
increases or reduces the permanent magnetic flux as
required. Energy is consumed only to compensate for
track disturbances. At lateral displacements the
magnetic forces retract the magnet to the centre
position. The inherent stable guidance force amounts to
more than 30% of the lift force.

Guideway
(X Control coil

Ei:] Permanent magnet

Fig. 2. Magnet with stable guidance force
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Fig. 3. Demonstration vehicle with four magnets

The ferrite magnet material has an average
remanent flux density ot 0.4 T. During operation the
value of the tlux density varies only in the linear range
of the B-H-characteristic of ferrite and demagnetization
cannot occur. The unipolar configuration of the system
allows an additional magnetization in the assembled
state to achieve the maximum remanence of the
material.

A full-size demonstration vehicle (Fig. 3) was built
using "magnets with stable guidance forces." The
levitation magnet was developed to provide a lifting
force of 7.5 kN for a 3 t vehicle with four magnets
which support the wvehicle bogie via springs and
«dampers. The two magnets on each side mechanically
form a levitation unit. The vehicle stands on the
levitation units and does not embrace the guideway. A
mechanical bearing with transverse swinging arms
allows the magnets to move only in the vertical
direction, although pitching of the levitation units is

Fig. 4. Control units of the demonstration vehicle

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
the choppers.

The homopolar transverse tlux arrangement
produces homogeneous flux densities in the longitudinal
direction. Minimized force-interactions with the
propulsion system allow for combinations with various
types of linear drives to form compact units.

C. Simulation Model and Results

A simulation model of the magnets and the vehicle
was investigated to examine the behaviour of the
vehicle at high speeds and to improve the control
methods. The magnet model contains the nonlinear
characteristics of the magnetic forces and of the coil
inductance. The inhomogeneous flux distribution in the
air-gap was taken into consideration in all directions.
This includes pitching of the magnets and the
unevenness of the rails.

All the most relevant quantities are obtained by a
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Fig. 5. Simulation results of a start-up procedure
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numerical evaluation of the derivatives of the magnetic
flux with respect to all the state variables. The
introduced state variables dre the vertical, the lateral
and the rotational positions of 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 (Ic1, Ic2) and the
air-gaps (zl1, z2) of a magnet unit were plotted over the
time. The magnet 2 (dashed lines) is started, after
magnet | (solid lines) reached its nominal gap. At this
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
are small. A control algorithm with both air-gaps as
input values reduces this influence even more.

11. LINEAR MOTOR CONFIGURATIONS

The linear synchronous motors presented in this
paper provide propulsion forces with negligible normal
forces. The motors were developed considering high
efficiency, low normal forces and force characteristics
adapted to transportation duties. A short-stator type
offers advantages for the maglev transportation in the
medium speed range with its small power. The small
machine power can be installed on the vehicle and the
drive energy can be transferred via current collectors to
the vehicle. A long-stator type is favourable for the
layout of a vehicle in high speed applications which
require a higher propulsion power.

A. Transverse Flux Short-Stator Motor

The short-stator motor was developed as propulsion
system with a high thrust and a low weight for the
medium speed range. The main characteristics ot the
motor which are advantageous for 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 pitchh  of
conventional motors is limited by the leakage and the
maximum stator frequency. An air-gap of 0.01 m as
usual in electromagnetic levitation systems leads to a
optimal pole pitch of about 0.2 m. An additional

Fig. 6. Transverse flux short-stator motor

increase of the thrust is then only possible with an
enlarged layout of the motor.

A transverse flux arrangement enables small pole
pitches without disadvantages in the design of the
motor. Fig. 6 shows the double C-shaped stator and the
passive reaction parts. The reaction parts consist of
small iron packets which are mounted on the rails at
constant intervalls. The stator consists of a stack of
laminated iron packets and nonmagnetic spacers.
Several stacks are joined together by the stator coil to
form a single-phase inodule.

The stator current flowing in the longitudinal axis of
the motor generates a magnetic flux in the transverse
plane (Fig. 7). The leakage in the window and at the
heading of the coil is small. So the flux mainly closes
its path via the reaction parts according to their
longitudinal posizion (Fig. 8). A movement of the stator
modulates the flux and hence the forces.

The motive forces arise by reluctance effects at the

L

D Reaction rail [X] Stator coil

Fig. 7. Flux plot of reluctance motor in cross-section
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Fig. 8. Flux plot of reluctance motor in longitudinal-section

edges of the marked poles of the stator and the reaction
rails. The maximum value of the propulsion force
depends on the ratio between the pole pitch and the pole
space. For a given air-gap optimal dimensions were
found to achieve a minimal weight and a maximal
thrust. The absolute ratings were then adjusted by the
pole height and the stator’s ampere turns. The different
planes of the magnetic flux and the electric ampere
turns allow an almost independent design of these parts.
The thrust of the motor designed for the demonstration
vehicle (Fig. 3) reaches about 10 percent of the vehicle
weight. The motor weight amounts to 11 percent of the
vehicle’s weight,

A movement at constant excitation produces an
approximatly sinusodial time behaviour of the
propulsion force. The negative forces can be suppressed
with the stator current set to zero during these time
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
determines the direction of the motive forces.

A smooth time behaviour of the force can be
obtained by superposing ot the forces of four modules
which are shitted respectively by a half pole pitch. The
stator current of each single-phase module is separately
controlled according to the phase position of the
module. Each module is fed by a two-quadrant chopper.

At higher frequencies which are associated with
higher velocities the magnitude of the current pulses are
limited by the stator inductance and a phase lag occurs.
In this case the mean value of the driving force is
reduced. A control method called "pre-commutation”

corrects the phase position in the field weakening range.
In this way a rise of the thrust can be achieved without
increasing the inverter power.

The normal forces 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.

B. Permanent Excited Long-Stator Motor

The long-stator concept transfers parts of the on
board equipment for the propulsion system to the track.
Most maglev trains of the high speed rauge use an
integrated propulsion and support system. In this case
the flux of the exciter serves both generation of support
forces and excitation of the synchronous motor. The
linkage of these function restricts the latitude of the
component’s design.

The long-stator motor described in this chapter
generates forces only in the direction of motion. Fig. 9
shows the configuration of the motor in cross-section.
The iron yoke of the stator was cut out to prevent the
excitation flux from producing unfavourable normal
forces. The excitation is provided by permanent
magnets. The flux disperses in longitudinal direction
and passes the three-phase winding of the long-stator.

A sufficient flux density is achieved with high-
energy permanent magnets (NdFeB) which are mounted
on an iron yoke. All components of the magnetic field
were calculated for consideration of the inhomogeneous
three-dimensional flux distribution of the permanent
magnets. An investigation of various magnet forms led

Phase 1

Fig. 9. Permanent excited long-stator motor
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to a simple magnet configuration with distances between
the permanent magnets.

The values of the propulsion forces were obtained
by an integration of the force density over the whole
volume of the stator windings. A unique current density
in the thick wires was assumed. A thrust of about 9
percent of the vehicle weight is achieved with a winding
scheme of the stator, which fills the entire space.

Due to the large distance between the stator and the
iron yoke of the exciter the attractive forces are small.
Additional force components arise at the coil headings
by the leakage flux. The vertical position of the
permanent magnetic exciter is controlled by the
levitation system. A direct mounting of the permanent
magnets beneath the support magnets forms a compact
unit.

IV. SYSTEM FEATURES

The levitation concept with » small magnetic gap
offers light levitation magnets and improved vehicle
layouts. The selfstable forces of the presented magnets
reduce the amount of electronic equipment for

stabilizing the magnets. Additionally the energy
consumption of the levitation system is reduced using
controlled permanent magnets.

The presented linear motors allow a mechanical
combination with the levitation magnets. The function
of levitation is not impaired by the drives and vice
versa. The high efficiency of the synchronous motors
reduces the thermal stress of the reactive parts.

The described system components for maglev
transportation show the possibility of a simple vehicle
and track configuration. Both surface mounted tracks
and standing vehicles are advantageous features.
Therefore the expense for the infrastructure of a tratfic
system using magnetic suspension and linear drives can
be reduced significantly.
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Abstract - There are two well known concepts for
achieving magnetic levitation of vehicles: one is based
on electromagnetic attraction (EMA); and the second
method is based on electrodynamic repulsion (EDR). In
turn, each of these concepts have at least two variations.
This paper presents a third form of magnetic levitation
where the guideway and vehicle coils are superconduc-
tive (SC). This configuration is known in Russia as the
Magnetic Potential Well (MPW). While the practicality
of including SC guideway levitation coils, in addition to
SC veliicle coils, may be questionable, test data with this
configuration is available for evaluation.

I. Introduction

The specific concept currently under investigation in
Russia is a three SC coil concept configured as a sidewall
maglev system: where two coils are stationary to form
the guideway and the third coil is mounted on the
vehicle. Currently, these three SC coils are sized to
levitate about one metric ton in a stationary physics
laboratory scale experiment [1-6]*.

The scope of this paper is limited to an abbreviated
explanation of this concept and to illustrating the experi-
mental characteristics of the magnetic levitation force vs
displacement relationships, ard linear motor application
relationships. This explanation and the accompanying
illustrations are based on log records and 35mm color
photographs made during a July 1991 visit to the mag-
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
newly independent republic of the Ukraine in Kiev.

II. Unites States National Energy Strategy

In 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
Congress and signed by the president in 1991 [42].

ISTEA section 1036(a) declares that it is the policy of
the US "to establish in the shortest time practical a US
designed and constructed magnetic levitation trans-
portation technology capable of operation along Federal-

1 Numbers in brackets [ } refer to references at end of paper.

aid highway rights of way, as part of a national system of
the US", see National Maglev Initiative (NMI) [43,44].

III. MPW Magnetic Physics Laboratory Experiment

Fig. 1 shows a schematic of the MPW experimental
setup at the Academy of Sciences in Kiev, by Kozoriz [1-
5]. It consists of two superconductive SC circuits and
their respective cryostats, in a vertical coaxial configura-
tion. The coaxial internal cryostat represents the transit
vehicle and it was suspended from a load cell (P) by an
adjustable cable. The SC coils include "persistent”
thermal switchs to interrupt the SC circuits. The load is
varied by adding mass to the pan suspended from the in-
ternal cryostat which represents the vehicle.

Displacement (X) is measured with reference to the
centerlines (cl) of horizontal symmetry of both SC cir-
cuits. Thus, it was possible to obtain magnetic force (P)
vs displacement (X) plots to define the levitation and/or
repulsion forces under various operating conditions.

Fig. 2 shows a characteristic levitation and repulsion
force (P) and SC circuit displacement (X) obtained with
the setup shown in fig. 1. In fig. 2, levitation, positive
magnetic attraction force +P is defined and plotted in
the upward direction, and repulsion force —P is defined
and plotted in the vertical downward direction. Levita-
tion gap +X, for a vehicle suspended from a guideway is
defined in a rightward X direction.

CcABLE

LOAD r

GuUIDEWAY CELL

SC CRCUIT

\ FORCE

VEHICLE

sSC CRCUIT +x

| S—
LOAD

Fig. 1 Schematic sketch of MPW magnetic physics
laboratory experimental setup at Academy of Sciences of
Ukrainian SSR, Kozoriz [1-5].
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Fig. 2 Definition of positive directions for force +P and
displacement +X and MPW characteristic curve of mag-
netic levitation and/or repulsion force -P vs levitation
displacement gap -X obtained with setup fig. 1.

The stable levitation range of this characteristic
levitation response curve is the positive slope portion of
the +P vs +X plot, where levitation force increases as
levitation displacement gap increases. Conversely, the
negative slope portion of the curve beyond the maxi-
mum force +P is unstable and nct useful for levitation,
since levitation force decreases as gap increases further.

IV. MPW Linear Motor and Braking Concept

Fig. 3 illustrates the hypothetical vehicle and
guideway configuration for the MPW linear motor and
regenerative braking system hypothesized by Kozoriz [1-
5). In the MPW linear motor concept, the vehicle SC cir-
cuit is accelerated toward two stationary SC circuits,
one on each side of the guideway, at instantaneous
velocity (V,), and propelled by the mutually attractive
magnetic force +P between the onboard SC and the two
stationary guideway SC coils, as defined by Kozoriz.

ETA NONARY
QUOEWAY SC COLS

VE9CLE VELOCITY
e R CHRCUT

SO (@S
o Mmﬁi‘l :“é}

Fig. 3 Illustrates a hypothetical MPW linear motor and
guideway configuration concept prcstulated by Kozoriz
[1-5]).

Hypothetically, at the instant when X = 0 the
guideway SC circuit is opened and SC current flow
ceases, it’s magnetic field collapses and transfers the
magnetic potential energy to the stationary SC inductive
energy accumulator. However, in the laboratory, this
energy transfer is simulated by energizing the persistent
thermal switch to open the SC circuit, this switch also
permits the initial charging of the SC coil; and, manually
displacing the internal coaxial SC coil with the load cell
cable at a small velocity V. Fig. 4a shows the character-
istic +P vs +X linear motor curve obtained with this
preceding procedure. This conjecture is based on cbser-
vations during the above laboratory demonstration, but
Kozoriz did not confirm this speculation.

Conversely, a braking characteristic curve of —P vs —
X beyond the ’cI’ mid point line of symmetry of the ap-
proaching vehicle SC coil and stationary SC coil, is simu-
lated by opening the current path of the stationary SC
coil when +X = 0, then, closing the SC current path
when the vehicle enters X < 0. This characteristic MPW
regenerative braking curve is shown in fig. 4b.

V. SC Magnetic Flux Switch

In the preceding SC linear motor and braking con-
cept described by Kozoriz, thermal switching is too slow
to be practical. However, faster switching rates can be
obtained with the SC inductive switch concept
demonstrated by Spyker and others [48]. An inductive
two axis vector switch exhibits submillisecond switchiny;
rates and may be more practical.

\
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- FIGURE 45
- x
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aRraxE e -

— P REFPPULSKON
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.

Fig. 4a/4b MPW linear motor +P vs + X characteristic
is shown in fig. 4a, while MPW regenerative braking -
Pvs -Xisin fig. 4b, Kozoriz [1-5].
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VI. Sidewall Levitation Experiment

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 .

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 ratic between coil thickness and their diameters. A
stainless steel frame supports two SC magnets in a
sidewall levitation configuration with the vehicle SC
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 adjusiable 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.
The SC magnets were precooled to liquid nitrogen
temperatures and then to liquid hydrogen temperatures
in a two step process. Detachable input current termi-
nals permit a maximum DC current of 300A which pro-
duces a maximum vertical magnetic force of 1200kg.

GUIDEWAY
SC CIRCUIT

SUIDEWAY
SC CIRCUIT

i -+ X
DISPLACEMENT

VEV

VEHICLE

SC CIRCUIT =N

LOAD

Fig. 5 Coordinate system for the case of a free vehicle
with roef mounted rectangular superconducting circuit,
magnetically suspended in a gravity field in the equi-
librium position, below a sidewall guideway consisting of
two SC circuits, Kozoriz [1-5].

Sidewell
SC circuit

Sidewall ¢
SC cirouit f

Vehicle
SC circuit
N e

Fig. 6 Configuration of three 600mm OD SC coils in
sidewall magnetic levitation experiment viewed from top
of the assembled test setup [5].

i s

ol of SC coil

Fig. 7 Side view of typical cryostat encloses one of the
600mm OD SC coils for three coil sidewall magnetic
levitation experiments [5].
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VII. MPW Maglev Power and Energy Requirements

Evaluation of a hypothetical MPW maglev transit
system, based on the mathematical model and transit
cycles defined in reference [46], and design parameter
assumptions in table I and table II, produced the power
requirements, energy consumption, and energy cost
results summarized in table III. Energy and power are
referenced to the maglev vehicle/guideway. Thus the
energy input to the guideway will be larger, depending
on a guideway to vehicle percent efficiency assumption.

Table ] -MPW parameters for stable equilibrium suspension in
gravity field, vehicle with mean effective mass one mton/m
car length, one SC coil yer meter

Description of Item Parameters

Mean effTective vehicle Mass lxlOskg/m

Spacing of two-wire dc line 2m

Side of square SC circuit 2m

SC circuits/meter of car length 1 coil/m

Equilibrium levitation gap, static/dynamic 0.5m

Center of mass vehicle-plane SC circuit 2m

Current 1 in SC circuit 30x10° A

Current 12 in two-wire line 200x10 3 A
C.48 Weber

Magnetic linkage \IIISC circuit

Table II summarizes MPW maglev vehicle parame-
ters assumed for the power and energy cost models [46]
defined in the following paragraphs:

Table II - MPW Maglev Transit Vehicle Design Assumptions
to evaluate system performance based on the mathematical
model and transit schedules defined in [46]

Description of Item Parameters
Aerodynamic drag coefficient [47,49] Cd 0.244
Air density, kg/cumeter 1.29 kg/cum
Vehicle frontal area A in sqm 7 sqm
Mean effective vehicle mass, kg/meter 1000 kg/m
Vehicle overall length, meters 25m
Magnetic lift/magnetic drag ratio FL/FD 500
Electric energy cost, $/kW-h 0.1 $/kWh
Efficiency n 1 guideway input to linear motor 0.90

0.85

Efficiency n, regenerative braking system

As an example, assuming guideway to vehicle ef-
ficiency of 90% for a suburban cycle [46] in table III,
aerodynamic and magdrag energy requirements would
require a total energy input to the guideway of 1375
kWh, to provide the 1238 kWh, aero 1224 kWh plus
magdrag 13.6 kWh, for vehicle cruise at 720 km/h, or
200 m/s. Also, addiiional energy is necessary for mag-
netic levitation. This consists of a one time initial ener-
gy charge to the SC circuits, plus the continuous power

for the refrigeration system to maintain SC coil cryostat
equilibrium temperature, which can be sized at about 2
kW/W heat leak rate. The RTRI SC system reports
[22,27] a cryostat heat leak rate of 4 Watts/SC circuit,
and requires a heat pump rated at 8 kW per SC cryostat.

Table III Energy-power-energy costs for hypothetical MPW
maglev transit system, referenced to 25 mton single vehicle

Energy Requirements: a=4 m/sz El ", = 0.90

Transit Total Total Total Energy
Cycle Aero MagDrag Accel Energy Cost
Type kW-h kW-h kW-h kW-h $/100km
Urban 30.6 1.36 36.8 76 55.63
Suburban 1224 13.6 170 1565 136.056
Ratios 40 10 5 b 2.5
Power Requirements: a=4 m/n2
Transit Cruise Cruise Cruise Cruise Accel
Cycle Speed Aero MagDrg Total Peak
Type Power Power Power Power
km/h kW kW kW kW
Urban 360 1102 49 1151 11200
Suburban 720 8813 98 8911 28900
Ratios 2 8 2 8 2.6

Table IV - Energy Recovery with Regenerative Braking

n, = 085 overall efficiency of regeneration system

Suburban

Description of Item Urban
cycle cycle

El Energy input w/o regeneration, kWh 1565 76

E2 Regenerated energy returned to guideway, kWh 100 27

Percent energy recovered % 6% 36%

As examples, urban cycle [46] power requirements,
at cruising speed 360 km/h, 100 m/s: cruise power of
1102 kW to overcome aerodynamic drag, and 49 kW to
overcome magnetic drag. Thus, the total steady state
cruise power is 1151 kW, while the peak power needed
to accelerate at 4 m/s?, from standstill to the cruising
velocity of 360 km/h, is 11200 kW. For the higher speed
suburban cycle [46) power requirements at velocity 720
km/h, 200 m/s are: total steady state power of 8911 kW,
and peak acceleration power of 28900 kW.

Table IV compares the energy consumption with and
without regeneration [46] and percent energy saved for
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%
with regeneration, and the urban schedule about 36%
with regeneration. As expected, regeneration is most ef-
fective and essential for a transit schedule with {requent
stops and short trips.

The peak acceleration power of 28900 kW in table III
suggests a constant acceleration level of 4 m/s? from 0 to
200 m/s may be unreasonable. Since maximum
guideway tractive force is current limited, more practical
guideway power characteristics are: a constant tractive
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force of 105000 Newtons from 0 to 100 m/s; and a con-
stant peak power of 14000 kW from 101 to 200 m/s.

Table V shows the acceleration times and accelera-
tion levels obtainable with these assumptions: As exam-
ples, acceleration level is about 4 m/s? from 0 to 100 m/s
vehicle speed, and decreases progressively to about 1
m/s® as speed approaches 200 m/s. Furthermore, 0 to
100 m/s acceleration time is still reasonable at 25 sec-
onds and acceleration to 200 m/s is an acceptable 77 s.

Gradeability from standstill on a 30% grade,
30m/100m, capable of accelerating to 100 m/s in 98 s.
On a 5% grade, capable of accelerating to 200 m/s in 108
s. On a 5% grade with 50 m/s headwind, capable of ac-
celerating to 200 m/s in 112 s. On a 8% grade with 50
m/s headwind, capable of accelerating to 200 m/s in 181
s. On a 7% grade, accelerates to 200 m/s in 137 s, and on
a 8% grade in 167 s.

Table V. MPW vehicle acceleration performance as a function

of linear traction motor characteristics assumed:
0 to 100m; s tractive foree limit = 105 kN, 120 to 200m/s peak power limit = 14000 kW

0%Grade 0%Grade 7%Grade

Speed Speed Force Power Accel Aoc%l Aoczl
km/h  m/s kN kW times m/s m/s

76 20 105 2100 5 4.2 35

216 60 106 6300 15 4.0 3.3

360 " 1056 10500 25 3.7 3.1

501 140 100 14000 37 3.1 2.4

576 160 88 14000 45 2.4 1.7

760 200 70 14000 17 1.0 0.3

VI1Il. Conclusions and Recominendations

1) The MPW maglev concept hypothesized by
Kozoriz is a speculation based on the magnetic attrac-
tion and repulsion force vs levitation distance character-
istics observed experimentally, with a classic magnetic
physics laboratory scale apparatus consisting of two su-
perconducting coils in a coaxial configuration, fig. 1.

2) Furthermore, the MPW linear motor acceleration
and deceleration concepts were also hypothesized from
the magnetic force characteristics obtained experimen-
tally, by manually displacing the internal SC coil at a
small velocity V after interrupting the internal SC coil
I1 current path, with a thermal persistent switch, which
permitted the SC coil current to be charged at the start
of the experiment. As a caveat, this conclusion was in-
ferred from the author's observations of experimental
procedures during the MPW experimental demonstra-
tion by Kozoriz in Kiev. Kozoriz declined to confirm
and/or deny this highly speculative conclusion.

3) This MPW concept consisting of coaxial SC cir-
cuits has the unique feature of maintaining magnetic
levitation at zero vehicle velocity, and, therefore it does
not require a powered acceleration to a lift off velocity,
as is the case with the RTRI EDR SC system [22-27].
However, it is not self evident that practical SC circuits
configured as shown in fig. 5 will exhibit the same at-

traction force vs levitation gap characteristics as a
coaxial configuration. Although, it appears reasonable
to expect that a configuration similar to the RTRI EDR
sidewall levitation system reported by Tanaka [27], can
levitate at zero velocity when the passive sidewall levita-
tion coils are electrified, instead of relying on elec-
tromagnetic induction due to dynamic vehicle motion.

4) Furthermore, the estimate of a low vehicle drag
characteristic, and resulting high ratios of (magnetic
lift)/(aerodynamic drag plus magnetic drag) is based on
the assumption that the maglev vehicle consists of a
single car, rather than a series of cars linked together;
and also the fact that the MPW magnetic lift does not
depend on powered forward vehicle motion. Therefore,
the SC MPW concept seems to offer promises that need
to be demonstrated by additional tests, aimed at reduc-
ing the MPW concept to a more practical form.

5) The future potential of the MPW maglev and LSM
propulsion concepts will be determined by the success in
transforming this physics laboratory experimental MPW
apparatus into more practical maglev and LSM con-
figurations. Furthermore, it is necessary to demonstrate
the ability to interrupt the high current levels of a SC
circuit with an inductive magnetic flux switch, or some
other unspecified method: and inductively transfer the
magnetic potential energy to the stationary SC LSM cir-
cuits in practical tilne intervals.

6) As a caveat, convincing experimental evidence has
not yet been disclosed to warrant a definitive conclusion
that MPW is or is not a candidate as a third maglev con-
cept option, at this point in time.
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THE ORGANIC GUIDEWAY CONCEPT
Timothy M. Barrows
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Cambridge, Massachusetts 02139

Abstract - A concept is presented for a guideway which
can be built in stages. The first stage, for low traffic densities, is
a simple concrete structure which avoids the need for propuision
or suspension conductors on the guideway. The cost of this stage
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
not built unless and until they are needed.

I. Introduction

The organic guideway concept is a system which can start
out from very modest beginnings and grow by incremental
stages 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 amouni of
capital can be used to produce an incremental improvement in
transportation service.

There is a strong emphasis in this concept on integration
with our existing highway network. The stage 1 concept is
shown in Figures 1 and 2. These show a vehicle which uses
acrodynamic lift at high speeds and ordinary rubber tires at
low speeds. Propulsion is by gas turbine, which is capable
of either driving a ducted fan or driving the wheels through a
transmission. For high speeds, the vehicle must travel in a
guideway. At low speeds, however, it can travel in designated
lanes of a highway. The general idea is to use the highways
for pickup and distribution of passengers over a wide area, and
to use the guideway as a high-speed trunk line. The vehicle
amounts to litile more than an oversize bus. Therefor,
minimal changes are required to a highway lane in order to
accommodate such vehicles. It would not be necessary to
exclude private automobiles from such lanes. The most
significant changes would be some widening of on-ramps and
off-ramps which have small turn radii.

For levels of traffic between about 1000 and 7500
passengers per hour, stage two would be used. This is shown
in Fig. 3. The suspension concept remains unchanged. The
gas turbine propulsion system has been replaced with a lincar
synchronous motor. There is a superconducting magnet on
the vehicle which serves as the rotor. The guideway winding
is located on a central stem in the micdle of the channel. This
requires a large capital investment, and provides the benefit of
lower operating cost per vehicle. The decision to make the
crossover between stage one and iwo would be made in much
the same way that railroads decide to electrify a given line --
it's an economic decision based on the projected pric of fuel

Manuscript received March 18, 1993, This work was
supported in part by the U.S. Department of Transportation under
contract DTFR 53-92-C-00003

Fig. 1 Stage One Vehicle Cross-section

and whether the traffic is sufficient to justify the investment.

The stage three concept, shown in Fig. 4, is used for traffic
above 7500 passengers per hour. It represents the full-fledged
maglev system. This traffic level is so high that articulated,
multi-car trainsets must be used. Aerodynamic lift is no
longer appropriate, for reasons which will be explained
below. In order to allow multiple cars in a train, nuil-flux
loops are added to the guidewalls and superconducting lift
magnets are added to the vehicles. The central advantage of
magnetic lift over aerodynamic lift is that there is no limit to
the length of the trainset. For flows of up to 15000
passengers per hour, two-car trainsets would be adequate.

At an early point of development, a network for this
organic guideway concept would assume the dendritic
structure shown in Fig. 5 (a). Each of the lower stages feeds
traffic into the higher stages, thus developing enough traffic
to support the overall investment. Stage two guideways feed
into the stage three central trunkline, just as the stage one
guideways feed the stage two guideways. Existing highways
feed into the stage one guideway. The crucial advantage of
this concept becomes clear when we examine Fig. 5(b),
which shows the same network at a later stage of
development. Those parts of the network which have
experienced traffic growth would be upgraded to the next
higher stage. Thus the network "feels" its way forward,
sending out shoots into the traffic market and increasing the
capacity of the branch and trunk lines wherever the necessary
traffic is found. To go from stage one to stage two it is
necessary to add the linear motor windings, substations, and
variable frequency wayside inverters. The basic guideway
structure remains unchanged. Stage three requires the further
addition of null-flux loops, plus some modification of the
switches.
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The rapid transit systems which exist in Europe and to a

W w.':l.ﬁ:';f"""" lesser extent in the U.S. can be cited as examples of such

organic growth. In the early part of this century the cities of
Europe did not have the large amounts of money which were

, . _ needed to build such systems. They evolved from trolley
Figure 4 Stage three vehicle cross-section lines which became more and more extensive, and as
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congestion occurred multi-car trains were used and then the
lines were put underground. Indeed, one could say that all
existing transportation modes are organic from the standpoint
that in their early stages viable systems could be built using
rclatively small amounts of capital.

The organic guideway concept can result in a truly national
system which serves a large range of traffic densities. The
emphasis is on building the appropriate system for a given
place and time, in such a way that it can evolve as traffic
needs change.,

II. STAGE ONE DESCRIPTION

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
retractable wheels for low speeds. This eliminates the need
for some of the most expensive elements: guideway levitation
and propulsion windings, substations, and variable frequency
wayside inverters. The notion of using acrodynamic lift for
suspension of a ground transportation vehicle is fairly well
established. In 1974, MITRE Corporation performed a
system definition study of the Tracked Ram Air Cushion
Vehicle (Ref. 9), which is similar to the present stage one
concept. If the flow is confined around the sides of the
vehicle, it is not necessary to have wings in order to have an
efficient lifting system. Thus in Fig. 1 there is a set of
hinged panels, herein called winglets, at the sides of the
vehicle whose tips come into close proximity to the
guidewalls. These panels partially seal off the pressurized air
under the vehicle. Each panel is held in position by a
pressurized air bag, which serves as a secondary suspension,
in the same way that pressurized air springs are used in most
rail passenger cars. The design of these panels is almost
identical to that of the French Aerotrain cushions. The major
difference is that the French design used air compressors to
pressurize both the air bag and the plenum region between the
pancl and the guideway, whereas the present design uses the
dynamic pressure associated with the forward speed of the
vehicle, so that no compressors are needed. These
lightweight panels only add a negligible amount of weight to
the vehicle. There is a similar set of panels under the vehicle
which are used in switches (not shown in Fig. 1).

A considerable body of rescarch was conducted at Princeton
on the concept of an aerodynamically suspended vehicle
traveling in a channel guideway. A theory was developed to
predict the forces and moments about all three axes, which led
10 a detailed model of the longitudinal (heave and pitch)
dynamics. Three types of experimental tests were conducted
to correlate the theory: wind tunnel tests, tests in which a
model was held in a moving carriage, and free-flight tests.

Fig. 2 shows a side view of the vehicle. There is a pair of
ducted fans in the front which are each powered by a gas
turbine. There are also movable control surfaces in the front
and rear of the vehicle which provide control of pitch, yaw,
roll, and sway. Table 1 gives a summary of the
characteristics of the vehicle. The MITRE vehicle was
designed for 100 passengers, whereas the present vehicle

carries 75 passengers. Thus some of the numbers in Table 1
were derived by taking the corresponding number of the
MITRE vehicle and multiplying them by a reduction factor.
This reduction factor was somewhat greater (i.c. less
reduction) than the ratio of passengers (75/100 = 75 percent)
since some of the vehicle elements do not scale with the
number of passengers.

TABLE 1
Data Summary for the Stage One Concept,
Based on the MITRE Tracked Ram Air Cushion Vehicle,
75 Passenger, Fluid Propelled Concept

Reserve thrust at cruise
Maximum static thrust
Cruise thrust shaft power
Energy requirement at cruise

Suspension

Average cushion gap at cruise
Average winglet gap at cruise
Vertical stroke (based on
realistic
acceleration limits)
» Body
* Winglet

Noise

As shown in Figure 2 with a
muffled fan and gas turbine

With maximum acoustic treat-
ment of vehicle and guideway

Di .
Vehicle:
Length 29m
Width 3984 mm (between
winglet tips)
Height 3m
Guideway:
Inside Width 4m
Height (levitation to surface to 1.5 m
top of side wall)
Weight
Net vehicle weight 23,000 kg
Passengers, crew & baggage 8,000
Fuel ~3.000
Gross vehicle weight 34,000
Propulsion M (Fluid
Momentum):
Two Fans: 1.4 m. dia.
Prime Mover: aircraft-type
turboprop
gas turbines, 3000 shp
(22.5 MW) each
Performance
Cruise speed 134 m/s

5,000 N (1.5% grade)
42,000 N (.135 g's
initial acceleration)
3.4 MW

2000 Btu/seat mile

38 cm (15 in.)
8 mm (0.3 in.)

410 cm (4.0 in.)
+4 mm (0.17 in)

106 db(A) at 50 fi., 300
mph

95 db(a) at 50 ft., 300
mph
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There is a large 7verage gap between the vehicle and the
guideway, which will greatly alleviate problems of snow and
debris Mainienance vehicles are used to periodically clear the
guideway of objects which are small enough to be thrown by
people or blown by the wind., The lirge avecrage gap allows
the vehicle to pass over such cbjects unharmed. 1t is assumed
that the majority of guideway will be elevated so that the
possibility of larger otijects getting onto the guideway is
negligible. For those sections of guideway whichk are not
elevated, special provisions must he made to detect or prevent
such intrusicns.

Switching and banking of the vehicle in turas on the
guideway are done in the sanie¢ manner as described below for
the stage two concept.

The question might be raised as ic whether it makes sense
to have people begin their trip at 55 or 60 mph using stags
one vehicles rather than having them use an ordinary bus and
change vehicles before getting on the guideway. This
question can be answered with another question: "how many
people ride to the airport in a bus?" The fact is that almost
every ride to an airport takes place in a car or taxi. The 75
people who would ride down the highway in a stage one
vehicle represent 75 cars or taxis not causing congestion.
From a passenger standpoint the stage one concept is vastly
preferable, for several reasons. It avoids the delay of
transferring vehicles. With a bus, schedule delays or traffic
conditions may mean the intended guideway vehicle is
missed, whereas if a passenger is aboard his stage one vehicle
at the beginning of the trip this is not a problem. Finally,
baggage does not have to be transferred from the bus to the
guideway vehicle.

There is a problem with any vchicle which carries fuel in
tunnels. This problem can be circumvented by specifying
that any portion of the system which requires a major tunnel
must have magnetic propulsion (i.c. must be either the stage
two or stage three guideway) Since tunnels themselves
represent a major capital expense, which is only justified in
the case of high traffic densities, it is consistent to go to the
more expensive version of the guideway anyway. With
shorter tunnels, it should be possible to use stage one
vehicles. The safety problems are not markedly different from
the situation with vehicular traffic, i.e. certain restrictions and
special operating procedures may be required.

. STAGE TWO DESCRIPTION

The stage two vehicle (Fig. 3) has all the clements of the
stage one vehicle except for the gas turbines and the ducted
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 middie 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 stator winding:

(1) The toroidal magnets have a compact and intensc flux

field which falls off very rapidly with distance so that it is
easy to shield the passengers from it. This allows the
magnets to be extended for almost the entire length of the
vehicle, resulting in much greater propulsive efficiency, since
almost all the guideway windings under the vehicle are
actively producing thrust.

(2) A fiat stator winding is not consistent with the
strategy for dealing with debris and snow described for the
stage one vehicle. With the stem design, there is a large arca
at the bottom of the guideway in which debris can sit
harmlessly until A maintenance vehicle has a chance to
remove it. Snow can accumulate to a depth at which it is
easily removed. Many practical problems are forescen with
the flat sator corcept, especially under icing conditions,

(3) The stem is the only part of the guideway which
experiences high levels of magnetic flux. This allows the use
of reinforcing steel at the outside regions of the floor of the
guideway, and only requires the use of non-conducting, non-
magnetic reinforcement in the immediate vicinity of the stem.

(4) The vehicle can bank relative to the guideway while
maintaining a small magnetic airgap for the propulsion
system.

In order to obtain a greater insight into the advantage of the
toroidal magnet, the reader is referred to Fig. 6, which shows
a magpnetic field which is enclosed between two conducting
sheets. The current flows into the page for the inner sheet
and out of the page for the outer sheet. It is possible to
arrange the distribution of current so as to prevent any leakage
of flux beyond the outer ellipse, i.e. ng external ficld. When
the magnetic field is not completely enclosed but has an
opening at the bottom as in Fig. 3, some flux leaks out.
Fig. 3 shows how the passengers will be shiclded from this
flux. There is a high-temperature superconducting shicld on
either side of the toroidal magnet which essentially blocks
most of the flux which would otherwise leak around the
outside of the torus. This has the added benefit of increasing
the flux passing through the stator coils, thus increcasing the
propulsive efficiency.

Outer Current
Sheet

Inner Current
Sheet

Figure 6 Currents can be distributed around a closed path in such
a way as to contain the flux to the interior region
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Fig. 7 shows the vehicle at high speed in a banked tumn.
The vehicle sits higher in the guideway in these curved
portions so as o maintain at least a six inch clearance at all
points where debris might be found on the guideway. In order
to accommodate this extra height, there are short extensions
on the guidewalls, and the linear motor stator on the
guideway is higher. The vehicle tilts about a point just
above the top of the stem so there is no requirement to
articulate the toroidal magnets relative to the vehicle.

When the vehicle is stopped or moving slowly the wheels
arc deployed. In this situation the floor of the vehicle is
parallel to the floor of the guideway, so that the maximum
unbalanced superelevation is the same as that of the guideway
(15 degrecs).

Figures 7 illustrates the advantage of having toroidal
magnets on the vehicle interacting with a stem on the
guideway: the vehicle can tilt and still maintain good
magnetic coupling between the vehicle and the guideway.
This provides ideal design characteristics. A larger tilt than
that shown in the figures is quite possible. Other designs
involve some disadvantage. A tilting mechanism, as with the
Swedish X-2000, requires an increase in the frontal area of the
vehicle plus a heavy mechanism. These drawbacks can be
overcome by having a guideway with a rounded bottom, as
with the Magneplane design, but this means the vehicle
magnets become decoupled from the guideway stator at large
tilt angles.

Figure 7 Stage two vehicle at 134 m/s

Low-speed switching is accomplished in the same fashion
as is used by conventional wheeled vehicles negotiating a
highway off-ramp. The vehicle is simply steered onto the
desired branch of the switch. The high speed switching
concept is shown in Fig. 8. The entry portions of the
switches are covered to prevent debris and snow accumulation
and to provide extra protection against crosswinds. There is a
set of hinged panels at the bottom of the vehicle (similar to
those at the sides of the vehicle) whose tips come into close

proximity to the bottom of the guideway. Thesc panels take
over the function of sealing off the pressurized air under the
vehicle, which is normally done by the hinged pancls on the
sides. Thus lift can be maintained without the sidewalls. As
with the side paneis, the bottom panels are held in position
by a pressurized air bag, which serves as a sccondary
suspension, only this time in the vertical dircction. The
propulsion stem on the guideway must gradually transition
into the flattened shape shown. This shape will have a
somewhat reduced magnetic coupling which requires thicker
stator conductors in the switches in order to maintain the
same level of thrust. Fig. 9 shows a view of the switch
further down the guideway. The right side of the bottom of
the guideway in Fig. 9 is sloped, so that when the vehicle
enters the right branch of the switch (the curved branch) it
will tilt, thus maintaining passenger comfort in the curve,
The lift vector is also tilted, thus helping to pull the vehicle
to the right. Once it has started to the right, the vehicle will
assume a stable position along the right guidewall as shown
in Fig. 9. The overhead covers for the switches are only
necessary in the initial portion of the switch, where the
average gap is reduced. In these sections, the vehicle may be
vulnerable to crosswinds or debris on the guideway (due to the
reduced average gap). Once the vehicle is clearly on one path
or the other a cover is no longer required.

uideway cover for switch entry sections

Figure 8 -- Entry section of stage two switch concept

The lateral force neccssary to accomplish the actual
swilching is provided by a pair of deployable speed brakes as
shown in Fig. 10. The angle of these speed brake airfoils can
be controlled in a symmetric mode or an antisymmectric mode.
If they are tumed antisymmetrically (i.e. both 10 the right)
they produce a controllable side force. They are turned
symmetrically to provide acrodynamic braking. The side
force from these deployable airfoils is used o push the
vehicle onto the exit branch of the switch (the curved branch,
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shown to the right in Fig. 9). It is only necessary to
produce a large control force at the front of the vehicle. The
vertical flaps at the trailing edge of the vehicle are sufficient
to control the position of the aft end, even without the
presence of sidewalls. It is not necessary to deploy the
airfoils if the vehicle is following the straight path.

There is sufficient average gap between the guideway stator
and the superconducting magnet to accommodate mainline
curvature. For tighter turns, the guideway stem can be made
narrower or lower, as shown in Fig. 9.

Figure 9 Downstream section of the stage two switch concept

¢ — ' Deployable
Speed Brake/Side Force
Airfoils

q
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Figure 10 Deployable speed brakes are used to generate guidance
forces in switches

IV. STAGE THREE DESCRIPTION

The stage three concept allows multiple-car trainsets.
Aerodynamic lift is no longer appropriate, since it is not
effective when the length to diameter ratio is greater than
about 20. The problem with aerodynamic lift is that for
practical reasons the design must allow a small amount of air
to leak out between the tips of the winglets and the guideway.
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
guideway 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 ccnter 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 ecight
configuration, similar to those on the Japanese MLUQ002
maglev vehicle. There is one pair of roll control magneis 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 svpplied by a combination of
magnetic force from the lift coils and acrodynamic force.

A switch concept for the stage three vehicle has been
worked out, but space does not permit a complete description
here.

V. SNOW AND 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.

Snow is removed by a combination of low-speed snow
removal equipment and special scoops on thc passenger
vehicles. After the guideway has been idle for some period of
time, such as in the early moming, automated snow removal
equipment will clear it for the passage of the first vehicle. As
more snow falls, it will accumulate in the bottom of the
guideway. This docs 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
drag. The idea is to have each vehicle remove a small portion
of 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 is directed up and over the
guidewall.

If there is a period of time during which thc number of
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
the requirement for this equinment in this way, there is
minimal disturbance of the hign-speed vehicle traffic by the
low specd of the snow removal equipment.

VL. FREIGHT TRANSPORTATION

All three stages of the guideway can be used by t:actor-
trailer trucks during the hours between midnight and 6 am.
This concept is shown if Fig. 11. A portion of the resulting
savings in delivery cost could be used to help defray the cost
of the guideway. This assumes there would be no high-speed
passenger vehicles on the line, so the trucks could travel at 60
mph. By taking advantage of the guideway sidewalls, it
becomes possible to have several trailers behind one tractor.
The tracior-trailer combinations would have to be modified
versions of conventional trucks. The tractors would be larger
and more powerful. Automatic steering would be used to
keep the trucks in the center of the guideway. The trailers
would also have provision for automatic steering, and would
have solid rubber rollers on the sides in case slippery
conditions cause them to slide into the guidewalls. Driver
productivity could be increased by a large factor with such
long combinations. It is worth noting that the DOT has
invested a considerable amount of effort developing
automnbiles which steer themselves automatically by
following a cable buried in the roadway. Automatic vehicle
control is one of the long-range goals of the IVHS program.
The present concept would be a perfect application of this
technology.

S

Figure 11 Freight Transportation Concept

VII. GUIDEWAY COSTS

The following cost summary shows that a stage one
guideway would cost about half of what a typical maglev
syste™ .~ould cost. Costs are $million per mile for a double
guiueway in flat rural conditions, and do not include sales tax,
project management, contingency allowance, or fee, all of
which add about 60 percent.

Guideway Structure 12M
Command and Control M
Total Stage One Cost 13M
Guideway Propulsion Elements 4M
Levitation/Guidance Coils M
Electrification M
Total Maglev Guideway Cost 25M

VII. CONCLUSIONS

The conventional view of maglev vehicles is that they
represent some kind an advanced, high-speed train. The
present concept is quite distinct in that it represents an
evolution of our present highway system. It is the most
intermodal of all high speed ground transportation concepts.
The organic guideway can be seen as a dedicated highway lane
for high-productivity trucks and buses. The buses achieve
their high productivity in terms of passengers-miles per hour
by operating at increased speed. Trucks can achieve higher
driver productivity in terms of ton-miles per hour by
increasing the amount of tonnage, i.e., by operating longer
combinations than are possible on a conventional highway.
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Abstract

The Magneplane maglev configuration relies upon a trough
shaped guideway supporting a vehicle with two saddle shaped
arrays of levitation and propulsion magnets. The levitation
magnets are tilted 35 deg. with respect to the horizontal plane
providing a center of lift in the vehicle above the center of
mass.

This paper presents the magnetic and aerodynamic force and
moment inputs and disturbance conditions for a 6 degree of
freedom vehicle dynamic response model. Ride quality
results and control actuator response needs are presented.
The vehicle response to a 2" guideway discontinuity is also
calculated.

INTRODUCTION

The ongoing discussion of the pros and cons of various
configurations for maglev transportation systems seems
to center around the cost and benefits for the various
methods. While recognizing the importance of
estimating system costs and the system utilization that
can pay back capital and operational costs, we believe
that a more fundamental issue needs to be addressed;
that issue being the efficacy of maglev configurations
for producing a safe, comfortable ride using achievable
construction and assembly methods.

To date the only high speed maglev system to
demonstrate a safe and comfortable ride is the German
Transrapid. However, the Transrapid does not meet
many of the U.S. market imperatives. The capital cost
is high; the construction tolerances are high; the
allowable guideway deflection is low. The U.S. NMI
office sponsored 4 System Concept Definition (SCD)
efforts in order to evaluate a number of different
schemes vs. the existing Transrapid.

Work sponsored by Army COE contract no. DTFRS53-92-C-00006.
Dynamics modeling performed by Lincoln Lab. Aerodynamics; James
Burnside, Michael Judd. and Charles Haldeman, et al. Magnet analysis by
MIT Plasma Fusion Ctr., Bruce Montgomery, Richard Thome, Robent
Pillsbury, and Richard Hale, et al. Linear synchronous motor force analysis
by Failure Analysis Assoc., Electrical Div., Don Galler, et al.

The US SCD efforts addressed the limitations stated
above and have arguably succeeded. However, a clear
dynamics discussion of the various maglev
configurations is not evident.

A scale Magneplane system was tested in the early 70°s
demonstrating the critical need for active damping
control and the requirement to solve the vehicle
dynamics problem in 6 degrees of freedom. For
example, the testing program showed a critical coupling
between the roll attitude and the propulsion drive that
was not solved until the invention of the magnetic keel.
Unfortunately model testing at 1/25th scale does not
allow proper scaling of the forces acting on the vehicle.
In fact, the scale model test was equivalent to operating
a full scale vehicle at 1 m/sec.

It is the purpose of this paper to describe the modeling
effort that establishes the 6 dimensional behavior of the
Magneplane maglev vehicle and shows how this
configuration meets the criteria for safe and comfortable
ride.

THE MAGNEPLANE CONFIGURATION

The Magneplane maglev configuration relies upon. a
trough shaped guideway supporting a vehicle with
saddle shaped arrays of levitation and propulsion
magnets as shown in Fig. 1. The levitation magnets are
tilted 35 degrees with respect to the horizontal plane.
They provide a center of lift in the vehicle above the
center of mass so that the suspension is naturally stable,
This configuration also couples lateral and vertical
motions.

The Magneplane system uses a .15m (6") levitation gap
lowering the natural frequencies for pitch and heave
motion to well less than 2 Hz. This suspension has
very low natural damping and must be damped by
active control of the propulsion system and by aero-
dyramic control surfaces.
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Fig. 1 Vehicle and Guideway Cross Section. Note: typical bogie arrangement.

Because the natural frequencies are low, good damping
performance can be demonstrated at control bandwidths
that are achievable in these devices. In addition, due to
the large gap, the Magneplane suspension is extremely
forgiving to large perturbations to the guideway. We
have analyzed guideway gaps of up to 2" showing peak
accelerations exerted on the vehicle structure of .25g.
All of this is accomplished without a secondary
suspension. The vehicle natural frequencies are:

TABLE 1
Vehicle Natural Frequencies and Damping

Mode Frequency (Hz.) Damping Factor
Heave 1.27 .0077

Pitch 1.46 025

Sway 0.92 .106

Yaw 1.06 .034

Roll 0.64 .020

Other important properties of the magneplane
configuration include:

1. The center of lift is above the center of gravity

and is attitude independent. The Magneplane
vehicle naturally banks to a coordinated attitude
in a curve.

2. Because the Magneplane uses sheet aluminum
conductor to generate lift forces, the induced
magnetic field generated by the guideway is
uniform as the vehicle travels along a span of
guideway. Field variations do occur between
guideway spans but have been found to have
minimal impact on lift and drag.

3. The conductor providing the vehicle support is
integrated into the support structure. There is
no requirement for lift coil construction,
insulation and mounting.

MODEL

The dynamic response and ride-quality simulation is
based on the six degree of freedom rigid body equations
of motion. The parameters affecting vehicle dynamic
response are:

Magnetic and aero-dynamic stiffnesses.
Active control system characteristics.

Mass properties.

Magnetic and aero-dynamic passive damping.

S e

The magnetic forces acting on the vehicle are
characterized by non-linear springs about equilibrium
positions.
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Levitation Magnets

For the levitation magnets we write for lift:

Fo = F, [h/(,+h)]"
where F_ = magnetic lift,
F, = reference lift force at height h,

and velocity v,,
h deviation from h,.
F, changes slowly with velocity and is assumed constant
for small vei 'city changes.

The relation for drag is written:

D(,v) = D, [h/(h,+h)]"® [v/(v,+V)]'"
where D(h,v) = magnetic drag,

D, = reference drag at h, and v,,

v, = reference velocity,

v = deviation from v,

A lateral force on the levitation magnets vs. proximity
to the inner edge of the aluminum sheet is calculated
and found to be small with respect to lateral forces
acting on the on-board propulsion magnets. The net
lateral force on the levitation magnets due to their roll
attitude with respect to the guideway is calculated and
included in the lateral force state equation.

Propulsion Magnets

The forces on the propulsion magnets include thrust, lift
and lateral forces. The thrust is created by the
interaction of the propulsion magnets with the LSM
windings in the guideway. The magnitude of thrust is
a control parameter and varies vs. LSM current and the
phase relationship between the LSM current and the on-
board propulsion coils.

The LSM current also interacts with the propulsion
magnets to produce lift forces. By operating near 0
degree phase angle it is possible to use changes in the
phase angle to control the lift with small changes to the
thrust.

For both thrust and lift forces a height variation is
calculated as:

F. = F, [hy/(h,+h)]
where F, = magnetic force,
F, = reference force,
h, = reference height,
h = deviation from h,.

Lateral forces on the propulsion magnets are created by
the interaction of the propulsion coils with the LSM and
with the edge of the aluminum sheet vs. lateral
deviation from center line. These effects have been
calculated and modeled as:

F(y) = Ay +By’+Cy

where vy is the deviation from the center line,
A, B and C are fit to the calculated lateral
forces.

Aerodynamic
Other forces acting on the vehicle include aero-dynamic

lift and drag on the vehicle body and aero-control
surfaces. For the body forces we write:

F,..(V) = 172 p C4 S (vo+V)?

where p = air density,

C, = coef of drag or lift, includes
induced drag of control
surfaces,

S = reference area,

v, = reference velocity,

v = velocity deviation.

The components of total C,; are: fore body drag, base
drag, ground interference, and control surface induced
drag.

The aero-dynamic control forces are modelled by lift
vs. wind speed and control angle for 5 control axes.
We have assumed orthogonal control authority and
closed loop controller. Drag forces on control surfaces
are assumed to be constant.

Damping

Magnetic and aero-dynamic passive damping factors
have been calculated (See Table 1.) and found to be at
least an order of magnitude too small to contribute to
adequate vehicle damping.

Mass Properties
The mass properties of the vehicle were established

using the full layout of the on-board vehicle equipment
and passenger load.
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Equations of State

The forces acting on the vehicle are written:

F, = Thrust(vehicle speed, height at each bogie,
LSM current and phase angle) -

Drag,,..(vehicle speed, wind gust) -
Dragg . m(vehicle speed, height at each bogie)

Lift,,(vehicle speed x and z comp., wind gust)

+ Lift ot surfaces( Vehicle speed,
control surface angle) +

Lift,,, magna(height at each bogie) +
Lift, o magna(height at each bogie,
LSM current and phase angle)

Side Force,,(vehicle side velocity, wind gust)

+ Side Force, o) curfaces (Vehicle speed,
control surface angle) +

Side Forcey, g4(vehicle attitude,
height at each bogie) +

Side Force g wei(beight at each bogie,
lateral displacement)

Similar expressions are written for the moments. The
above equations are supplemented by the relations
between the state variables to the center of gravity
location and Euler angles and by the kinematic
relationships between the individual magnetic gaps and
the vehicle position and attitude relative to the
guideway. The gap relationships include the effect of
guideway misalignments and flexibility.

Control Model

The control method employed for the analysis of the
vehicle operation is linear, constant coefficient, full
state feedback control using the linear quadratic
regulator method. The full non-linear force and
moment equations are used to calculate the time varying
behavior of the vehicle.

DISTRUBANCES

System excitations and forcing inputs are:

1. Wind gusts and turbulence.

2. Guideway mis-alignments, roughness and
tlexibility.

3. Virtual forces resulting from accelerations

caused by grades and curves.

The gust distrivution used is based on the Davenport
model.

nS(n) = 4 x2u(1+xH*?
where S(n) = gust velocity spectrum,
n = gust frequency,
u, = friction velocity,
X = 1200 n/U,,,
U = 1 hour average wind speed at
10 m,
u’ = standard deviation
= 25y = U,0/5.7.
The guideway roughness is treated as filtered white
noise with the following spectrum:
Sulw) = Au/?
where Sy (w) = guideway disturbancespectrum,
w = disturbance angular frequency,
A = 6.1 x 10® m (welded rail),
u = vehicle velocity.

The periodic guideway deflection vs. time is modeled
as:

S,0) = S ag8in(2 mu vl
where u = vehicle velocity,
ay = dynamic deflection amplitude
of the span,
Lipan = span .ength.
The combined guideway disturbance from the above

conditions is shown in Fig. 2.

The acceleration demands of following the guideway
through various curves and grades have been included
in the modeling of the vehicle behavior.

Vertical Guideway Disturbance: Roughness plus Deflection
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Fig. 2 Combined guideway disturbance.
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Summaries of the vehicle response to route segments
with the combined disturbances described above are
calculated and displayed by the Peplar Index and the 1/3
octave spectral plots. The Peplar ride quality index is
shown in Table 2 for various segments of the
hypothetical route defined for the SCD study and the
required actuator response to achieve the ride quality 1ol
results. Note that the RMS excursions are well within 101 100 1o 102
reasonable limits. Fig. 3 displays the ISO results for a

-4 E
E

Acceleration rms (g)
=)

3k
10 E SST zone | simulation

> 100 Y Acceleration, SST Zone 1
typical segment. 3 q
Finally the vehicle response was modeled for a major 9 lmé o 3
disruption to the guideway described as a 2" vertical 8 : - 150 1 hour imit ]
gap in the guideway. The maximum acceleration g 102k
observed at the vehicle center is .25 g. Accelerations E E
at the ends of the vehicle will be somewhat higher. The g a
large levitation gap enables the vehicle to negotiate a 103 SST zone 1 simulation
significant guideway disruption with minimum hazard i
to the passenger. 104 s o =,
TABLE 2 100 X Acceleration, SST Zone |
Peplar Ride Quality Index and RMS Actuator Values g
104
Severe Seg. Number 1 2 3 4_ g ISO 1 hour limit
Ride Quality Index ~ 1.83 1.84 1.82 177 £
LSM Thrust (10°N) 34 37 23 33 g 103 SST zonc | simulacion
LSM Vert. (10° N) 4.0 4.1 36 45 - 1
Aero Vert. (deg.) 94 102 6.4 1.3 1041 e o o
Aero Sway (deg.) 5.1 49 5.0 2.6 Froquency (H2)
Aero Pitch (deg.) 108 98 7.1 32 ¢
Aero Yaw (deg.) 59 5.7 5.8 1.8
Aero Roll (deg.) 10.2 9.1 6.3 39 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, Rescarch and Development, Bechtel Corporation
P.O. Box 193965, San Francisco, California
94119-3965

Abstract

The recent NMI-sponsored System Concept Definition
exercise provided an opportunity to assess our current
design knowledge base and identify technology uncertainties
requiring further research during a prototype development
stage. Also, through the development of a comprehensive
cost estimate of the Bechtel team baseline concept, we were
able to determine areas of focus for further work to reduce
total systems costs. This presentation will summarize our
results in both of these areas (technology and cost estimation)
and provide a conceptual approach for how to guide and
manage further research efforts as we move towards full
prototype development. It will also examine the Institutional
implications related to cost effective prototype development,
with suggestious of alternate approaches to improve chances
for successful system implementation.

I. Summary of Bechtel Team Concept

A 1ecam of organizations headed by Bechtel completed
one of the four maglev System Concept Definition (SCD)
exercises recently sponsored by National Maglev Initiative
(NM1I). Our team concept can be defined as including the
following key systems and features:

8 A high efficiency electrodynamic suspension system
that minimizes energy usc and can suspend the
vehicle to very low speeds

@ A box bcam guideway that minimized total structural
system cost and environmental impact while
providing a high degree of safety and a long service
life

B A lincar motor propulsion system that provides high
acceleration and braking capability and that can also
operate effectively at reduced speeds under various
possible failure modes

®  An automated and fault tolerant control system that
allows highly reliable fail-safe operation with short
hcadway and high reliability

8 Low speed stop/siart capability without requiring a
wheel assembly on the vehicle

A typical vehicle/guideway cross section (straight
track segment) is shown as Figure 1. Further technical
details describing our concept have been presented
previously, for example at the January 1993 TRB Annual
meeting. Those interested in more information should
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consult the summary report of the NMI planned for
issuance to Congress and the public this spring.

II. Current Concept Cost Estimate

Our overall concept cost estimate is represented in
summary form by Table I. This table includes a
comparison between our basecline concept costs and costs
provided to our team (as well as to the other three System
Concept Definition teams) by the NMI staff, based on the
document "Maglev Cost Estimation: Capital Cost
Elements,” January 1992 Interim Report, prepared for the
Volpe National Transportation Systems Center. For
convenience we have labelled this information as the
Government Cost Model, since it was provided as the only
Government costing guidelines available during the course
of the SCD study. Footnotes to Tabie 1 clarify the data and
point towards areas requiring further costing study as
maglev concepts continue to evolve.

III. Areas of Major Cost Urcertainties

Table Il represents our effort at providing a "reduced
first cost scenario” for those perceived circumstances
where an investor is more interested in minimizing first
costs than in any other investment criteria. The single
largest line item change is with regards to the guideway
electrification subsystem. Although there are few
precedents indicating utility intercst in assuming the first
cost burden for all utility-related components of major
transportation installations, it is reasonable to assume that
utilities operating in the scrvice region of a maglev system
might be induced to join the tcam during early planning
stages and offer a financial arrangement that draws upon
their available capital resources rather than that of the
maglev system investor. Additional studies are nceded to
quantify what the possible life-cycle cost premiums would
be (if any) from the perspective of the system operator
should this arrangement be made. The inclusion of
Southern California Edison on the Bechtel team was
extremely helpful in identifying and examining al a
conceptual level the basis for the proper role of the
electric utility in implementing a large infrastructure
system of this sort in the real world.

Table Il also indicates where less large but still
significant improvements might be made in other
components of the total system. For example, the Bechiel
concept assumed the nccessity of including fiberglass
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rebar in certain areas of the guidcway lo minimize
magnetic drag penalties and possible rebar degradation
that could be associated with the magnetic fields adjacent
to the cdge of the guideway. Further work during future
concept development phases will determine whether this
particular cost saving is realistic.

Note that the application of "indirect" costs
(comprised, as indicated in TableI, of various
management fees, taxes, and contingencies) as a
multiplier to "direct” costs means that every dollar saved
in the base case estimate actually saves roughly $1.50
from the perspective of the investor. These "indirect” costs
have various labels and definitions in the
design/construction industry and Table I provides one
particular (but not uniformly agreed-upon) means of
disaggregating them. However they are defined, there is no
doubt that they are real when financial pro-formas are
prepared to authorize the design and construction of real
systems in the real world. This means that the label of a
"$20 million per mile" system is a misnomer if
clarification is not provided as to whether indirect charges
are inciuded, and could well become a "$30 million per
mile" system with the addition of a key footnote. It also
means that a "$15 million per mile" system could imply a
savings of $7.5 million (not $5.0 million) over a "$20
million per mile" system.

IV. Institutional Implications for Prototype
Development

The SCD exercise was most useful not only in
establishing technical areas of emphasis for prototype
work but also in providing us all with a sense of value
engineering required at the top-most systems level prior to
eventual maglev prototype development. Recall that the
SCD was intended as a concept definition exercise and
that extensive work is programmed as part of the broad
ISTEA authorization provisions for further concept
development prior to construction of a prototype line. This
distinction of prototype construction versus concept
development versus concept definition is crucial and leads
us to suggest the following institutional and administrative
procedures that need to be orchestrated now by all of the
major players to be involved in further maglev work, in
order 1o optimize in a timely manner the cost-cffective
implementation of maglev as a prospective major
transportation alternative:

m At the most general systems level, a common costing
framework with common category labels necds to be
established as the mandatory basis for prototype
development cost estimation. The framework
represcented by the data in Table 1 is an adequate
starting point since it disaggregates system costs in a
meaningful, pragmatic way allowing rapid comparison
of key subsystem data.
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Due to the nature of the SCD exercise, it was
apparently not possible to provide uniform unit cosling
data to the SCD tcams, and so comparison of SCD
costing data between the four SCD teams is not very
meaningful. However such unit costing information is
essential during the prototype evaluation phase in
order to provide a "level playing field" for evaluation
of alternate concepts. Common unit costing ranges
from the simple (provision of common assumptions for
unit material costs) to the complex (provision of
piece labor breakdowns for concrete fabrication
operations or specialty material operations). It is
preferable for the sponsor of further prototype
programs to set costing benchmarks in detail and in
advance, as far as possible, and allow the contractor
to make clearly documented exceptions where
appropriate rather than permitting contractors to
identify custcmized procedures claiming elaborate
advantages without clearly established comparison to
current industry practice.

True costing of a prototype system must include
provision for serving an increased passenger capacity
over time, saving first cost investment by nol
oversizing at the start of operations, provided that
further capacity demands can be met through modular
additions to the system. For example, as much as one-
third of the initial clectrification costs of the Bechtel
team concept could be avoided by designing initially
for a 4,000 passenger-per-hour-per direction system as
versus a 12,000 passenger-per-hour-per-direction
system. This would be accomplished by downsizing
inverter output current, increasing inverter zone length
spacing, initially using only a single cable in the DC
distribution system and a single transmission line
feeder, and reducing the MVA ratings of the
transformers and rectifiers.

It was beyond the scope of the SCD excrcise to
develop any more than very gencric costing for
special route scgments (bridges et al) that would be a
part of any real maglev route (although not
necessarily a part of any prototype route). This means
that some emphasis must be applied during the
concept development phase to indicating whether any
special cost penaltics apply to a particular technical
concept due to its relative inability to adapt to
specialized route terrain likely to be found in actual
layouts.

During the upcoming phase of concept development,
contractors should be required to analyze the
feasibility of implementation of their concepts in the
context of a fixed schedule for prototype design and
construction. Technical feasibility requires a
comparison of lcss mature versus more mature
technological features. Changes required in codes and
standard operating proccdures nced 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 cxercise necessary for full concept
development.

® Since ISTEA currently mandates a competitive
environment for concept development in the context
of a down-select process for prototype construction,
proprictary information developed during the concept
development phase will have to be effectively
shiclded until such time as a prototype construction
contract is awarded. However, innovations developed
by thosc tcams not selected for final prototype
construction may have considerable value if applied
to the prototype selected. Therefore some means must
be found to incorporate those innovations with due
compensation to their originators. One suggestion is to
mandate a formal review by the winning prototype
builder of all other proposed concepts under terms
guarantecing confidentiality and due compensation for
techniques and innovations that would add value to
the prototype chosen.

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
implementation.

93-1161c.001/WO/R|

[ 1300 - — - R

P st /‘T\
I ,
ik ey

4000 [ =200 "
TUiDEwAY L RISS-SECTICN
N SIRDERS

Fig. 1 Vehicle/Guideway Cross Section

A

108



Table 1

Cost Estimate Summary

Bechtel Team Concept Estimate,

Suramary Estimate(2) Gov't Cost Model, $/Mile(®) $/Mile(>)
®  Structure Only ) 10,541,977¢1) 9,095,744 (5)
®  System Guidance Only (1)(5) | 2,154,240(1) 1,100,000(5)
®  System Propulsion Long Stator Core 2,323,200
& Hangers(‘)
and Levitation (1)(5) [1526] DG, Long Stator
831,400
Winding and Assembly
(1524] Feeder Lines, DG 1,945,000 5,600,000(5)
[1525]Motor Switches, DG 960,000
Total 6,059,800
. Guideway Electrification()
[1521] Transmission Line Cost
[1523] Power Substation & Switching Station Costs 5.100,000(7
B C3 costs/mile, DG [1532) 1,400,000 1,100,000
" Vehicles, per unit(®) $5,000,000 to $7,000,000 per unit 4,000,000 per unit
®  Stations and Parking (®) Site Specific(8) 960,000(8)
®  Maintenance Facilities(® | N/A(®) 467,200(8)
s Construction Facilities (8) N/A(g) 64,000<8)
8 Sales Tax Not given 6% of all above (direct) costs, except labor
¥ Construction Mgmt Total Project Management Factor is 25%(%) 4% of [direct costs + sales tax]
» Systems Integration, Total Project Management Factor is 259,(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 costs]
Control
. Contingency Allowance (%) Recommended Ranges from 15-30% (for items | 20% of subtotal of all above items, except where noted
other than land)(®)(3)
8 Fee Not given 2.5% of all above items (including contingency
allowance)
Footnotes to Table I
(1) From Page 6-42 of the Government Cost Model, segment 1213RF, "double elevated in rural flat.” The sum of plates and hangers is taken as the
equivalent of $4,477,440 for the sum of levitation and guidance and propulsion. The item "long stator iron core and hangers” ($2,323,200) is
scgregated as dedicated principally to propulsion and levitation, with the item “factory installed verical 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) all capital costs; (ii) pro-rated vehicle, station, and construction/maintenance facility costs;
and (iii) the integrated mutilplier factor for all taxes, contingencies, fces, and service charges.
(3) Taken from page 8-6 of the Government 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 tilt, zero vehicle tilt, and 0.15g

longitude acceleration. Our baseline concept accomodates a | 5e girder tilt, a }§e 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 I (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 1o accomodate the loads and accelerations of our baseline concept.

(6) See page 6-191, data for calegory 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 Govemment Cost Model seem very unreasonable for a high-capacity revenue system. If
there is only one inverter station every 20 miles, then it must be capable of providing peak power for maximum consist or multi-vehicle loadings
in both directions. This in tum would imply at least 30 or 40 MW of peak power required per direction, or about 1.5 t0 2 MW per mile of dual
guideway. In actual fact the peak power would have 10 be even higher to allow for reasonable acceleration capability. On the other hand, 10
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 Government 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 1o 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 a.(1) . S 2.(1)
Reduced First Cost Reduced 1st Cost, $/Mile Baseline Concept Estimate, $/Mile
Structure Only 7,700,000(2) 9,100,000
System Guidance Only 900,00003) 1,100,000
Systemn Propulsion 4,500,000 3) 5,600,000
and Levitation

8  Guideway Electrification o 5,100,000

8 C3 costs/mile, DG 1,100,000 1,100,000

B Vehicles, per unit 34,000,000 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 shown 1o be unnecessary for guideway reinforcement; another S percent savings is
assumed from a continuous structure design and refinements in autoinated 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, 1t 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 1o fabricate the guidance coils and will eliminate the need for the fibergiass
frames which represent 40 percent of 1otal 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 were required
to develop this information with selected vendors on a conceplual basis, 7 ad it will require an allocation of next phase effon to develop this
altemnative further.

(4)  For this reduced first cost scenario we assume the electric utility incurs the direct capital cost of all guideway electrification elements, and

passes those costs on to the maglev system owner/operator in temms 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 10 recapture their {irst cost investment. It is
offered as a suggested means to reduce first cost exposure only for prospective investors in maglev who are concermned 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
of Engineers, has completed a System Concept Definition
(SCD) study to design a high-speed 134 m/s (300 m.p.h.) Maglev
transportation system. The primary development goals were to
design a Maglev that Is safe, reliable, environmentally accept-
able, and low-cost. The cost issue was a predominant one, since
previous studles [1] have shown that an economically viable
Maglev system (one that would be attractive to investors for
future modes of passenger and/or freight transportation) re-
quires a cost that is about $12.4M/km ($20 Million per mile).

The design (Fig. 1) is based on the electromagnetic
suspension (EMS) system using superconducting iron-core
magnets mounted along both sides of the vehicle. The EMS
system has several advantages compared tothe electrodynamic
suspension (EDS) Maglev systems such as, low stray magnetic
fields in the passenger cabin and the surrounding areas, uni-
form load distribution along the full length of the vehicle, and
small pole pitch for smoother propulsion and ride comfort. Itis
also levitated at all speeds and incorporates a wrap- around
design for safer operation. The Grumman design has all the
advantages of an EMS system identified above, while eliminat-
ing (or significantly improving) drawbacks assoclated with
normal magnet powered EMS systems. Improvements include,
larger gap clearance, lighter weight, lower number of control
servos, and higher off line switching speeds. The design also
incorporates vehicle tilt (+99) for higher coordinated turn and
turn out speed capability.

Manuscript received Mach 15, 1993. This work was
performed as part of the Maglev System Concept Definition study
supported by the U. S. Army Corps of Engineers under contrac No.
DTFRS53-92-C-000 04.

1. INTRODUCTION

The Grumman Corporation assembled a team of six
corporations and one university that were exceptionally
qualified to perform the identified SCD study. The Grumman
team members and associated responsibilities were:

» Grumman Corporation - system analysis and

vehicle design

« Parsons Brinckerhoff - guideway structure design

o Intermagnetics General Corp. (IGC) - supercon-

ducting magnet design

+ PSM Technologies - linear synchronous motor

(LSM) propulsion system design

« Honeywell - communication, command, and

control (C*) design

» Battelle - safety and environmental impact

analysis

« NYSIS - high temperature superconductor (HTSC)

and magnetic shielding analysis.

As a result of the team’s efforts, a unique high-speed
Maglev system concept (Fig. 1), was identified. If imple-
mented, this design would meet all the goals specified in the
abstract and would satisfy U.S. transportation needs well into
the 21st century. The design is based on the electromagnetic
suspension (EMS or Attractive) system concept using su-
perconducting (SC) iron core magnets mounted along both
sides of the vehicle.
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The Grumman team selected an EMS design instead of
an electrodynamic suspension (EDS or Repulsive) design
because of the following significant advantages that the EMS
offers over the EDS system:

» Low magnetic fields in the cabin and surrounding
areas (this eliminates or minimizes the need for
magnetic shielding and non-metallic rebar in
concrete guideways)

= Uniform load distribution along the full lcugth of
vehicle (minimizing guideway loads and vibra-
tions in the cabin and contribute to the elinination
of a secondary suspension system)

« Small pole pitch (results in smoother propulsion)

« Magnetically levitated at all speeds {needs no
supplemental wheel support)

* Wrap-around configuration (safer operation).

EMS systems exist. However, the German Transrapid
TR-07 and the Japanese High Speed Surface Transportation
(HSST) systems, which use copper wire iron cored magnets
instead of SC coils, have a number of basic disadvantages:

« Small gap clearance (1 cm (0.4 in.)), which

results in tighter guideway tolerance requirements

» Heavier weight with limited or no tilt capability

to perform coordinated turns and maximize
average route speed

» Limited off-line switch speed capability (56 m/s

maximum)

« Large number of magnets and control servos

(=100 wtal).

The Grumman team design has retained all of the
advantages of an EMS system. At the same time it has
~ucceeded in eliminating, or significantly improving, every
aspect of the identified EMS disadvantages. A brief descrip-
tion of our baseline system and how it has accomplished this
goal follows.

II. LEVITATION, GUIDANCE & PROPULSION SYSTEM DESIGN

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 large4 cm (1.61n.) gap between the iron rail and the
magnet face. Lateral control is achieved by differential
measurements of the gap clearance between the left and right
sides of the vehicle magnets. The corresponding magnet
control coil currents are differcntially driven for lateral
guidance control. There are 48 magnets, 24 on each side of
a 100 passenger vehicle. In this manner control of the vehicle
relative to the rail can be achicved in the vertical, lateral,
pitch, and yaw directions. Vehicle speed and roll attitude

control are discussed below.

Two magnets combined as shown in Fig. 3 make up
what is called a "magnet module.” Each magnet in a magnet
module is a “C” shaped, laminated iron core with a SC coil
wrapped around the center body of the magnet, and two
copper control coils wrapped around each leg. Vehicle roll
control is achieved by offsetting the magnetsby 2cm (0.8 in.)
in a module to the left and right side of a 20 cm (8 in.) wide
rail. Control isachieved by sensing the vehicle’s roll position
relative o the rail and differentially driving the offset control
coilstocorrect forroll errors. The total numberof independent
control loops required for a complete 100 passenger vehicle
control is 26 (1 for each of the 24 modules and 2 for roll
control).

The iron rail shown in Fig. 3 (b) also is laminated and
contains slots for the installation of a set of 3-phased alternat-
ing current (ac) Linear Synchronous Motor (LSM) propul-
sion coils. The coils are powered with a variable-frequency
variable-amplitude current that is synchronized to the vehicle’s
speed. Speed variations are achicved by increasing or de-
creasing the frequency of the ac current.

Comprehensive two and three dimensional magnetic
analyses [2] have been performed to assure that the magnetic
design will simultaneously meet all levitation, guidance and
propulsion control requirements identified above, and do it

Tilt Mechanism

2
1L IIBONCINARANRERISINID 1] I!IIIL[J““]]T!! 11

I 7
S~ W
I // ~ - ‘
.. =
Iron Rails with Lift Magnets

Propulsion Wires

Fig. 2. Cross section of vehicle showing lift
magnelts, iron rail, guideway and tiit mechanism.
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MAGNETIC

(b) 2 Magnet Module with Offset that provides
roll control, and the configuration of the super-
conducting and normal control coils

= : TWO MAGNET
‘:N ICLE MODULE, EACH FIELD
| MAGNET OFFSET) ANALYSIS
FROM RAIL BY
2cm(0.81in.) SUPERCONDUCTING
AS SHown colL POWER
PICKUP
qfi IRON RAILS colLs
T 2 ¢m OFFSET Ve
F1
F2 - 35°
CONTROL
(a) Forces Applied to the cg by colL
the Magnets Supply both Lift and =
Lateral Control
2em PROPULSION
OFFSET COILS
LAMINATED
IRON CORE SUPERCONDUCTING
MAGNET IRON RAIL

(c) Magnetic Field Map with
Power Pick Up Coils on
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. Anexample of

this analysis is shown in Fig. 3 (c).

Power pickup coils are located on each magnet pole
face designed to operate atall speed, including standing still,

should future studies (now under way) indicate a need for
lower values. Similarly, ac magnetic fields are anticipated to
be within acceptable levels.

Another important aspect of the magnet design is the

using a unique inductive approach de-
scribed in [3].

Low magnetic fields in the pas-
senger compartment and surrounding
areas represents an important aspect of
this design. Fig. 4 identifies constant
flux densities in the cabin and station
platform that can be expected for the
baseline design. Flux density levels
above the seat are less than 1 gauss,
which is very close to the earth’s 0.5
gauss field level. On the platform, mag-
netic levels, when the vehicle is in the
station, do notexceed 5 gauss, which is
considered acceptable in hospitals us-
ing magnetic resonant imaging (MRI)
equipment. The data in Fig. 4 is based
on athree-dimensional magnetic analy-
sis program and assumes no shielding.

1 Gauss
5 Gauss

50 Gauss
Magnetic Fields in Cabin are Less Than 1 Gauss (Twice the Earths

Magnetic Field) and on the Passenger Platform 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 arca
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use of SC wire in plz.. . of copper coils used in existing EMS
systems. This ailows us to operate with a large 4 cm (1.6 in.)
gap ciearance without paying the heavy weight penalty
required if copper coils were used for the same purpose.

The use of an iron core with the SC coil provides an
added advantage. The magnetic flux is primarily concen-
trated in the iron core, not the SC coils as is the case of an EDS
system. This reduces the flux density and loads in the SC wire
to very low values (<0.35 Tesla and =17.5 kPa, respectively).
In addition we have implemenied a patented constant current
loop controller [4] on the SC coil that diminishes rapid
current variations oa the coil, minimizes the potential of SC
coil quenching and allows for the use of state-of-the-art SC
wire,

The use of iron-cored SC magnets with their associated
low flux density and load levels previously identified affords
an additional advantage of our design over an EDS concept.
High temperature SC technology has progressed to the point
that the field levels these magnets require are achievable with
existing High temperature SC wire, It is now reasonable to
consider the application of this new emerging technology to
this concept. Although we are not baselining the use of high
temperature SC for this application (except for its use as lead-
in wire to the low temperature SC coil), we are pursuing a
one-vear development program at this time to manufacture
samples of high temperature SC coils of sufficient length and
with adequate current carrying density to satisfy our require-
ments.

In summary, the use of SC iron-core magnets resulted
in a significant number of advantages for this concept:

e Large gap size - 4 cm (1.6 in.)

+ Low magnetic fields in SC coil - <0.35 T

» Low magnetic fields in passenger cabin -

<1.0 gauss dc

« Low load forces in SC coil- =17.5 kPa

« State-of-the-art SC wire - 0.65 mm diameter

* Lower weight than copper coil system -
~80% reduction per magnet

*» The potential for near term implementa-
tion of high temperature SC wire.

HI VEHICLE DESIGN

A number of important system trade studies were
performed to arrive at the baseline vehicle configuration
shown in Fig. 1. An example given in Fig. 5 which identifies
how the total system cost, which includes the guideway,
vehicles, levitation, propulsion, and operating cost, is af-
fected by the number of passenger seats in the vehicle and the
number of passengers per hour utilizing the system. Note
that minimum cost results between 50 and 150 seats per
vehicle. We have chosen 100 passenger seats per vehicle for
our baseline configuration.

The 100 passenger baseline systemshown in Fig. 1
lends itself to other single and multi-vehicle (train) configu-
rations that can be developed based on two basic building
block modules. The main module consists of 3 12,7 m (41.7
ft) long section, which seats 57 passengers with 2 entrance
doors (one on each side of the vehicle), 2 lavatories (one
designed to accommodate handicapped passengers), multiple
overhead and closet storage facilities and a galley area. The
forward and aft sections of the vehicle utilize the second
module, which consists of a 4.9 m (16 ft) long section that is
externally identical, but internally different, depending on its
forward or rear location on the vehicle. We have adopted
one-way vehicle operation to minimize the impact of weight

500 . .

. .

480

SYSTEM CCST-M$Ayr

Assumptions:
* 492 km (300 mile) trip

* 134 mps (300 m.p.h.) speed

» 16 hr/day operation

* Cap. Recov, Fac. = 0.103 (6% 15 yrs.)
* $.05 per kilo volt ampere power cost
* 5 seats across

* 12,7 m long moule
* 50 seats per module

sesermencotosensanness

------------

................

SEATS/VEHICLE

Fig. §. System cost trade study
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for reverse facing seat mechanisms and cost duplicating all
the electrical controls and displays on both sides of the
vehicle.

We also chose to include business-type aircraft seats
with an ample 0.96 m (38 in.) spacing between seats to assure
a comfortable seating arrangement for all passengers. Ad-
ditional detailed vehicle characteristics are given in [5].

Comprehensive two and three-dimensional Navier
Stokes computational aerodynamic analyses [6] were also
performed on the baseline design to estimate drag and other
disturbances acting on the vehicle. Vehicle speeds up to 134
m/s (300 m.p.h.) with 22.3 m/s (S50 m.p.h.) crosswinds where
investigated.

IV. GUIDEWAY DESIGN

The guideway is an important aspect of our system
design because itrepresents the largest percentage of the total
system cost. Fig. 6 shows how system cost distributes
between the four major components, i.e., guideway (64.4%);
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-
cedures is given in [7].

A number of different guideway designs were investi-
gated. Fourare shown in Fig. 7 and are identified in terms of
increasing cost.

In each case our design mandated thata center platform
exist along the full length of the guideway to provide a safe

7 %

Ancillary Facilities 65 %

13 % Guideway

Vehicles ,

15%
Electrical &
Communication

Fig. 6. Distribution of costs across the four major
components of the Maglev system

exit for the passengers, in case of an emergency such asa fire
or smoke in the cabin. Escape ladders from periodic column
locations also were identified.

Analysis of the four guideway configurations identi-
fied in Fig. 7 showed that the "spine girder" guideway design
is not only lowest in cost, but also is relatively insensitive to
span length [8]. This has important implications when the

Selected
Configuration

Composite "U"
Girder

(- __1
Double "T"
Girder
Spine
Girder

Increasing Cost
Trend

Fig. 7. Alternate guideway structures considered
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guideway must be installed in areas such as the U.S. Inter-
state Highway system, which will requirc wide ranges in
span length depending on local road conditions. 'n sum-
mary, based on this and other considerations, the “spline
girder” configuration shown in Fig. 8 was chosen as our
baseline for the following reasons:
* Lowest cost dual- guideway ($7.99M/km, for
spread footing including iron rail cost)
» Smaller footprint
« Can be more closely designed to suit span
variations
 Visually less intrusive because of single column
» Creates less shadow
¢ Estheti~ally pleasant.

Detailed descriptions of the baseline guideway and
associated cost estimates arc given in [9] and (8] respec-
tively. The total system cost, which includes guideway,
electrical and communication, vchicles, stations buildings
etc. was cstimated at $12.4M/km ($20M/mile) [7].

A 5 degree-of-freedom analysis of the interactive
effects of the vehicle traveling over a flexible guideway was
undertaken [10]. Guideway irregularitics resulting from
random step changes, camber variations, span misalignment
and rail roughness where included in the simulation. Also
included where linearized versions of the vehicle levitation
and lateral control loops. The results indicated that passen-
ger comfort levels could be maintained without the need for
a secondary suspension system.

V. HIGH SPEED OFF-LINE SWITCHING
Anotherimportantaspect of our design is the capability

of providing high-speed off-linc switching. Unlike the Ger-
man Transrapid, design, which moves one 150 m (492 ft)

1500
TYPICAL

L

~— PRESTHEBSED
OCOMCAETE
S— O BOGERS AT 4.6m

F . . T e P
3
P .
ﬁ CENIER®.
POST TERSIONLY CONCHETE
BPNE IRDER

WNOTE:
BTANDING AREA FOR PABAENCERS IN
THE EVENT OF EMERGENCY

VNBES 3 - 29m

L [y

Fig. 8. Baseline spine girder configuration

section of the track laterally 3.61 m (12 ft), we move two
sections lateraily 3.0 m (10.0 ft) with one actuator motion.
The track switching concept is shown in Fig. 9. It identifies
the two sections of the track that are moved toaccomplish this
function. The lower figure shows the through traffic condi-
tion for the track switch. The upper figure identifies how the
60 m long switch, A, is flexcd to a curved section, while the

0

n_An

BENDING
SECTION ____>| . SECTION
I B

SWING

¥

1

TURNOUT POSITION

3.0M

ACTUATOR

T 0 T 1 ——
STRAIGHTAWAY POSITION
ACTUATOR

The switching approach selected allows high speed turn out up to 100 m/s (220 mph)

Fig. 9. Off-line switching concept
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right 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
(143 m.p.h.). A 182 m switch length will allow off-line
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,

VL VEHICLE CABIN TILT DESIGN

Unlike any of the other existing high-speed Maglev
designs, such as, the Transrapid TRO7 or the Japanese
MLUOQ03, we are providing the capability of tilting the
vehicle passenger compartment by 19 degrees relative to
the guideway. In this manner, the design, as shown in Fig.
10, will allow for coordinated turns up to +24 degrees
banking (15 degrees in the guideway and 19 degrees in
the vehicle). This capability will assure that all coordi-
nated turns can be performed at the appropriate tilt angle
independent of the speed with which the vehicle is traversing
the turn, as well as allowing for high-speed off-line switch-
ing.

VIL. ECONOMIC ANALYSIS

An economic forecast analysis for a Maglev system
was performed as a function of two primary cost drivers: total
cost of the major Maglev elements identified in Fig 6, and the
passengers per hour utilizing the system. The results of this
analysis are presented in Fig. 11 with the assumptions listed
below:

* 493 km (300 mile) corridor

+ Development and demonstration cost of

the Maglev system is not included
+» Federal, state and local governments

Center of Gravity and
Center of Rotation

Tilt
Meters

Hydraulic
Drive

Hydraulic Actuator

Fig. 10. Tilting mechanism and control system

supply right-of-way at no cost

» Ridership is based on 260 days/year, 16
hours/day, 60% capacity

» 20% pre-tax operating margin on ticket
price based upon § year build, 15 years of
operation

« Future interest (8%) & inflation rate
(5.4%) following *“Data Resources, Inc.”
(DRI) forecasts.

If we assume a 2,000 passenger per hour usage (typical
of high volume routes like Boston/New York/Washington
DC) with the previously identified $12.4M/km ($20M/mile)
for the baseline system cost the ticket price that would have
to be levied is $0.23/km ($0.38/mile); this would still provide
a20% profit margin on the ticket cost for the system operator.
Also shown on the figure is the $0.29/km ($0.47/mile)
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Fig. 11. Economic analysis
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present charge for the New York/Washington, DC/Boston
cormridor. The results indicate that a Maglev system of the
type being recommended in this paper can pay for itself
during its first 15 years of operation. The implication is that
after 15 years, when the capital investments have been fully
paid, the proceeds from the high volume traveled routes could
be used to support the building and operation of Maglev
routes that are located in less densely populated areas. This
means that system route miles can double every fifteen years,
implying that by the mid twentieth century there could be
over 4000 miles of maglev lines in the U.S.

VII. RECOMMENDATIONS FOR FUTURE
STUDY & DEVELOPMENT

Based on the work performed during this study, a
number of critical areas have been identified for future
evaluation and development:

* Conduct a design, development, and test

program to demonstrate the performance
of a full scale SC “C” core shaped
magnet module

* Perform wind tunnel testing to verify

aerodynamic analyses

* Perform additional studies to further reduce the

vehicle weight and total system cost through:
-Improved magnet design
-Lower cost of guideway and iron rail
* Develop and test a guideway integrity
and hazard detection system.

IX. CONCLUSION

It 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 all of the goals identified in the abstract
and at the same time minimize the negative issues previously
discussed. We believe that the Grumman team has performed
sufficient analysesin the areas of guideway design, levitation,
propulsion and guidance, vehicle structural design, aerody-
namics, controllability, dynamic interaction, environmental,
safety, and reliability to warrant this optimism.

REFERENCES

[1]R. Gran, "Benefits of Magnetically Levitated High
Speed Transportation for the United States," SAE Future
Transportation Conference, San Diego, CA, August, 1990,
Paper No. 901475

[2] S. Kalsi, R. Herbermann, C. Falkowski, M.
Hennessy, A. Bourdillon, "Levitation Magnet Design Opti-
mization for Grumman Maglev Concept," to be presented at
the Maglev 93 Conference, Argonne National Laboratory,
May 19-21, 1993, Paper No. PS2-7

(3] S. Kalsi, "On-Vehicle Power Generation at all

Speeds for Electromagnetic Maglev Concept,” to be pre-
sented at the Maglev 93 Conference, Argonne National
Laboratory, May 19-21, 1993, Paper No. PS5-12

[4] R. Herbermann, "Self Nulling Hybrid Maglev Sus-
pension System,” to be presented at the Maglev 93 Confer-
ence, Argonne National Laboratory, May 19-21, 1993, Paper
No. PS1-7

(51 P. Shaw, "Overview of Maglev Vehicle Structural
Design Philosophy, Material Selection and Manufacturing
Approach,” to be presented at the Maglev 93 Conference,
Argonne National Laboratory, May 19-21, 1993, Paper No.
PS4-9

[6] R. Ende, M. Siclari, G. Carpenter, "Aerodynamic
Analysis of Grumman Maglev Vehicle," to be presented at
the Maglev 93 Conference, Argonne National Laboratory,
May 19-21, 1993, Paper No. PS5-9

[7]L. Deutsch, "Maglev Cost and Performance Param-
eters,” to be presented at the Maglev 93 Conference, Argonne
National Laboratory, May 19-21, 1993, Paper No. OS5-1

(8] B. Bohlke, D. Burg, "Parametric Design and Cost
Analysis for EMS Maglev Guideway," to be presented at the
Maglev 93 Conference, Argonne National Laboratory, May
19-21, 1993, Paper No. PS3-2

(9] J. Allen, M. Ghali, "Innovative Spine Girder
Guideway Design for Superconducting EMS Maglev System,"
to be presented at the Maglev 93 Conference, Argonne
National Laboratory, May 19-21, 1993, Paper No. PS3-1

(10] R. Gran, M. Proise, "Five Degree of Freedom
Analysis of the Grumman Superconducting Electromagnetic
Maglev Vehicle Controi/Guideway Interaction,” to be pre-
sented at the Maglev 93 Conference, Argonne National
Laboratory, May 19-21, 1993, Paper No. PS4-6

118



1ofé6

Maglev Cost and Performance Parametrics

Lowell Deutsch

Grumman Corp.
Bethpage, NY 11714

Abstract - A Kkey element In the
ultimate viability of Maglev, or any new
transportation mode, is the capital and

operating cost of the system. An estimate of
these cost elements has been made for the
Grumman Maglev desige produced for the
recently completed System Concept Definition
Studiess conducted for the National Maglev
Initiative. Although this design represents
one of several possible system designs, It is
considered representative of the present state-
of-the-art In American Maglev thinking.

A logical Work Breakdown Structure
generated by Parsons Brinckerhoff and tke
Volpe National Transportation System Center
is presented to allow an organized approach to
the capital cost estimating process. This WBS
is broad enough that it should be applicable to
any Maglev system. Costs are presented in a
parametric fashion wherever possible to permit
extrapelation to systems other than the
G-umman design.

The possible cost savings resulting
from certain changes in design and operating
philosophy were also examined, resuiting in a
projected decrease In system cost from
$12,300/m ($19.8 M/mi) to $10,900/m ($17.5
M/mi.)

I. INTRODUCTION

The activities of the National Maglev Initiative
over the past several years have served to reintroduce
U.S. interests into the international quest for advanced
high speed ground transportation. Four teams of
contractors have now completed concept design studies
to determine the extent to which improvements can be
made to the ongoing German and Japanese Maglev
programs. While it seems clear that recent technology
advances and incremental improvements in system
design can provide a worthwhile "leapfrog" of systems
now in development, it is also apparent that the
viability of Maglev utilization is not technology

dependent.

Manuscript received March 15, 1993, The work
was performed as part of the Maglev System Concept
Definition study supported by the U.S. Army Corps of
Engineers under contract DTFR53-92-C-00004

Few researchers doubt that U.S. industry could
successfully build reliable, safe, and effective Maglev
systems and transportation companies could operate
them. The key to Maglev success, rather, lies with the
cost of building and operating the system elements, and
the extent to which passengers will use the system.
This paper will not address the ridership projections,
which are the subject of numerous ongoing studies, but
will discuss some of the elements of system cost. In
particular, we wish to investigate the more significant
cost drivers and mechanisms with which they may be
controlled.

The cost data presented here is based on the
analysis conducted by Grumman {1] in the recently
completed System Concept Definition Study (SCD)
sponsored by the National Maglev Initiative. Although
there are some differences in cost between the four SCD
contractors and between the U.S. studies and Transrapid,
and these differences will be important in the final
seleciion of a technology, to a first order the costs are
similar at about $12,400/m ($20 M/mi) of dual
guideway, exclusive of land cost.

II. WORK BREAKDOWN STRUCTURE

An excellent Maglev Work Breakdown
Structure (WBS) was prepared by Parsons Brinckerhoff
for their Capital Cost study conducted for the Volpe
National Transportation Systems Center [2]. This
WBS was adopted without modification and is
illustrated in Fig. 1 along with the cost estimates for
each element which resulted from the Grumman SCD
study.

It is intended to examine the cost elements in
this WBS in order to gain a feel for the important cost
drivers and to investigate possible means to reduce the
total system cost. It is not the goal of this paper to
recommend specific changes, but to suggest arcas
requiring further study with the aim of capital cost
reduction. Fig. 2 shows the distribution of capital cost
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
is involved with the fixed guideway structure. This is
obviously where we should concentrate our cost cutting
efforts.
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Fig. 1 Maglev Work Breakdown Structure showing Grumman cost estimates for a typical 1000 km Maglev system. Cosls
are presented in $ per meter of dual guideway
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Fig. 2 Maglev capital cost distribution

III. COST ELEMENTS

Guideway The guideway cost estimates are based on the
assumption of a dual track, clevated guideway of
reinforced concrete construction. This guideway [3](4]
was designed by Parsons Brinckerhoff (PB) for the
Grumman SCD effort. The construction technique is
fairly conventional, and not unlike designs presently in
use for elevated highways and other structures.
Obviously there will be differences in guideway design
required to accommodate other Magiev concepts.
However, with so much of the system cost involved
with the guideway, we must aim towards the most cost
efficient design possible. PB spent considerable effort
on investigating alternate designs, and the selected
configuration is probably close to optimum. Another
factor is that conventional steel reinforced concrete
construction is possible with the Grumman EMS
Maglev system. The advances in the state-of-the-art
required to eliminate the steel, as required by some EDS
systems, will not be required.

The estimated cost for the elevated dual
guideway is $7900 per meter. Corresponding costs for
single elevated and at-grade dual guideways are $3800
and $4372 per meter respectively. These costs include
the stee! rail required for the EMS system ($2500/m for
dual track) but exclude the LSM propulsion
components. The elevated track costs are for a design
allowing a clearance of 10.7 meters under the lowest
part of the structure and a span between support posts of
27 meters on center. Table 1 shows the approximate
percentage increases in cost for other heights and spans.

Table 1
Guideway Cost Sensitivity to Height and Span

Span (m) 27 40 S50
25 17% 19% 33%

Height 20 9% 11% 25%
(m) 15 4% 6% 20%
10.7 0 2% 16%

30f 6

Electrical The electrical system consists of the
guideway electrification and the communication and
control systems. The cost estimates for these
elements are $1596/m and $240/m respectively. The
distribution of subelement costs in the guideway
electrification is shown in Fig. 3.

50
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¢35 Winding
2 o Feader
Ce Line
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]
K 3 Sub-

b3 20 4 station
53
- Motor
§ 10 4 Trans. Switch
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4
[+]
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Fig. 3 Distribution of guideway electrification costs

The Transmission line consists of the high
voltage lines to interface with the local utility and bring
the power to the power substations distributed along the
Maglev guideway. The estimate of $31/m was adopted
from the PB cost study [2]. The substations include the
DC link inverters and transformers required to supply
the variable voltage, variable frequency power to the
long stator synchronous motor (LSM) which drives the
vehicles. The cost of this equipment is essentially
proportional Lo the power required by the vehicle. The
actual size of the substations will vary, depending on
the local power required. In an area with steep grades or
high acceleration requirements, the substation will be
larger. They will probably be constructed of basic
building blocks, say in the 2 Mw range. It was
estimated that the average power requirements for
typical routes will be about 8 Mw and this value was
used for cost estimating purposes.

Because of the requirement to provide
independent speed control to each vehicle, there can be
no more than one vehicle on any guideway block served
by a single substation. Vehicles typically travel about
10 km apart, thereforc an 8 km substation block was
selected. There must be two inverters at cach substation
to serve the dual guideway system. The cost of the dual
8 Mw substation was estimated at $2.1 million, or
$263/m for an 8 km spacing. This value may be
ratioed up and down in proportion to power lcvel.

It should be noted that three of the four SCD
contractors used some variant of the LSM. One design,
however, used a locally commutated synchronous motor
(LCLSM). This system uses a large number of solid
state switches to control the power to cach loop in the
guideway. This concept is currently under study to see
if it can offer any cost or performance advantages.
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The feeder line distributes the variable
frequency and voltage power to aciive guideway blocks
under the vehicle. Because of the relatively low voltage
required by the LSM, these cables, which run the extent
of the guideway, are quite expensive. For the Grumman
design, six (two tracks tiines three phases) 1500 MCM
aluminum cables were used. The installed cost was
estimated at $461/m.

The thyristor motor switches switch power
from the feeder cables to the required active LSM
blocks. These blocks are estimated to be about 500 m
long. The actual length is the result of an optimization
on switch cost and LSM efficiency, which drops off
with long active blocks. These switches are estimated
at $115/m for 500m blocks. This cost will vary
inversely with the block length.

The LSM windings represent about 45% of the
guideway clectrification cost. The EMS configuration
represented by these estimates is quite different from the
typical EDS system, and therefore these numbers should
not be used for the latter systems. The Grumman
winding geometry rcquires 48 m of LSM cable for each
meter of dual guideway. Using aluminum conductor

with 3 cm? cross section and 15 KV insulation, the
estimated cost is $726/m. The actual windings will
vary in accordance with the local power requirements
but this represents an average number.

The communication and control system
consisis of the automatic train controls (ATC) and
associated data and communication systems required to
provide a totally automatic, central control. This
system was analyzed by Honeywell and, using
comparisons with similar systems, the cost was
estimated at $240/m, including a Central Control
Facility.

Facilities The term facilities in this accounting refers
to those fixed stations, maintenance buildings, and
parking lots and buildings required for operation of the
system. The cost estimates were adopted from the PB
study [2] and apportioned to the length of guideway. It
was assumed that for a typical 1000 km system there
would be one Central Control Facility, two Major City
Stations, and five Intermediate Stations with parking
lots. The total fixed facilitics cost amounts to $963/m.

Vehicles The number of vehicles required is dependent
upon the desired passenger capacity. The 4000
passenger (seat) per hour capacity, as specified for a
basclinc in the SCD studies, is about twice the present
planc/train traffic in the Northeast corridor, but less than
that in some other parts of the world, such as Japan.
With 4000 scats/hr in cach direction we will average
about one vehicle on each 5 km of guideway. The
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Grumman vehicle cost estimate is about $8.25 million
cach, which amounts to $1650 per meter of dual
guideway.

IV. POTENTIAL COST SAVINGS

As noted above, with the guideway amounting
o 2/3 of the total capital cost, this is the obvious arca
to search for cost savings. It will be noticed
immediately that the at-grade guideway is only 55% of
the cost of the elevated guideway. There are very valid
arguments why a Maglev guideway should be elevated.
These primarily concern the desire 1o avoid highway
grade crossings, where most railroad accidents occur, and
the need to prevent objects from falling (through
vandalism or natural occurrences) from an overpass onto
the guideway. Furthermore, a tenet of the modern
Maglev effort in the U.S. is to use the Federal Interstate
Highway System in a dual-use mode in order to avoid
land acquisition costs. It has been observed that
overpasses are encountered on major highways on the
order of one per mile [5] and it was assumed that with
the vertical g limits on passengers the length of the
transition to go from at-grade, over the bridge, and back
1o at-grade again would also be on the order of one mile.

It was decided to test this assumption by
analyzing a typical highway. Using the SCD specified
Design Goal comfort requirements of 0.05 g (up) and
0.2 g (down) in the vertical direction, it was calculated
that at a typical average speed of 110 m/sec, the
transition length would be about 1600 m, or one mile.
Examining the 495 milc main line length of the New
York State Thruway [6], revealed that there are 362
overpass bridges, or about one cach 1.4 miles. It would
seem then, that the previous estimates were about right.
It was noticed, though, that the bridges occur in clumps
around more heavily populated areas.

The Thruway data was analyzed in more detail
such that if bridges occurred closer than one mile apart
then the guideway could remain elevated. It was found
that under these conditions 50% of the guideway could
be at-grade. In some instances the guideway was at-
grade for only a short distance. A further screening of
the data was done with the assumption that if the
guideway could not be at-grade for at least one mile then
it was left elevated. In this case 41% of the guideway
could be at-grade. One might argue that the passengers
will not like this repeated vertical motion, but the most
conservative comfort levels were used in the analysis.
It must be accepted however, that the use of highway
rights-of-way will impose considerable motion which
must be tolerated if we arc to use these low cost
alignments. At any rate, tums will probably occur
much more frequently than will bridges. These
motions, and the comfort considerations which arc
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implicit_are a crucial part of Maglev design and must
be given careful study and testing.

If we take the more conservative case of 41%
of the guideway at-grade at $4372/m and 59% elevated
at $7900/m the average cost will be $6454/m, an 18%
reduction in guideway cost. This would drop the
system cost to $10,856/m ($17.5 million/mile) from
the present estimate of $12,302/m ($19.8
million/mile).

Another area for possible cost savings is in the
sidetracks necessary for offline stations. It is accepted
that online stations are not consistent with our plans for
frequent service from relatively low capacity vehicles.
We have generally assumed that we must switch offline
at relatively high speeds (e.g. 100 m/sec). This not
only drives the switch cost up but requires extensive
lengths of side track for deceleration. Using the Design
Goal longitudinal acceleration and deceleration values of
0.16 g and switching at 100 m/sec will require a single
guideway length of 3187 meters (2 miles) to stop and
another 3187 meters to accelerate back to line speed.
The switch is estimated to cost $1.7 million and, at
$3800/m for single guideway, the deceleration track will
cost $12.1 million, seven time the cost of the switch.
This also does ot consider the possible land cost for
the side tracks.

Suppose the vehicles could slow to, say 20
m/sec, prior to switching. The deceleration lane would
then be reduced to 127 meters in length. This would
save a total of $232/m in system cost or about 1.9%.
This savings would be increased somewhat with the
redesign of a low speed switch which was not accounted
for in this analysis.

The question then is can we safely follow this
scenario? To carry 4000 seats/hr in a 100 seat vehicle
requires a headway of 90 sec. At 134 m/sec this is a
vehicle separation of 12 km. If the leading vehicle
brakes to 20 m/sec at 0.16 g the separation distance will
close to 7900 m. However at any time the following
vehicle can emergency brake at 0.2 g to a stop in a
distance of 4600 m. This leaves a safety margin of
3300 m or about 25 sec at full speed. It must be noted
though, that this analysis is invalid for higher
throughput capacities than 4000 seats/hr. It will also
be necessary to have a switch operating time of less
than 25 sec.

Although the cost saving predicted for this
change in switch philosophy is not great, Maglev
switches remain a difficult design challenge, especially
for the wraparound EMS systems. It may be preferable
to provide the acceleration and deceleration capability to
permit a low speed switch to be used.
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V. OPERATING COST

A brief examination of system operating and
maintenance (O&M) cost was made as a part of the
Grumman SCD study. To a first order the O&M costs
consist of personnel, material, and energy expenses.
The projected values of these costs are listed in Table 2,
and total $269 million per year for a typical 1000 km
system with a peak capacity of 4000 seats per hour.

Table 2
O&M Cost Summary
Item _ Anpual Cost ($M)
Personnel 49
Material 48
Energy 172
Total 269

To compare the O&M costs with the annual
cost to capitalize the system we may assume a typical
capital recovery factor of 0.103 (6% for 15 years). The
1000 km system at $12.3 million per km would cost
$12.3 billion and the annual cost of capital would be
$1267 million. The projected O&M cost is then 18%
of the total annual cost.

In examining the factors which determine the
O&M elements, it was found that most of the cost is
proportional to the passenger throughput. This includes
the personnel, material, and energy costs. To be more
precise, it was estimated that 6% of the cost is fixed and
94% is proportional to the throughput (seats/hr).

The energy costs were estimated from a
simulation of the 800 km Severe Segment Test (SST)
route supplied by the Government for the SCD study.
Although it was labeled a Severe Segment Test it
seemed to have alignment profiles similar to what
might be expected along typical U.S. highway routes.
From this analysis it was estimated that 100 passenger
vehicles carrying a peak of 4000 seats per hour in each
direction and an average of 2000 seats per hour would
consume 3.08 billion kwh/yr. Using an energy charge
of $0.05/kwh and a demand charge of $7.50/mo per kw,
the projected annual energy cost is $172 million.

Much confusion exists over the specific energy
consumption of Maglev vehicles and other trains. At a
steady state 300 mph cruise the Grumman 100
passenger vehicle consumes 5.072 Mw at the utility
interface. This translates to a specific energy of 379
Joules/passenger-meter, If we were to usc a train
consist of 10-filty passenger modules the total
aerodynamic drag would increase by only 63%. The
specific energy would drop to 124 Joules/passenger-
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 system
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

George R. White
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Abstract - The most critical question facing the U.S. with
respect to MAGLEV may not be "how", but rather "why". Unless
some defining picture exists of where MAGLEV lines might
operate, and how MAGLEYV services might interact with existing
air and auto transportation, national concurrence is apt to be
wanting on assuming the costs and uncertainties attending its
technical development. The 1990 US Census Bureau data on the
281 Metropolitan Statistical Areas (populations and personal
incomes) can be combined with US Geological Survey position
data (latitudes and longitudes) to enable a Figure of Merit
assessment of all plausible MAGLEYV trips (40 < miles < 600)
on all plausible corridors in the United States. Results are
mildly surprising. Although as expected the Boston-Washington
Standalone Corridor is the most valuable, by a factor 3x over the
nextmost, that nextmost is not the Sacramento-San Diego
Standalone Corridor (found to be fourth), but two ex!:nsion
corridors continuing beyond Washington to Pittsburgh-
Cleveland-Detroit in the Midwest, and to Richmond-Norfolk in
the Midsouth. An hierarchical sequence of the LEVEL I Route
(Boston to/from Washington) through LEVEL IV Routes
(Atlanta to/from East Coast and Midwest; Phoenix-Tucson
to/from San Diego) is quantitively defined by the TOP 7S CSMA
cities along the route (traffic decrease by a factor of two per
LEVEL). Several early contenders for federal sponsorship score
at a low disfavored LEVEL V (Texas, Florida, Las Vegas). The
resulting overall picture of MAGLEV possibilites is thought to
be quite comprehensive, involving 77.6% of US population, and
quite stable, shifting only with the slow rate changes of
demographics. An aggregate 25 of the Lower 48 States have
population in the Metropolitan Areas which would be served
through LEVEL IV, so substantial definition and justification
for MAGLEV may appear from this work.

I. INTRODUCTION

The national interest in High Speed Rail and Magnetic
Levitation Transportation has been markedly stimulated by
the December 1991 enactment of the federal Intermodal
Surface Transportation Efficiency Act. A prototype
MAGLEYV system at least 19 miles long may be funded
with $750 million. While such demonstration may
illuminate some technical issues, the larger questions of
where MAGLEV corridors should be located, for what
values-added, will be unresolved by any such single short-
span operation.

Manuscript received March 15, 1993. This paper has been issued with
more detailed tables and maps as Transportation Systems Research
Center Report 93-1a  (January 1993).

Analysis of MAGLEV corridors between all possible
cities can establish their potential for Relative Value in
Rider-Miles versus Route Miles, in so far as determined
by the underlying factors of population, personal income,
and distance. While nothing in the analysis establishes
absolute level of demand, the interpretation of relative
value has integrity for prioritizing potential MAGLEV
corridors, and for resolving among varying alternatives for
route stops.

The definition of priority for explicit MAGLEV
corridors allows logical sequential strategy for plans and
implementation, when and if resolution of issues
increasingly favors MAGLEYV prospects. The role for an
ISTEA MAGLEV prototype then is more useful in
clarifying relevant economic, social, and political factors
than in merely demonstrating technology.

The U.S. Census Bureau has identified a total of 281
Metropolitan Statistical Areas, Primary Metropolitan
Statistical Areas, and Consolidated Metropolitan Statistical
Areas. All trips may be considered to link Metropolitan
Statistical Area pairs, of which there are N(N-1)/2 or
39,340. Thus there is a large but tractable data base for
analysis of MAGLEYV prospects.

I1. POSSIBLE NICHE

The Crucial Question is why should the U.S. with
already the world best auto/interstate and jet/airport
transport systems spanning the whole country, expect value
from new transport which is neither as flexible as autos
nor as fast as jets. There are two reasons why such may
be the case.

(1) Autos have a two-dimensional capability, linking
any point in one area to any point in another with
facility. Jets have only a zero-dimensional capability,
linking one point to but one other point. A
MAGLEYV line can provide the intervening one-
dimensional capability, linking points on-line to other
points on-line with ease.

(2) Subjective judgement is that autos average 55
mph, with little wasted time. Statistical regression of
airline schedules versus greai circle distances shows
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that jets average 520 mph as point to point cruise, but
with 45 minutes of wasted air and ground delay each
flight scgment. MAGLEV market position could be
proportionally between at 180 mph average speed,
three times that of cars and one-third that of planes,
with little wasted time delay.

III. DATA AND ANALYSIS

The 1990 Census [1] provides full population and
personal income data for all 281 Metropolitan Areas. The
US Geological Survey Atlas [2] provides latitude and
longitude to 0.1 minute (about 600 feet), from which any
of the 39,340 city pair great circle distances are computed
as needed, by spherical trigonometry,

TrueMilesAB = 69.09 -arccos[sin(LatA)sin(LatB) + (1)
cos(LatA)cos(LatB)cos(LongA - LongB))

with arccos expressed in degrees. RidershipScoreAB is
taken as proportional to traffic potential for the AB pair:

PopA -PopB-$A-$B-107'°  (3)

RidershipScoreAB =
TrueMilesAB

with 1990 Census values for each Metropolitan Area used
for population (PopA) and average personal income ($A).

Once actual RouteAB is chosen, RidershipScoreAB is
lowered by the ratio TrueMilesAB/RouteMilesAB. This
corrected traffic potential times the RouteMilesAB is thus
proportional to the total potential for passenger miles of
the city pair. The ratio (TrueMilesAB/RouteMilesAB) is
applied as final adjustment, to represent subjectively the
displeasure with circuitous routes. The rcsulting quantity

Rider -MilePotentialAB =
RidershipScoreAB -

TrueMilesAB* 4

RouteMilesAB

is the relative contribution each city pair along a route
makes to total traffic on the route. The cumulative Rider-
MilePotential for all city pairs along a route is taken as
proportional to the total values-added (i.e. revenue or
public service equivalent) by travel on the route. The
cumulative RouteMiles is taken as proportional to the
fiscal cost of the route. The Figure of Merit for each
MAGLEYV corridor

- Y Rider-MilePotential

, 4)
Y. RouteMiles

Merit

places that corridor in an hierarchy of profitability (or
public service value) against all other possible corridors.

The Census pays special attention to the Top 75
Metropolitan Areas of the total 281. This group contains
60.5% of the total U.S. population, and dominates
potential travel. Initial analysis is therefore concentrated
on Top 75 MSAs, to establish the dominant themes of
plausible routes.

Specific attention must be paid to the jet and auto
competition. Two cutoff limits are adopted. Subjective
judgement is that trips below 40 RouteMiles should be
given zero as RidershipScoreAB, representing irresistible
preference for auto flexibility. More objectively, trips
beyond 600 RouteMiles have zero as RidershipScoreAB,
representing pre-emption by jet travel. Below this distance
MAGLEYV can be advantageous.

Specifically, nonstop MAGLEYV express time between
two major cities 600 miles apart is 2.0 hours, while
nonstop flight schedule between their airports is 1.9 hours
(45 minutes + 600/520mph), with airport access time more
than taking up the difference. The MAGLEYV advantage
between secondary cities is equally clear. Such air trips
now require hub-and-spoke connection, with two 45
minute flight segment overheads added to the hub
connection interval (about another 45 minutes). Thus, the
all-stops MAGLEV at 180 mph average speed takes 3
hours 20 minutes to connect two secondary cities 600 miles
apart, while hub-and-spoke air takes 3 hours 24 minutes (3
x 45 minutes + 600/520mph).

Both autos and jets arc more able to follow great circles
than MAGLEV, so schedules for the latter must minimize
stops along circuitous routes to compensate. The number
of stops affecting the dominant city pair on circuitous
routes (e.g. - Cleveland to New York via Washington) is
curtailed so that average speed over the True Mileage (not
Route Mileage) meets the 180 mph competitive objective.

IV. LEVELS OF PRIORITY

The tables and maps of this report are then classified as
to their national priority, given by their hierarchical Figure
of Merit. The Northeast Corridor stands alone as Level
I, having a Merit Figure of nearly 50,000 Rider-Mile
Potential/Route Mile (Tab. 1).

Consequently, whether a national program makes sense
hinges on the next most valuable, the Level 1l standalone
California Corridor Sacramento to San Diego, having a
Merit Figure of 13,000 Rider-Mile Potential/Route Mile
(Tab. 2). If costs and appeal don’t validate this California
prospect, no other routes in the U.S. are sound. Likely,
MAGLEYV use only along the East Coast would reccive
neither votes nor funds enough for implementation.
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TABLE 1. LeveL ] CORRIDOR

Boston/Washington Corridor 415 Miles 8/Top 75 Merit: 43680

[;—-——-—-—"‘ﬂZﬂ nillﬂ

TABLE 2. LeveL II CorrRIDOR

Sacramento/San Diego Corridor 549 Miles 6/Top 75 Mert 13395

However, if Merit Figures of Level Il (say, greater than
10,000) are valid for implementation, other Routes open
up as continuing extensions of the Northeast Corridor
(Tab. 3). First among these, in fact with Merit of 16,000
(higher than California), is the extension of MAGLEV
from the Washington to Pittsburgh, Cleveland, and
Detroit. Upon reflection, it is not surprising that linking
the nation’s Sixth, Thirteenth, and Nineteenth MSA
populations with its First, Fifth, Seventh, and Eighteenth
should have substantial value. Of some surprise is the
outcome that a second Level II corridor extension is valid
from Washington to Richmond and Norfolk. This route

asyet has not been featured in MAGLEYV speculation and
advocacy.

Additional Level II Extensions are found to be valid
(Merit greater than 10,000) branching off at Toledo to
Chicago, and continuing to Milwaukee. Similarly, the
Extension from Richmond to the North Carolina
Pi>dmont (Raleigh-Durham, Greensboro, and Charlotte)
meets the Level II criterion.
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TABLE 3. LEVEL 1l EXTENSIONS

Washington/Detroit Extension 455 Miles +4/Top 75 Meric 16572
Washington/Norfolk Extension 176 Miles +2/Top 75 Mer: 15914
Toledo/Chicago Extension 212 Miles +1/Top 75 Merit 12251
Richmond/Charlotte Extension 290 Miles +3/Top 75 Mesit 11076
Chicago/Milwaukee Extension 82 Miles +1/Top 75 Merit 10324

In all cases, the higher priority predecessor is assumed
to exist and provide extension traffic. Thus Detroit to
Chicago journeys are crucial for the Toledo extension, and
Midwest to Tidewater trips for the Virginia routes.

V. SEQUENTIAL STRATEGY

One need not build MAGLEYV lines in the hierarchical
sequence of priority, provided the conditional dependency
is fully understood. In particular, the Boston/Washington
Corridor may be the most costly and difficult to plan, with
the challenge of MAGLEV crossing the Hudson River
through New York City being well deferred for a decade
or more, especially since AMTRAK does provide interim
mid-speed Washington connections. Similarly, San
Francisco Bay may compel deferral of service to East Bay
cities and connection to Sacramento.

However, a second aspect of sequential strategy requires
explicit attention. By factor .of two, one may define a
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lower Level III (Merit greater wicn 5,000). Level III
would extend via Albany from both Ncv York and New
England to Syracuse, Rochester, Buffalo, Enc, ', ¢land,
Columbus, Dayton, and Cincinnati; the Chicago to Saint
l.ouis route also qualifies at Level III (Tab. 4).

TABLE 4. LeveL lll EXTENSIONS

TABLE S. LeveL IV EXTENSIONS

Toledo/Cinci/Louisville Ext. 225 Miles +1/Top 75 Merit: 4293
Chicago/Louisvlle/Nashvlle Ext. 427 Miles +2/Top 75 Merit: 3,128
Milwaukee/Minneapolis Ext. 298 Miles +1/Top 75 Merit: 2,865
Charlotte/Atlanta Extension 229 Miles +2/Top 75 Merit 2,794
Nashville/Atlanta Extension 214 Miles  +1/Top 75 Merit: 2,506

New York/Hartford/Buffalo Ext
Buffalo/Cleveland/Cinci Ext
Chicago/Saint Louis Extezision

480 Miles +4/Top 75 Merit: 8271
412 Miles +3/Top 75 Merit: 6226
262 Miles +1/Top 75 Merit: 5050

Similarly, Level IV (Merit greater than 2,500) Cozridors
merits subsequent commitment if and when the overall
success of MAGLEYV 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. ~ontinuing 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 1V, San Diego to Phoenix and Tucson (Tab. 6).

Relegated to the disfavored category are the remaining
Level V corridors with Merit below 2,500 (Tab. 7). Note
that not only are the early clamorous contenders Texas,
Florida, and Las Vegas in Level V category, but also that
Florida connection (Orlando and Jacksonville to Atlanta)
scores at this low Merit. No plausible connection to Texas
even emerges for consideration.

VI. REFINEMENTS TO LEVELS I & 11

The initial determinants of Level 1 & 11 MAGLEV
corridors are the populations, personal incomes, and
distances among 25 of the Top 75 MSA cities. To
complete the roster of MAGLEV stations, six further
determinants may be added. Plausible choices are

. PHOENIX
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TABLE 6. LEVEL 1V EXTENSIONS

San Diego/Phoenix Extension 299 Miles +1/Top 75 Menit: 3455
Phoenix/Tucson Extension 107 Miles +1/Top 75 Mernit: 2,757
TABLE 7. LEVEL V (DISFAVORED)

Los Angeles/Las Vegas Exten. 228 Miles +1/Top 75 Merit: 2312
St Louis/Kansas City Extension 238 Miles +1/Top 75 Merit: 2,143
Dallas/Houston/San Antonio Y 394 Miles  4/Top 75 Merit 1348
Tampa/Orlando/Miami Trunk 294 Miles 4/Top 75 Merit: 1693
Atlanta/Orlando Connection 410 Miles  +1/Top 75 Ment: 1622
Los Angeles/Las Vegas Trunk 228 Miles  2/Top 75 Merit 1518
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advanced in each of the six categories in order to illustrate
fully developed LEVEL I & II characteristics.

First: Consolidation of Bi-State MSA Cities appears
reasonable where the Census Bureau has not joined two
immediately adjacent metropolitan areas on opposite sides
of a state line (presumably for political distinction). The
largest such pair is Hartford CT/Springfield MA, which
would rank 24th as a single MSA. Indeed their common
airport, Bradley Field, is a plausible joint MAGLEYV stop.
The Providence RI/Bristol County MA pairing connotes
that all of Bristol County MA lies as close to a downtown
Providence MAGLEYV station as do many parts of Rhode
Island included in the Providence MSA area; the joint
population would rank 28th as a single MSA. The
Youngstown OH/Sharon PA pair would rank 67th as a
single MSA.

# Rani. Description Population $/Capita

26 '24" Bradley Intl Airport 1,726,556

- *28* Prvidnce RI/Brstl Cty MA 1,422,595

27 *67* Yngstwn-Wrrn OH/Sharn PA 613,622 14,249
Analytical complexity lies in determining objectively which
Nearby-Pair cities within a certain distance should be
treated as single MAGLEYV stops, and by what criteria.

Second: Bottom 76-281 MSA Cities contain the next
17.1% of U.S. population (MSAs #1-281 total 77.6% of
US). Of course, if one of these cities lies directly along a
TOP 75 MSA route, it is to be included as a MAGLEV
stop. For even modest deviation, the Figure of Merit
must be recomputed for the whole route, to assure that
major city pair impairments from extra Route Miles do
not exceed the gain from new-stop passengers. If a MSA
#76-281 City lies beyond a TOP 75 CMSA terminus, a
Figure of Merit of 10,000 (the LEVEL II criterion) for its
extension justifies lengthening the MAGLEV Route.

The minimum list of MSA #76-281 Cities for addition

# Rank Description Population $/Capita

27 *67° Yngstwn-Wrrn OH/Sharn PA 613,622 14,249
28 106 Prtsmth-Dovr-Rochestr NH 350,078 19,284
29 119 Vvsalia-Tlare-Prtrvlle CA 311,921 12,898
30 138 South Bend-Mishawaka IN 247,052 15,748
31 183 Elkhart-Goshen IN 156,198 15,736
32 254 Burlington NC 108,213 15,649
33 259 Cumberland MD 101,643 12,529

Third: Major Airports are accessible by only minor
deviations from the LEVEL I & II routes. Inclusion oi 16
such airports is obvious. For the four largest metropolitan
areas, the location of additional airports having substantial
airline service can be taken as proof that additional sites
need MAGLEYV service (New York City: JFK, Laguurdia,

MacArthur; Los Angeles: Ontario, Burbank, Long Beach;
Chicago: Midway; San Francisco: Oakland, San Jose).

# MSA Sixteen Major Airports Population
34 1 Newark International (New York) 17,953,372
35 2 Los Angeles International 14,531,529
36 3 Chicago O’Hare International 8,065,633
37 4 San Francisco International 6,253,311
38 5 Philadelphia International 5,899,345
39 6 Detroit Metropolitan 4,665,236
40 7 Wwashington National 3,923,574
41 7 Dulles International (\Vashington) 3,923,574
42 9 Logan International (Buston) 3,783,817
43 13 Cleveland Hopkins International 2,759,823
44 15 Lindbergh Field (San Diego Intl) 2,498,016
45 18 Baltimore-washington International 2,382,172
46 19 Pittsburgh International 2,242,798
26°24" Bradle¥ ntl (Hartford/Sprngfield) 1,726,556
47 34 Charlotte/Douglas International 1,162,093
48 55 Raleigh/Durham International 735,480
# MSA Additional Airports Needing MAGLEV Service
49 {1 JFK International (New York)

50 1 LaGuardia (New York

51 1 Long Island/MacArthur (New York)

52 2 Ontario International

63 2 Long Beach

54 2 Hollywood-Burbank

55 3 Chicago Midway

56 4 Oakland International

57 4 San Jose International

Fourth: Turnpike & Interstate Park-N-Rides need
selection, but require no deviation of LEVEL I&II routes.

# MSA Expressway/Intersection

58 9 1-95/MA128/US1 Peabod‘AMA

59 75 1-95/I-495 Attleboro

60 - I-395/US6 Danielson CT

61 35 1-84/CT72 New Britain CT

62 1 Merritt Pkwy/CT8/CT25 Bridgeport CT
63 1 I-95/US1/CT104/CT106 Stamford CT

64 1 Htch Riv Pwy/1-287/1-684 White Plains NY
65 1 GS Pwy/NJ Tpk/I1-287 Perth Amboy NJ
66 5 1-295/US1/US206 Trenton/Princeton NJ
67 5 1I1-95/PA Tgk/US1 Langhorne PA

68 5 1-95/1-295/1-495/US40 Wilmington DE
69 18 I-95/1-695/US1/US40 Overlea MD

70 18 I-95/1-295/US1/MD32 Savage MD

71 7 1-95/1-495/US1 College Park MD

72 - 1-81/US11/WV51 Martinsburg/Winchester WV/VA
73 18 I-70/PA Tpke/US119 New Stanton PA

74 13 1-480/1-271/USALT422 Bedford Hts OH
75 - Ohio Tpke/US250 Milan OH

76 - 1-69/Indiana Tpk Fremont IN

77 3 1-65/1-94/Indiana Tpk Gary IN

78 3 1-57/1-94/D Ryan Exp¥ L Calumet IL
79 3 1-94/1-294 TriState 1w¥ "Wye®' Northbrook IL
80 24 1-94/US41/WI20 Racine W

81 - 1-95/US1/US17/VA3 Fredericksburg VA
82 28 I-64/VA238 Yorktown/Newport News VA
83 49 1-85/1-95/US1/US460 Petersburg VA
85 - 1-95/Us58/Us301 Emporia VA

86 - I-85/USI/US158/NC39 Henderson NC

87 34 1-85/US29/US52/US70 Salisbury NC

88 4 1I-80/1/780 Vallejo CA

89 213 1-5/CA152 Los Banos CA

90 2 1-5/1-210/1-405 San Fernande CA

91 2 1-5/1-405 Irvine CA

92 15 1-5/CA78 Oceanside CA

Their location can be wherever MAGLEV routes
determined by other factors cross an 2 ppropriate highway,
due to high auto mobility aiong expressways. Clearly,
MAGLEV must make exi/entry (e.g. Beltway) stops at
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every major metropolitan area, for maximum interception
of autos (note that airport stops may qualify).

Fifth: EEconomic Redevelopment Priorities are high for
thosc areas with large obsolcte residential and commercial

establishments, whose basic industrics have permanently
disappeared. Southeastern MA (Attleboro) missed the
"Massachusetts Miracle”. Bridgeport light manufacturing
center factories have evaporated. As ex-Mayor Kenneth
Gibson said, "I don’t know where the cities of America are
going, but Newark is going to get there first”. Cumberland
is the threshold of the benighted soft coal fields. The
Mon Valley (McKeesport) must find new competitive
advantage, or continue irreversible decline. Youngstown
and Gary replicate the decay of the steel industry. These
citations substitute for analysis, but witness the truth that
political science is as potent as economic scicnce.

# MSA Description

59 9 1-95/I-485 Intersection Attleboro MA

62 1 Meritt Pwy/CTB8/CT25 Intrsction Bridgeport CT
34 1 Mewark Airport (New York)

33 259 Cumberland MD

93 19 McKeesport PA

27 67 Youngstown-Warren OH/Sharon PA

77 3 1-65/1-94/Indiana Tpk Intersection Gary IN

Any major national transportation program in the
Northeast must pay its dues in redevelopment of economic
decline, by adding transportation competitive advantage.

Sixth: Limitation on Stops is the final refinement to
LEVEL I & 11 routes. Each routec has dominant city
pairs, with hcaviest Rider-Mile Potential. For such pairs,
the specification is that MAGILLEV provide service speed
averaging 180 mph over the true (great circle) distance.
Intervening  stops  "cost” 2.03 minutes more than
uninterrupted  cruise;  this  time  serves for  0.15g
deceleration to step, 30 scconds nominal platform dwell
time, and ().15g ncceleration back to 300 mph cruise speed.
‘Thus N gives the maximum number of stops allowed for

2 (min/stop) -N(No. stopsAB) = (5)
TrueMilesAB _ RowteMilesAB
3 (miles/min) 5 (milesfmin)

a MAGLEV going 5§ mi/min along the route to average 3
mi/min over the true distance between the city pair.

Express and Local Trains are one consequence of this
strategy on stops.  Such trains will certainly be required
along the East Coast LEVEL I Corridor. New York to
Washington is nearly direct (205 true miles, 207 route
miles). The formula allows 13 stops.  Yet the Cleveland-
New York route (403 true miles/S13 route miles, N = 16)
or the Norfolk-New York route (296 true miles/383 route

miles, N = 11) are circuitous compared to auto/jet
alternatives between these dominant city pairs.  With
minimum stops on the Midwest and Midsouth Lixtensions,
the Cleveland and Norfolk MAGLEYV schedules still must
bypass some East Coast stops (say 7 lLocal Stops) and
serve only the more important ones (say 6 Express Stops).
The balances (10 stops Cleveland /Washington, 5 stops
Norfolk/Washington) allow Extension Route stops cvery
35 miles or so. Many morc Local trains per day will be
required to service the Washington/New York traffic
(50,000 Merit) than through trains for the Cleveland or
Norfolk traffic (16.000 Mecrit), so the system offers good
balance.

The Roster of 93 Stops is listed for Levels 1 & 11,

adding all of the elements specified above to the original
25 Top 7S CSMA/MSA cities. Levels 1 & 11 promise
economic, social, and political vitality, with major service
in the Northeast, Midwest, Midsouth, and California:

Description Population Miles
Portsmouth to Wanhington (15.4% US) 38,245,728 539
Washington to Detroi 4.4% US) 10,997,250 477
Toledo to Chicago/Mlwaukee(4.1% US) 10,076,066 321
washington to Norfolk 0.9% US) 2,261,747 186
Richmond to Charlotte 21 5% US) 3,813,517 30t
Sacramento to San Diego 26,286,846 616

a premier portion of the nation. Of the Top 75 CMSA
cities, 26 are served by the 93 stops and the 2,440 route
miles of MAGLEV Levels 1 & 11, while 8 more will be
added if the 1,154 route miles of Level HI are justified,
and 7 more will be added if the 1,800 route miles of Level
IV are also authorized. Of the Lower 48 States, a total of
25 have population in the metropolitan areas scrved at
Levels 1, 11 1, ana IV,

VIL. CONCLUSION

The possibilitics for MAGLEV depend more on
cconomic, social, and political questions than on technical
issucs. "Of course we can, but should we?" ‘The
population, wealth, and distribution in the U.S. may well
provide a context rewarding to MAGLEV, but only if
plans and actions are guided by accuracy rather than mere
enthusiasm. This paper endeavors to provide assistance in
clarifying where MAGLEVY may fit, and where almost
certainly it will not.
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Abstract - High-speed magnetically levitated (maglev) vehicles
can provide an alternative mode of transportation for intercity
travel, particularly for short- and medium-distance trips between
100 to 600 mi (160 and 960 km). The patterns of growth and the
underlying factors affecting that growth in the year 2010 are
evaluated to determine the magnitude of U.S. intercity travel that
wotuld become the basis for maglev demand. A methodology that
is sensitive to the travelers’ socioeconomic attributes was
developed to forecast intercity travel. Travel between 78 major
metropolitan areas by air and highway modes is projected, and
12 high-density travel corridors are identified and selected. The
potential for a maglev system to substitute for part of that travel
is calculated by using a model that estimates the extent of
diversion from highway and air to maglev. Energy demand is
estimated on the basis of energy usage during acceleration and
cruise phases for each corridor and corridor connections.

I. INTRODUCTION

Intercity travel, involving trips longer than 100 mi (160
km), in the United States by highway and air modes has
shown consistent increases. Travel by urban and rural
interstate highways increased at annual rates of 5.6% and
3.2%, respectively, during 1971-1989 [1,2]. Travel by
commercial airlines, in terms of domestic enplanements,
increased at an annual rate of 5.6% during the same period
[3.4]. Intercity travel will continue to grow, requiring
considerable enhancement of highway and air capacity.
Travel by highways will increase by 1.3% per year during
1989-2010 (5] and air enplanements will increase by 3.8% per
year through 2002 [4].

The projected 50% increase in air travel would worsen the
air traffic congestion and spread delays to all major airports.
Several ideas have been advanced to handle the projected
increase in air travel, including approach orocedure
improvements, new terminal airspace procedures, new
runways, and the development of new technologies to close
the gap between visual flight rules and instrument flight rules.
The Federal Aviation Administration (FAA) projects that new
airports will be required beyond the year 2000 to maintain the
quality of service available today (6]. Since new airport
construction is an expensive, time-consuming, and politically
sensitive option, other options need to be investigated. One

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
Research Institute under contract RP3025-03, the U.S. Department of
Transportauon, and the U.S. Army Corps of Engincers.

viable option is to divert some of the intercity travel to an
alternative mode.

Short-haul aircraft operations represent an area where
alternative travel modes could help alleviaie air traffic
congestion and allow airlines to concentrate on mid- and long-
haul operations. Such alternative modes should provide
service comparable with that of airlines at a similar price.
Magnetically levitated (maglev) vehicles are expected to travel
at speeds up to 300 mi/h (480 km/h) and have the potential 1o
provide service comparable to airlines for trip lengths of 10X)-
600 mi (160-960 km).

II. METHODOLOGY

The methodology employed for this research consisted of
several sequential steps. A baseline scenario was developed,
and future demographic, economic, energy price, and
technological data were compiled. A set of 78 metropolitan
statistical areas (MSA) from the 48 contiguous states was
selected for analysis. This set contained all metropolitan areas
with populations over one million, all airline hubs, areas that
formed one end of the top 50 air traffic routes under 600 mi
(960 km), and metropolitan areas identified as potential
maglev cities by an earlier ANL study [7]. A trip generation
methodology was developed to project highway and air travel.
Both air and highway trips were distributcd by using the
Fratar model. The top 100 metropolitan area pairs involving
distances of 600 mi (960 km) or less were analyzed, and 12
corridors of high density travel were identificd. Highway and
air travel times and cost estimates were devcloped by using
data from a related project, while maglev timec and cost
estimates were generated specifically (or this analysis. A
diversion model was applied to assess the extent of diversion
from highway and air 10 maglev. Energy consumption
estimates were developed by using maglev vehicle
characteristics from published and unpublished daw. The
resulting energy demands were computed and analyzed for
each high-density travel corridor.

A. Travel Demand Projection

Intercity trips are generated by using a methodology that
applies travel rates by demographic groups. The methodology
assumes the propensity to travel is a function of the traveler’s
socioeconomic attributes. The travel rates have not reached
saturaton and would change as economic output, fucl prices,
personal income, and household work force configuration
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change. Travel is also a function of mode maturity. As all
travelers who could use a particular intercity travel mode use
it and become familiar with i1, that mode is assumed to have
reached matunity. The methodology treats the highway mode
as a mature mode, while the air mode has an opportunily 1o
attract more travelers. Surveys by U.S. Travel Data Center
(USTDC), along with data from the FAA, the Fedcral
Highway Administration, and the Burcau of the Census were
used to develop the travel rates.

Trip productions are dependent on three demographic
atributes:  household income, traveler age, and traveler
employment status. Three trip production models, identical in
structure, are applied, and a weighted sum of production is
developed for each metropolitan area for each trip type,

PGy = Ej Wi * Tp’(i,L) )
TG00 = I, NyG) * Ry, ®

where P(i,t) represents productions from zone i for trip type
L, W' is the weight assigned to socioeconomic attribute j, and
T;)(i,1) is the productions for socioeconomic attribute j for the
same zone and trip type combination from (2). N, (i)
represents the number of units in subcategory k of auribute |
for zone i, and R\ (1) is the travel rate for the same
combination.

Trip attractions are a function of four variables: households
with income less than $20K, houscholds with income greater
than or equal to $20K, high-travel potential employment, and
entertainment  attractiveness. Professional, managerial,
technical, and lower-level managerial employment are
classified as having high travel potential. Each zone is
assigned a code reflecting its cntertainment attractiveness.
Attractions, A(i,t) for zone i for trip type (, are the sum of
trips attracted by each attribute times an cntertainment factor
plus a constant, with entertainment factor and the constant
term dependent on the above mentioned code.

AGL = Z T + Fky )
TG0 = N() * R(t) * EF(k.1), (4)

where EF is the entertainment factor, F is a constant, and both
are dependent on entertainment attractiveness code k. Values
N and R represent zonal socioeconomic attributes and
associaled auraction rates as explained before.

Since the travel rates have not reached saturation,
procedurcs to compute future travel rates were developed.
The highway mode was considered mature, and all changes in
trip ratgs were captured by tracking the changes in household
income and number of workers per houschold. Past surveys
by the U.S. Travel Data Center were used develop the
following equation.

V, = —15.454 + 0.193 * Y, + 15.63 * W,, (5)

where V, represents vehicle trips per houschold, Y, is the
average personal income per houschold in thousands of 1982
dollars, and W, is the number of workers per houschold.

The changes in demographic composition ol the nation’s
population are accounted for in the structure of the trip-
generation model. The production component ol the model
allows for five classes of income (in 1988 dollars): <S20K,
$20-25K, 825-35K, $35-50K, and >SS0K; five classes of age:
<18, 18-24, 25-44, 45-64, and >64; and four classes of
employment status: high-travel potential employment, low-
travel potential employment, retired, and not working. Future
highway trips will be influenced by movement of population
between the classes of these demographic attributes and also
by changes in travel habits.

Changes in nationwide intercity travel were proiccted by
applying the regression model to the U.S. Department of
Commerce demographic projections (8]. The trip-gencration
model was also run using the state-level data for the years
2000, 2010, 2020, and 2030, while keeping the 1988 travel
rales constant. This provided measures of changes caused by
the movement of population among the demographic classcs
and geographical arcas.  The difference between  the
regression model and constant trip rate estimates provided a
measure of the change in travel rates.

A different procedure was followed to estimate future year
trip rates for the air mode. The air mode has the potential to
attract more travelers as a greater and greater [raction of the
population begins using it. A Gallup survey for the Air
Transportation Association of America (ATA) [9] shows the
incidence of flying (persons who used the air mode once)
rising from 49% in 1971 to 74% in 1990. A model that
projects enplanements per capiia was developed as follows:

E, = —17+0.154 * G, — 0.0055 * C, + 0.019 = [F. (0)

where E, represents cnplancments per capita, G, is gross
national product per capita in thousands ot 1982 doilars, C, is
airline revenue per enplanement in 1982 dollars, and IF is
incidence of flying (as percent ever {lown).

The above equation requires projection of revenue per
enplanement and incidence of flying for future years for
which procedures were developed. A logistic model was used
to project incidence of flying. This variable, representing
maturity of the air mode, is dependent on time. The following
model was developed using the 1975-198%8 data trom ATA
191:

IF =1 —042 % ¢~ 00343 7 = 1975 )
where t represents the forecast year.

A modcl for projecting airline revenue per enplanement, C,,
was developed using data published by Acrospace Industries
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(3] and U.S. Department of Transportation [10]. This variable
is dependent on fuel price and productivity improvements in
air-carrier operations. The productivity variable is rather
difficult to quantify, but it can be represented by time. The
following relationship was established for any year beyond
1988:

C, = 60.33 + 0.26 * J + (2030 — * / 101.2, (8)

where J, represents jet fuel price in 1982 dollars per 100
gallons and t is the year of intercst.

The Fratar model was used to distribute both highway and
air trips. The model adjusts an existing origin-destination trip
matrix to match a set of growth factors for trip productions
and attractions. Use of the model thus requires a base-year
trip matrix. A base-year air-trip matrix was constructed using
the 1988 10% ticket sample file from the U.S. Department of
Transportation [11].  Next, the towal trip matrix was
subdivided into business and nonbusiness trip matrices by
using the 1988 trip production and attraction shares provided
by the trip-generation model. The Fratar model was then
applied to produce a set of trip matrices for the year 2010.
Production/attraction growth factors provided by the trip-
generation model were used.

Since a comprehensive database for intercity highway travel
between metropolitan areas does not exist, a step-wise
procedure was employed to construct a base year highway-trip
matrix. First, two MSA to MSA highway-trip matrices, one
for business and the other for nonbusiness travel, were
constructed by using distance based air trip to highway trip
ratios. The ratios reflect an intercity mode preference pattemn
in which the highway mode carries several times the number
of passengers as the air mode when the trip distance is short.
Next, these matrices were revised to reflect the trip estimates
from surveys conducted by states or other agencies. Data
from Northeast corridor, New York state corridor,
Pennsylvania corridor, Ohio High Speed Rail Study, Iilinois-
Michigan Study, Illinois-Wisconsin-Minnesota (Tristate)
Study, Texas Triangle Study, and Florida High Speed Rail
Study were incorporated. Finally, the Fratar mode! was
applied 1o project year 2010 highway trip interchanges. Trip
productions and attractions from the trip-generation
methodology described above were used to compute these
growth factors.

In our modeling effort, we found that intercity travel is
strongly influenced by four major factors: population, number
of households, employment, and income. The U.S. population
is expected to continue to grow in absolute numbers, but the
rate i1s expected to decline between 2000 and 2010. A likely
strong influence on travel behavior is the percent of the
population over 65, which increases significantly after 2010.
Accompanying this trend is an increase in the number of
houscholds, which continues rapidly even out to 2030, but the
current tendency towards smaller households is expected to

continue -- helped along by the growing over-65 population.
This has an important implication tor highway travel (and, in
turn, for the potential for maglev travel), because the vehicle
occupancy for nonbusiness trips would be expected to decline
as the household size shrinks. Thus the per-person cost of
travel would increase, making travel by common carrier (air
or maglev) more attractive.

Air travel is forecast to continue o increase, but at rates
lower than historical rates. The number of air trips increased
at an annual rate of 5.2% during 1970-90. The projected rate
of growth for the next 20 years is 3.1% annually. The annual
rate of growth during the last decade of this century is
projected to be 3.3%. The demand for air travel will increasc
from 294.2 million trips in 1988 to 581.8 million trips in
2010. The air mode will be close to maturity in 2010, when
a projected 87% of the population will have lown at least
once as comparcd with 73% in 1988.

Since maglev is a common-carricr mode, a majority of its
trips will be diverted from air, the existing high-speed
common carrier mode. Also, as maglev technology develops,
it will be tested first in select places before introducing it in
a network of connected corridors. Air trip interchanges in the
year 2010 were analyzed, and the wp 100 MSA pairs
involving distances of 600 mi (960 km) or less werc
tabulated. Twelve corridors were selected from the analysis
of these trips and from the list of corridor studics conducted
by states and federal agencies. Table 1 lists the sclected
corridors.

Thirty one metropolitan arcas, out of 78, arc part of the
twelve selected corridors, representing 930 interchanges.
Many of these are not feasible to traverse by maglev alone,
given the sclected maglev corridors.  For example, Los
Angeles to New York City or Dallas to Chicago trips cannot
be made by maglev alone. When such infeasible interchanges
were removed, and interchanges involving Iess than 500
annual trips were climinated, a total of 400 interchanges
remained for trip diversion and cnergy demand analysis.

TABLE 1 HIGH DENSITY TRAVEL CORRIDORS

1. Northeast Corridor: Washington (DC), Baltmore, Philadelphia, New
York City, Hartford, Boston

2. New York State Corridor: New York Cuy, Albuny, Svracuse,
Rochester, Buffalo

3.  Califomia Corndor: San Francisco, Los Angeles, San Diego

4. California-Las Vegas Corndor: Los Angeles, Las Vegas

5. Florida Corridor: Miami, Orlando, Tampa

6. Texas #1 Dallas-Houston Corridor: Datlas, Houston

7. Texas #2 Dallas-San Antonio Corridor: Dallas, Austin, San Antonio

8. Texas #3 Houston-San Antonio Corridor: Houston, Ausun, San Antonto

9. Dlinois-Michigan Corridor: Chicago, Detroit

10.  Quad-State Comidor: St. Louss, Springficid (IL), Chicago, Milwaukee,

Madison, Minneapolis-St. Paul
Pennsylvania Corridor: Philadelphia, Harnisburg, Putsburgh
12, Michigan-Pennsylvania Corndor: Detron, Toledo, Cleveland, Pitsburgh
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B. Modal Characteristics Development

Travel time and cost characteristics were developed for air,
highway, and maglev. Procedures to estimate travel time and
cost components for air and highway modes were developed
by using data from several sources while maglev components
were derived based on published operating criteria,
discussions among ANL staff, and technical judgement.

Air characteristics are subdivided as MSA level and MSA
pair specific.  The MSA level characteristics include
access/egress time and cost, time spent in an airport before the
aircraft doors are closed, time between aircraft door closing
and being airbome, time between touching ground and aircraft
doors opening, and time spent in an airport between aircraft
door opening and boarding ground transportation.

The access and egress time values were computed using
average distance from the most populated place in each
county of the MSA and weighting them by county population.
We obtained the county-level population forecasts from each
state and used them to compute average distance. MSAs were
classified by their population as extra-large (more than 5
million), large (3-5 million), medium (1-3 million), and small
(less than 1 million) for the assignment of average speeds.
The speeds represent average values for all approach modes,
including coach and public transit where applicable.

Wait time and in-airport time were estimated using data
from a ground-access study [12]. Base-year (1988) taxi,
queue, and take-off times, as well as landing, taxi, and idle
times, were estimated using an earlier study {13]. The values
in the study were updated by using the percent of operations
delayed by 15 minutes or more as published by the FAA [6].
The queue subcomponent will increase exponentially with the
increase in aircraft operations if airport capacities are not
expanded. We assume periodic capacity expansion by various
means (0 cause a linear relationship between air travel
demand and queuing ume. The practice of not allowing an
aircraft to take-off for a destination airport that is
experiencing delays is assumed to continue in the future.
Thus, average landing times are cxpected to increase very
little.

Airport access costs are computed separately for business
and nonbusiness purposes by using average distance and
airport-specific access mode shares. Access modes include 1)
drive and park or use of rental car, 2) taxi or limousine, 3)
coach/airport bus, 4) mass transit, and 5) courtesy vehicle. A
sixth mode, driven by friend/relative, was allowed for
nonbusiness travel only. Cost components include fuel and
nonfuel operating costs, parking fees, labor costs, tolls, and
fares, which vary depending on the access mode.

Linehaul time and fare arc two MSA pair specific
components.  Linehaul times were computed using a
regression equation. Average fares were also computed using
a regression equation that accounted for the effect of hubs,
fuel prices, and productivity improvements. These fares do

not account for increases in capital cost, which are likely 10
be substantial.

The highway mode characteristics were compiled for
intercity passenger trips by assuming that ail the trips were
made by automobiles. A vehicle trip was subdivided into
three parts: travel within the origin MSA, travel between
MSAs, and travel in ine destination MSA, Highway travel
times and costs deperrd on such parameters as distance,
intercity highway speed limits and miles driven per day,
lodging cost per night, tuel economy and fuel prices, nonfucl
automobile operating cost per mile, duration of stops for fuel
and rest during highway travel, and time and distance traveled
within origin and destination MSAs. A value of 700 mi
(1120 km) was selected as the distance driven per day. A 50
mi (80 km) allowance is automatically made to allow a
traveler 1o complete the trip without incurring lodging cost.

The automobile cost component consists of fuel and other
operating costs. It does not contain depreciation, registration,
and insurance. Both fuel and other operating costs are
computed as dollars per mile using energy price and fucl
cconomy data.  Nonfuel auto operating costs include
lubrication, tires, and maintenance [14].

Maglev time and cost information was developed using
highway distance and some allowance for circuity.  The
resulting total distance for each origin-destination pair is
subdivided by speed class, and the linchaul time s computed
on the basis of the number of miles in each speed class, the
number of stops, and the number of transters. The speed
classes are 165 mph (265 kmph), 200 mph (320 kmph), 250
mph (400 kmph), and 300 mph (480 kmph). All MSAs with
populations over 3 million, and those in the Northeast
corridor, are assumed to require travel at reduced speed lor
some distance within the metropolitan area (5 to 15 mi). All
other distances for each speed regime were dctermined by
technical judgment based on the individual corridor.

Direct travel is considered feasible between all large MSAs
with stops at major intermediate points. For cxample, a tnp
from New York to Chicago does not require any translers, but
requires stops in Philadelphia, Pittsburgh, and Detroit. In
addition, cach major metropolitan arca may have more than
one stop (i.e., downtown, suburban, airport) and cach stop is
assumed to have a duration of 2.5 minutes. Travel to or from
a smaller MSA can involve a transter at a major hub (or halt
a transfer if some direct service is possible), with an average
transfer delay of 30 minutes.

Maglev out-of-vehicle times (access/egress and waiting
times) were obtained by multiplying the air out-of-vehicle
times by a factor of 0.75. This factor accounts tor the fact
that metropolitan areas will probably have morc than one
maglev station, so that the average distance 10 a station will
be less than the average distance to an airport. Maglev access
costs were assumed to be 90% of those tor air. The factor for
access costs is higher than that for out-of-vehicle times
because access cost is influenced less by distance than access
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time. Maglev fares were assumed to be 80% of the air fare
to account for the lower linehaul travel speed.

C. Estimation of Diversion to Maglev

A diversion model was selected to cstimate trip diversion
from highway and air modes to the new mode. The model
includes such logical parameters as waiting time, linehaul
time, and cost {15]. Rail trips were added to the diversion
estimates by using constant diversion rates. The model
requires total travel cost, in-vehicle travel time, and out-of-
vehicle travel time for highway, air, and the new mode.
Business out-of-vehicle travel times were computed as 20
minutes less than nonbusiness oat-of-vehicle travel time if the
nonbusiness out-of-vehicle time for an origin-destination pair
was greater than 100 minutes; as 15 minutes less if the
nonbusiness out-of-vehicle time was in the range 80-100
minutes, and as 10 minutes less for all other values.

The trip diversion model multiplies the out-of-vehicle time
by a factor less than 1. This reduction was not considered
appropriate for the highway mode since it makes the
common-carrier mode more attractive (by reducing the effect
of access/egress time and waiting time). Also, the maglev
mode has constant terms for each purpose and mode
combination. Since the diversion model was developed for
trips shorter than 500 mi (800 km), highway business
diversion for longer distances may not be predicted properly.
A value of —0.8 was added for distances of 600-900 mi (960-
1440 km), and an additional —0.8 was added for longer
distances. Even after these additions, the model tended to
predict high shares (80-95% for longer trips). Thus, the
diversion from business highway trips was restricted to 66%
for distances of 500-750 mi (800-1200 km), assumed not to
require any lodging cost, and restricted to 50% for longer
distances.

Rail trip estimates were compiled from various origin-
destination counts obtained from the Federal Railroad
Administration. The rail trips were subdivided as business
and nonbusiness equally. Fixed diversion rates of 85% for
business and 70% for nonbusiness were applied for maglev.

D. Energy Calculations

Electric uuliues are likely to view the loads generated by
the maglev system as less than idcal because its demand is
unstecady due to accelerations and because peak maglev
demands tend to coincide with peak loads in the rest of the
utility system (midmorning and late-aftcrnoon). Maglev could
operate either with long trains or in smaller units of one or
two vehicles. When operating with one or two vehicles, the
acceleration energy requirements of each individual unit
would decrease, which would help smooth out the electrical
demand oscillations of a maglev system.

Large-scale off-board encrgy storage facilities could be

used to reduce the peak loads for maglev sysiems. These
facilities could be distributed along the maglev corridor and
charged from base-load power plants at night or from
spinning reserve. Spinning reserve is the margin that utilitics
are required to maintain in order 0 handle unforeseen
situations, such as a sudden shutdown of a power plant or a
large unexpected load. The requirement is about 10% in
excess of the current demand, and storage devices could be
charged from this spinning reserve since the charging could
be interrupted at any time.

Maglev vehicles travelling at cruising speeds require energy
to overcome aerodynamic drag, which increases sharply with
speed, and magnetic drag, which is highest at low speeds. In
addition, hotel energy, which is independent of speed, is
required for use on-board the vehicle (about 300 kW). During
acceleration energy is also required to bring the vehicle up to
speed. A 150-scat clecrrodynamic maglev vchicle was
characterized by using data from various sources (most of
which are unpublished).

The magnetic drag force (computed as 780 divided by
speed in meters per second for speeds above 50, or 30.25 kN
otherwise) and energy requirements Lo overcome magnetic and
acrodynamic drag are given in Table 2 for various specds.

The actual clectric encrgy demand required (rom the power
plant was computed by considering the efficiency of the linear
synchronous motor mounted on the guideway (90%), the
efficiency of the power conditioning unit at the wayside
station (85%), and the electricity transmission cfficiency
(95%). These combine to give an overall efficiency of about
72.7% for maglev. The electric generation efficicncy is not
included.

TABLE 2 AERODYNAMIC AND MAGNETIC DRAG ENERGY

Speed  Magnetic Drag Energy (kWh/km)
(km/h) Drag
Force (kN)  Magnetic Aerodynamic Total

200 13.96 3.88 1.56 5.44
266 10.58 2.94 27 5.66
322 8.73 2.42 4.00 642
402 6.98 1.94 6.24 NS
483 5.82 1.62 $.99 10.61

III. RESULTS

Table 3 summarizes the most important ridership and
energy results for each corridor. The table includes passenger
demand, passenger miles traveled, energy intensity, and total
energy demand. The individual corridor totals do not include
trips that traverse that corridor but have cither the origin or
destination (or both) outside the corridor. However, those
trips are accounted for in the "corridor connections” totals.
The individual corridor totals for ridership and energy would
increase if any corridor is connected to any other corridor, but
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since the values depend on the cxact cxtent of the entire
network, those projections cannot be made at this time.
Travel demand will also increase if connections are provided
at the airports involving high volumes of connecting trips. An
air traveler could transfer to maglev for a part of the trip that
either originates or terminatcs at a point outside the connected
corridors.  Estimates of such diversion will require morc
detailed analysis. We carried out a simple analysis of trips
involving ongin or destination in Albany, Syracuse,
Rochester, and Buffalo with a maglev airport connection that
showed potential increases in the range of 5-15%, dcpending
upon airline cooperation.

The estimated total encrgy demand for the 12 corridors is
5.26 wrillion watt-hours. Aside from encrgy demand, the
power demand profile will influence utility planning and load
management. A 150-seat maglev vehicle will require
approximately 20 MW of power at startup (accclerating at
0.16 g or 1.57 m/s?) and 5.4 MW while cruising at 300 mph
(480 kmph).

TABLE 3 MAGLEY TRAVEL AND ENERGY DEMAND IN 2010

Comidor & Connections Demand PMT El Energy
10° 106 Wh/PMT 10* kWh
Nornheast Comndor 23456 5344 201 1,073
New York Suate Corridor 5,173 1335 249 333
NE/NYS Connection 476 233 231 54
California Corridor 12,603 4,545 223 1,014
CA - Las Vegas Comdor 6,137 2,027 231 468
Florida Corndor 6,858 1,688 265 448
Dallas- Houston Corridor 3,069 773 255 197
DFW-Austin-S Antonio 2,487 560 255 143
HST-Ausun-S Antonio 1,770 373 252 94
Chicago-Detroit Corridor 1,658 478 247 118
Quad-State (STL-MSP) 4,124 1253 252 316
Midwest Connecuon 569 338 250 84
Pennsylvania Corndor 1,503 356 253 90
NE-Penn Connection 1,268 62 232 130
NYS-Penn Connection 30 18 236 4
Detrout - Pit Comdor 419 89 256 23
Other Connecuions 3.596 2,720 245 665
System Total 75,197 22,691 232 5255

A. Profile of Electricity Demand

The protile of potential electricity demand was analyzed by
selecting two sections of the future maglev lines: 1) Boslon to
New York City and 2) Los Angeles to San Francisco. All
trips that will use the selected sections were identified and
summed. For example, the Boston to New York City section
will be used by trips originating from or ending in Boston and
having the other end in New York City or maglev cities
beyond New York City, as well as trips originating from or
ending in Hartford and having the other end in New York
City and maglev cities beyond New York City.

In this analysis, we assumed the numbcer of vehicles
travelling daily between terminal cities (o0 be distributed in the
same way as the aircraft flights are. We computed the
number of vehicles required to serve the demand by assuming
a 60% load factor and uniformly distributcd demand through
the year. We also used the average energy intensily for the
section. The number of vchicles en route at any specific time
of day is computed from travel time and average headway.
The power demand for maglev is computed by using 20 MW
for accelerating vehicles and 5.4 MW for cruising vchicles.
The actual power demand will be influenced by route
geometry, location and number of stops, maximum speed, and
demand charges.

TABLE 4 ELECTRICITY DEMAND PROFILE FOR THE BOSTON.
NEW YORK CITY SECTION

Travel Distance (mi) 249
Travel Time (min) 85
Passengers per Year in

each Direction (10°) 4.86
Average Passengers per Day
in each Direction 13,310

Vehicle Tips per Day
in Both Directions 296
Profile (both directions) by Time of Day

6-10 AM 10 AM-2 PM 2.6 PM  6-10PM
Vehicle Trips 74 72 88 62
Avg. Headway 6.5 6.7 5.5 77
Vehicles en route  26-28 24-26 30-32 20-22
Potential Annual
GWh Demand 124 121 149 104
Power MW! 265-285  244-265 306-326  204-224
Power MW? 329-354  304-329 380-40S  253-278

' Assuming 33% of the vehicles accelerating at a ume.
! Assuming 50% of the vehicles accelerating at a ume.

TABLE 5 ELECTRICITY DEMAND PROFILE FOR THE LOS
ANGELES-SAN FRANCISCO SECTION
Travel Distance (mi) 398
Travel Time {min) 122
Passengers per Year in
each Direction (10%) 531

Average Passengers per Day

in each Direction 14,560
Vehicle Trips per Day

in Both Directions 324
Profile ¢hoth directions) by Time of Day

6-10 AM 10 AM-2PM 2.6 PM 610 PM

Vehicle Trips 86 74 90 74
Avg. Headway 5.6 6.5 53 63
Vehicles en route  42-44 36-38 44-46 RISPR S
Potenual Annual

GWh Demand 254 220 268 220
Power MW! 428-448  367-387 448-46Y 307387
Power MW? 531-557  455-481 557-582 455-481

' Assuming 33% of the vehicles accelerating at a ume
? Assuming S0% of the vehicles acceleraung at a ume
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Reducing Magnetic Fields from Maglev Guideways
to Reasonable Levels

]J. P. Blanchard
Rescarch and Development Advanced Civil Systems Group,
Bechtel Corporation, San Francisco, CA 94119-3965

Abstract - Magnetic fields required by
magnetically levitated high speed trains must be
sufficient te lift, guide, and propel the passenger or
freight vehicle at speeds of up to three hundred
miles an hour. This implies a need for locally high
field intensities to create forces sufficient to do these
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
electronic guidance and control equipment, they
must not detract from the structural integrity of the
guideway, and they must not be biologically
significant to either the passengers or people in the
vicinity of the system. This presentation will explore
the expected field patterns from the Bechtel team's
National Maglev Initiative System Concept
Definition design and how the design accommodates
each of the limiting issues identified above.

I. INTRODUCTION

Bechtel recently lead one of four teams in the
National Maglev Initiative System Concept
Definition study. The results of this cffort provided a
series of designs expected to form a basis for future
maglev concept development that will ultimately
offer the United States a mass transit alternative to
meet the needs of the twenty first century. Central to
the Bechtel team effort was the design of a
levitation, propulsion, and guidance system that uscs
magnetic ficlds sufficient to sustain adequate speed,
safcty, and ride comfort at speeds up to 300 miles per
hour. The basis of this system is a lincar synchronous
motor consisting of a number of vehicle based
superconducting magnets that crecate a constant
magnetic ficld and a juideway propulsion winding

This work was supported in part by the U.S.
Department of Transportation under contract no.
DTTFR 53-92-C00003.

that crcates a traveling magnetic field. The
interaction of these two fields produces the
propulsive force!. The same superconducting magnets
are used for levitation and guidance, with additional
guideway equipment providing the necessary ficlds
for these functions.

This paper considers the anticipated impact of
the magnetic fields associated with the Bechtel tcam
maglev design on people and maglev system
components outside of the levitation, propulsion, and
guidance packages. Additional technical details
about the levitation, propulsion, and guidance
systems will be presented in other sessions at this
conference?3. Far ficld calculations of magnetic ficlds
associated with the general design discussed here are
described in greater detail elsewhere!. 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
the possible concerns, allowing future design work to
accommodate refinements as needed to mitigate ficlds
in strategic arcas.

Il. HOW IS "REASONABLE LEVELS" DEFINED?
A. Source Characteristics

It is gencerally recognized that the nature and
extent of interaction of a magnetic field depends on its
intensity, frequency, and orientation with respect to
other objects, as well as its spatial and temporal
duration. In this paper we examine three distinct
forms of magnetic ficlds: a static, or dc, ficld; a
periodic or sinusoidally varying ac ficld; and impulse
or anomalous fields. Actual ficld patterns
encountered will likely be a combination of these
three types.
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The source of cach type of ficld will depend on
the obscrver's reference frame. If on-board the
vehicle, a static field will be seen from the
superconducting magnet on the vehicle and the
guideway based currents will be seen as periodic ac or
impulses depending on whether they are from
anomalous or : ~gularly spaced sources. Anomalous
sources might be, for example, unexpected
irregularities in the guideway, or some local
misalignment of the magnet system. By contrast, the
wayside based observer is gencrally less likely to
encounter significant dc fields unless positioned near
an inverter station, but will see an impulse or periodic
ac field cvery time a vchicle passes, sometimes
accompanicd by switching transients.

Each of these ficld types interacts differently
with conducting loops in external systems. The static
ficld cannot induce currents in such loops but will exert
a force on established current loops in accordance with
Ampere's Law. By contrast, the ac fields can not only
create forces, but also induce currents in conducting
loops. Those arising from regular, sinusoidally
varying ficlds are maintained (or continuously
refreshed) by the external ficld while those from
impulses decay away, gencerally in the form of
resistive heat losses.

B. Exposure Concerns

A '"reasonable level” may be defined as one that
does not produce an adverse effect.  Consequently,
there will be different "rcasonable levels" for
different components of the system that are exposed to
the magnetic ficlds from the maglev system. In this
paper we focus on three key components that could be
adversely influenced by the system's magnetic fields:
the command/control/communication (C3) system; the
structural supports; and people onboard or in the
vicinity of the maglev system. These components are
not specific to the Bechtel design but would exist in
any maglev project. However, the mitigation section
below will examine general mitigation concepts then
concentrate on the Bechtel team's approach to
reducing the likelihood of adverse effects arising as a
result of its magnet system.

1) Command{Control/Communications
Electromagnctic interference arising from stray ficlds
is a potentially significant concern. Ac ficlds,
particularly those that generate impulse currents, are

expected to be of generally greater concern here than
dc ficlds because of their ability to induce spurious
currents on conducting lines.  As a limit, any ficld
induced currents should not corrupt existing data
communications, result in significant power losses, or
interfere with normal suspension, levitation, and
guidance forces to unbalance the vehicle or hinder its
intended motion,

2) Tolerance Limit of Structural Members

Most systems will use concrete, a magnetically inert
material, for the majority of structural components.
However, the mild steel  reinforcement typically
found in concrete structures is expected to be extremely
sensitive to the magnetic ficlds in its vicinity. In
particular, the ac ficlds may induce currents in the
connected sections of reinforcement, the dissipation of
which will deposit some heat in the structure.
Whether this is significant will depend on the
magnitude of the heat generated and where it is
deposited in the structure. Both the ac and the dc
ficlds will create forces within the structure if there
is any remnant magnetic ficld in the structural steel.
Again, the significance of these forces depends on
their magnitude, which in turn depends on the
strength of the ficld scen by the reinforcing steel as
well as the magnitude of the remnant field, if any, in
the steel. Over the expected fifty year lifetime of
the structural support system, the cumulative effect of
these forces and heat depositions must not
significantly weaken the structure.

3)  Physiological Limitations

Existing rescarch suggests that electromagnetic ficlds,
under some circumstances, can interact with the
human body to produce biological effects.  While
clear delineation of hazardous levels, if such exist,
remains generally clusive at this time there is
general agreement that limits on solely static ficlds
should be higher than for ac fields. Nevertheless,
the steady (de) and time varying (ac) fields arising
from the maglev system should not pose a
physiological hazard to train passengers or people in
the vicinity of the system and should conform to
human exposure standards where they exist.

Presently the most stringent known dc magnetic
field limit for people is 10 mG, beyond which signs
should be posted warning people with implanted
cardiac pacemakers of higher fields. Ac field limits
vary by jurisdiction from no limit in most arcas to as
low as a suggested 2 mG near some school areas.
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Limits on impulse fields have been suggested in the
scientific literature but none has, to date, been
implemented.  While these are limits only on the
magnitude of fields, some rescarch suggoests that
biological effects may also depend on the magnetic
field's frequency, spatial orientation with respect to
the body, temporal duration, and may in fact involve
a complex interaction between a variety of field
parameters.

11I. DESIGN AND MITIGATION
A. General Mitigation Concepts

There are a number of ways to mitigate the cffects
of magnetic ficlds on the various systems described
above. Notice that mitigation generally, but not
always, consists in a reduction of the field magnitude.
In some cases, mitigation may also require a change in
operating frequency or duty cycle.

First, it is well known that the magnitude of
magnetic ficlds declines in value with distance from
source depending on the nature of the source. The ficld
reduction will generally be at least as rapid as the
inverse of the distance from the source, and in some
cases will be proportional to the square or cube of the
inverse of the distance. This allows a field reduction
simply by increasing the distance between the source
and the observer where possible. Note that while it
is possible to reposition people and communications
equipment away from magnetic field sources to reduce
their exposure, the structural system, including
mounting brackets for the guideway based levitation,
propulsion, and guidance equipment, cannot be moved
away from the sources.

Where distance between source and obscerver is not
possible, shiclding can sometimes be used to reduce
fields within a specified volume. However, there is
almost always a penalty of higher fields elsewhere
as a result.  Shielding can be passive, using a
materials  with a high relative magnectic
permeability such as mu metal, or active, with
bucking coils creating a ficld that cancels the original
field in a defined area.

In some cases, the best form of mitigation is to use
material that is magnetically inert to do the job
originally performed by a conducting or magnetically
active material.  Examples include the use of fiber

optics in command/control/communications systems
and fiber reinforced plastic reinforcement in structural
systems.

B. Design Specific Field Reductions

Beyond these general suggestions for mitigating
the cffects of magnetic fields, the Bechtel team
identified several design specific methods for
altering the magnetic field as needed to accommodate
the diverse requirecments placed on the system.
Because the vehicle based superconducting magnets
arc expected to be the largest single source of magnetic
ficlds experienced cither onboard the vchicle or in
the wayside, much of this work concentrated on those
magnets. Note that the ficlds from these magnets
will be experienced as dc fields on board the vehicle
and as ac ficlds by wayside based people and
equipment as the vehicle passes by.

Thornton et al.! suggest several distinct ways to
mitigate the ficlds arising from the vehicle's
magnets. Each of these involves a trade-off with
other system parameters.

First, increasing the length of the vehicle magnet
arrays reduces the far field component of the magnetic
ficld substantially. If this is combined with tapering
the ficld strength of the end magnets, the overall
maximum ficld is decreased by a factor of up to about
three with only a minimal reduction in motor thrust.

Second, reducing the pole pitch of the vehicle
bascd magnets reduces the far field but requires
higher frequencices for the propulsion system. This in
turn leads to higher eddy current losses and a
requirement for more turns in the magnets or a closer
spacing between the vehicle and guideway magnet
systems.  Nevertheless, if rescarch in biological
effects of magnetic ficlds indicates a complex relation
between cffects and the frequency and relative
magnitude of ac and dc ficlds, as some studies suggest,
this may become a critical set of tradeoffs.

Third, the use of proprictary flux cancelling
designs in the magnet systems can reduce ficlds by a
factor of two or better.  Although there may be
penalties in terms of weight and cost for such systems,
the benefits appear to compensate for these.

Finally, active shiclding can be used to reduce
ficlds in specific arcas as neted carlier. Thornton ct
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al. suggest this should only be included after
implementing other field reduction techniques because
of the weight and power requirements for this kind of
shielding.

In addition to thesc methods that focus attention
on the vchicle based magnets, there are a few
guideway based field mitigation options. A more
cfficient suspension system, for example, will make
better use of the fields from the vehicle magnets,
thereby reducing the need for extra capacity in the
vehicle magnets while minimizing ac losses in the
suspension system. The proprictary Bechtel team
design for the suspension system contains significant
improvements in the efficiency of this system. Also,
since the fundamental frequency of the guideway
current depends directly on the vehicle speed relative
to the pole pitch of the vehicle magnets, there is
inherently some flexibility in the field frequencics
experienced on the wayside as a result of guideway
based equipment if warranted. Since variations in
frequency can also be expected to change a variety of
other operational characteristics of the system and
must be carcfully considered in terms of their influence
on overall system performance.

IV. CONCLUSIONS AND FUTURE WORK

We identified in this paper source characteristics
and exposure concerns related to maglev system
magnetic field effects on equipment and people
outside of the levitation, propulsion, and guidance
systems where those ficlds are primarily uscd.
General magnetic field mitigation options were
reviewad and design specific options were noted for
ficld mitigation within the context of the Bechtel
tecam National Maglev Initiative system concept.

The Bechtel team design provides the basis for
additional concept development. There is additional

work to be done in refining all elements of the concept
including the magnet systems.  Additional work is
anticipated to further identify the critical tradcoffs
required with guideway reinforcement concepts to
balance cost, strength, and power losses. In addition,
more work is needed to verify the robustness of
communication systems under all anticipated
operating conditions. Finally there is a vital nced to
clarify the key parameters of magnetic field
intcraction with biological systems in order to clearly
understand the most appropriate forms of magnetic
field mitigation for pcople onboard and in the
vicinity of the maglev system.
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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.,

Abstract

Accurate knowledge of losses in superconducting
magnets is an important requirement for the design
of levitation, guidance and propulsion systems for
eiectrodynamic maglev ve*icles. An experiment in
preparation is described to measure ac fields due to
guideway currents, and magnetic forces and force
gradients, which will provide the basis for subse-
quent measurements of superconducting coils for
maglev suspensions, The experimental apparatus
can test full-size maglev components at velocities
approaching e-pected maximum speeds. The initial
experiment, the apparatus to be used and its advan-
tages for experimentally addressing mrglev design
issues, and current status are described.

Introduction

Accurate knowledge of losses in supercon-
ducting magnets is an important iequire-
ment for the design of levitation, guidance
and propulsion magnets for maglev vehicles;
the designs must provide thermal margins
adequate to prevent accidental quenching.
Sources of loss include AC fields caused by
the varying currents induced in the guide-
way and the mechanical movement of con-
ductors and cryostat internal structure
caused by both the magnetic forces and
magnet accelerations in response to those
forces. Knowledge of these losses will be
crucial for the proper design of supercon-
ducting magnets and the cryostats and re-
frigeration systems which support them, and
will thus influence the cost of these subsys-
tems as well. Significant sources of loss in
superconducting magnets include hysteresis
and eddy current losses in the wires making
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up the magnet windings, mechanical losses
in the windings and supporting structures,
and mechanical and eddy current losses in

the shields which will be required to reduce
the strength of ac fields arising from cur-
rents induced in the guideway conductors by
passage of the superconducting magnets on
the wvehicle.

Tinkham[1] concluded that ac losses in
maglev levitation, guidance and propulsion
magnets could be substantial, conceivably
exceeding the heat leak of the cryogenic
system, Further, the most serious ac loss
problem in a real vehicle would be associated
with the low frequency vehicle motions near
the natural frequency of the primary sus-
pension system. Subseguently, Hunt[2] de-
veloped a simple model which showed that by
assuming full flux penetration of the super-
conducting wire, Tinkham's calculations
overestimated the ac losses. It should be
noted that in Hunt's experiments, a coil fab-
ricated with multicore wire showed a de-
crease of persistent current magnitude fol-
lowing exposures to high ac field levels.

Mechanical effects in superconduct-
mng coils and shields will also be a significant

factor in the proper design of suspension
magnets and cryogenic systems for maglev
systems. It is well known that relative mo-

tions between conductors in a supercondict-
ing magnet can initiate quenches; these
usually occur with increasing current when
energizing the magnet.  Maglev suspensions
employing variants of the null-flux configu-
ration are generally stiffer than those of the
image flux variety and usually require a sec-

ondary suspension to maintain satisfactory
ride quality. The combination of higher
stiffness and secondary suspensions results

in higher acceleration levels of the super-
conducting magnets than is usually the case
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in image flux systems. Iwasa[3] noted that
the racetrack magnets used in maglev, which

cannot use the proven floating-coil tech-
nique that virtually guarantees freedom
from premature quench in, e.g. NNMR

solenoids, will still be affected by meclanical
disturbances. Consequently, the effect of
losses from such disturbances must be con-
sidered in magnet design and qualification.
While numerous measurements have been
made of such effects, e.g.[4] [5], none are
known to the author which combine these
with application of ac fields.

Experience with
generators has shown that
nances of shields can

superconducting
mechanical reso-
induce significant ac

abling such experiments on full-scale or
near full-scale sized components.
Initial Experiment
An experiment is being prepared to
prove-out the experimental arrangement
and procedures for measurements on super-
conducting magnets, and to verify predicted
ac field levels due to guideway currents and
levitation average and ripple forces. A rep-
resentative maglev suspension arrangement,
approximating that of the Japanese MLO002
vehicle studied by Brown{[7] is being used.
The initial experiment will be conducted us-
ing a conventional copper coil excited by a
dc current supply to simulate the supercon-

777007

Figure 1.

losses in the superconductors when excited
by the ac fields they were intended to atten-

uate[6], and such resonances can be excited
as well by mechanical vibrations of the
magnet system caused by vehicle interaction

with guideway imperfections and response to
wind gusts.

The combination of ac magnetic fields and
mechanical vibrations is expected in maglev
systems and their effects must be understood
quantitatively to design a satisfactory system
immune not only to unexpected quenches,
but to possiblc dccay of magnct persistent
currents. (e of the objectives of the work
described here is to develop a facility en-

I ///////////7

Centrifuge elevation

ducting coil.
ters of a similar coil{8]
thermal limit is an excitation =1/35 of the
nominal ampere-turns of the superconduct-
ing coil, producing a guideway ac field pro-
portionately smaller. The levitation force
will thus be smaller by a factor of =1,400,
giving a lift force of =22N(=5 1bs.), a value
which should be readily measurable, al-
though probably not with high accuracy.

Calculations using the parame-
indicate that the

Equipment

The experiment will be conducted using a
large centrifuge at Draper's environmental
test facility. This machine was constructed to
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perform high acceleration exposure testing
of inertial guidance systems and components
and for calibration and error evaluation of
high precision accelerometers. The cen-
trifuge arm is asymmetric with respect to the
center of rotation; the long end is shown in
elevation in Fig. 1, and the short end in plan
view in Fig. 2.

The length of the long and short ends of
the arm are 10.7m (35 ft.) and 6.6m (21.7 ft.),
respectively; the interior concrete wall of
the building has a radius of 11.6m (38 ft.).
The cenirifuge was designed to operate safely
at an acceleration level of 200 g, measured at
the test location at 9.73m,(32 ft.) radius, and
has been routinely operated at a maximum
acceleration of 100g, which corresponds to a
tip velocity at the long end of the arm of
102.3 m/s (335.7 ft/s), about 76% of the 134
m/s expected maglev vehicle maximum
speed.  Currently, the machine capability is
limited by its primary power source (a diesel-
electric generator set) to a maximum accel-
eration of 35 g, corresponding to a tip veloc-
ity at the long end of 60.5 m/s (198.6 ft/s).

Centrifuge building wall
Vehicle magnets

This machine has a number of attributes

that suit it well for testing maglev system
components, particularly suspension and
propulsion magnetics, and suspension sub-
systems:

« ability to accept full scale components, im-
portant for magnetics which do not scale
well

* high speed, =~75% of projected maximum
maglev speeds

* capability for continuous operation

* little or no component curvature required,
due to large radius of curvature (10.7m(35
ft.)) -

» relatively low centrifugal acceleration at

high speeds due large radius of curvature

(10.7m(35 ft.))

large load capacity, =3.5Mg(7,500 1bs.)

* =150 slip rings, some with high current
(250A) capability

» ability to readily simulate the effect of low
frequency suspension motions (0.9xn Hz at
60 m/s; n=integer), by adjustable guideway
deformations

» hydrostatic oil

bearings for low mechani-

Vehicle magnet support structure l

Center of rotation

Figure 2.
Centrifuge plan view, magnet and guideway installed
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cal noise
» stable and accurate speed control

Potential disadvantages include the cen-
trifugal force that the magnet/cryostat sys-
tem must withstand and the necessity for a

complete array of guideway conductors
around the periphery if the most realistic
simulation is required (the initial experi-

ment uses only a short section of simulated
guideway, and entrance and exit effects are
likely to be significant, particularly with re-
spect to ac losses). The centrifugal forces
generally should not pose a severe problem
for magnets; at 100 m/s tip velocity they are
approximately an order of magnitude smaller
than the internal magnetic forces of the coil
and approximately of the same order as the
levitation forces.

Fig. 2 shows the simulated superconduct-
ing magnet mounted on the short end of the
centrifuge arm; the magnet is supported =4 m
(=13 ft.) away from the nearest steel struc-
ture of the arm to prevent distortion of the
magnet field. The support structure is shown
as a space frame for illustration purposes,

but will be made from welded aluminum
plates and pipe for the necessary rigidity.
The coil and its mechanical support is at-
Search coils
0.5m —» le—— 2.2 m
y
(R 9 ( ) 05m
T
Superconducting Magnet Coils
02m
0.
 C 3 3 — 03m
1 =T - Y
F C J(

JC D |
ke—18m—> *
Guideway coils
Figure 3. Coil configurations

tached to the arm by means of strain gage
instrumented members for measurement of
forces.

Details of the coils are shown in Figure 3,
which also shows a number of calibrated
search coils provided for measurement of ac
fields due to guideway currents; each search
coil is buffered by a preamplifier before the
signals pass through the slip rings. The
magnet coils are excited by a constant cur-
rent DC supply in an adjacent control room
through high current slip rings on the arm.

Attachment of the guideway conductor ar-
ray to the building is by means of adjustable
supports to allow precise alignment (or in-

tentional misalignment) with respect to the
magnet path, Low value current sampling
resistors are provided for measurement of

the guideway coil currents.
Status

The detailed design of the centrifuge mod-
ifications necessary to adapt it for maglev
component testing is in process and should
be sufficiently complete to initiate construc-
tion by early summer 1993.
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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
from air core Linear Synchronous Motor (LSM) windings found
in certain kinds of maglev systems. The exposure of passengers
and passers-by to the magnetic field of the LSM winding is of
particular concern in these systems.

In the maglev air core LSM, passengers are subjected to a
magnetic field which is synchronized with the vehicle and is
therefore perceived as a dc field. Outside the vehicle all other
(stationary) personnel and equipment experience an ac field
similar to that generated by an ac utility transmission line. The
ac field is usually experienced at distances beyond a few meters
from the LSM winding in the maglev guideway. It is this "far
field" that is the subject of this paper.

Magnetic field analysis of a 3-phase LSM winding is presented.
Numerical procedures used to compute the fields are also
presented. For these procedures the LSM winding is modeled as
a series of current sticks in space. The procedures can compute
the field from any winding configuration represented this way as
long as the surrounding space does not contain magnetic
material. The results are presented in normalized fashion with
winding current as a parameter, and are compared to results for
typical utility distribution and transmission line configurations.
The results are compared to limits which have been adopted by
some states in the U.S. for transmission line magnetic fields.

1. INTRODUCTION

No study to date has demonstrated that low level ac magnetic
field exposure adversely affects humans. Several studies have
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
attempted to correlate human cancer rates with magnetic field
exposure ievels in the presence of other uncontrolled factors.
A summary of the studies and field levels adopted by
scientific agencies is presented in [1]. A good example of the
popular literature on the health effects is [2].

Manuscript received March 22, 1993. This work was supported in part by the
U.S. Army Corp of Engineers under Contract DTFR-53-92-C-00006.

The results of many of the studies are generally considered
inconclusive by the scientific community. Nonetheless,
advanced transportation systems must address the magnetic
field issue on two levels. First, the system should be
designed to minimize magnetic field exposure since the
adverse effects of long term exposure have not been
conclusively disproven. Second, there is a widespread
perception by the public that magnetic fields may be harmful.
If these advanced systems are to gain public acceptance, low
stray fields must be achieved.

Most states in the U.S. have not adopted magnetic or electric
field requirements. The guidelines adopted by some states for
utility transmission line fields are summarized in Table I.

TABLE |
ALLOWABLE MAGNETIC FIELD STRENGTH AT THE
EDGE OF A TRANSMISSION LINES RIGHT-OF-WAY

Florida
500 kV (Single Circuit) 200 mG
500 kV (Double Circuit) 250 mG
230 kV and below 150 mG
New York (Interim)
100 kV and above 200 mG
New Jersey (Considering)
Not specified 200 mG

From this data it appears that a 200 mG level at the edge of
the right-of-way would be a typical acceptable level.

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
compared to those of transmission and distribution line
geometries.
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Fig. 1. Exploded View of Magneplane LSM Winding

II. MAGLEV PROPULSION

A brief description of a maglev system is presented in this
discussion to illustrate how the ac fields are generated. The
data and examples are based on the configuration of the
system proposed by Magneplane Interational 3] although
similar results may be obtained on other systems. The
discussion starts with a description of the propulsion system,
which uses an air-core linear synchronous motor (LSM).

Fig. 1 is a diagram of a 3-phase LSM winding in which the
phases have been separated for clarity. Each phase consists
of two rectangular patterns which are connected together at
the far end. The electrical connections for each phase are at
the near end where they will be connected to a wayside power
converter. The two pattems in each phase winding are misror
images of each other. Each phase of the winding is identical
but is offset in the x direction by 1/3 of a pole pitch from the
preceding phase. The winding is 1.2 m wide and has a pole
pitch of 0.75 m.

The propulsion field is generated by the conductors which are
parallel to the y axis - the transverse conductors These
conductors generate a magnetic field with x and z components
only. To see how the travelling wave is produced consider 3-
phase power at an instant in time when the A phase current

is at a peak value of I. At this instant the other two phases
carry currents of -1/2 since the sum of the phase currents must
be zero. Proceeding in the x direction the sequence of
currents in the transverse conductors is I, /2, -1/2, -1, -I2, 112,
I. This sequence produces a quasi-sinusoidal magnetic field
above the winding. At heights of 0.2 to0 0.3 m the field is a
virtual sine wave because of the diffusion of the ficld from all
the conductors. As the currents advance in time the field
advances in space down the maglev guideway in the positive
x direction.

In the Magneplane system the LSM winding is mounted at the
bottom of a guideway whose cross section is roughly a
semicircle. On each side of the winding the guideway walls
are composed of aluminum levitation sheets. At normal
operating speeds the vehicle is levitated by eddy current
repulsion which occurs between the levitation sheets and
superconducting levitation coils carried by the vehicle. Thrust
is produced by the z-axis component of the LSM travelling
field interacting with superconducting propulsion coils carried
by the vehicle.

In most maglev systems the LSM winding is constructed in
sections called blocks. When a vehicle approaches a block
that block is energized and remains energized until the vehicle
has completed the transition into the next block. Only one
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vehicle can be in a block at a time. In the Magneplane
system the blocks can be up to 2 km long.

Except for fields from the vehicle as it passes, the LSM
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
ac fields are:

1. propulsion current

2. frequency range of propulsion current in the LSM

3. percentage of time a given block is energized while
the system is in operation

4. number of hours per day the system is in operation

[II. MAGNETIC FIELD CALCULATION

Since the propulsion system described here is essentially an
air-core LSM the magnetic field can be computed as if the
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.

There is a closed form solution for the magnetic field at a
point 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.

Fig. 2. Geometry of Current Stick and Point in

Space Where Magnetic Field is Desired

The solution is usually written as {4]

B/

T (sin a,-sin o)

1Bl =

where R is the distance from the point to the z axis. o is the
angle between the measurement point and the boitom of the
stick. a, is the angle between the measurement point and the
top of the stick.

The point is defined by the coordinates x, y,, z,.

The magnetic field at the point can only have x- and y-axis
components. These are expressed as

B, = sin ¢|B]
-Y 2

= 1Bl

b~
~
i

cos ¢ |B|

X, 3)
= 1BI

These equations are basically the solution of the problem in
a specific local coordinate system. The three composients 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 compuier 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. BASIS OF CALCULATION

The magnetic field strengths for the LSM winding described
above and two utility line configurations were computed for
comparison. The fields were calculated in a y-z plane located
in the center of 200 meter spans for each of the three cases.
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Fig. 3. Magnetic Field From a Transmission Line in mG

Span lengths for the transmission and distribution line cases
could be set arbitrarily. However, LSM lengths were set for
computational convenience since a 200 m model has about
3200 cwi sut sticks. Additional test cases were run o verify
that LSM length did not affect the results. The results
presented are the same as those for infinitely long spans.

The current for each configuration was 1000 A rms.
However, the calculations are based on the currents carried by
the conductors at one instant in time. For reference we have
chosen to use an instant when the central conductor of the
distribution and transmission configurations is at peak current.
From this discussion it should be noted that the fields shown
are instantaneous field values and not the rms ac field values.
The instantaneous fields are somewhat more instructive in
terms of field effects and are useful for the comparisons made
here.

V. RESULTS

Fig. 3 shows the fields from a typical three-conductor
transmission line where the conductors lie in a plane. The
conductors are 4.6 m apart and 12.2 m above the ground.
This arrangement is typical for 115 1o 161 kV [5). The
conductors can usually carry about 1000 A. The field pattemn
has a maximum value at ground level of about 30 mG.
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Fig. 4. Magnetic Field From a Distribution Line in mG

Fig. 4 shows a configuration used for distribution called
spacer cable. The three conductors are strung on an insulating
spacer which controls their separation. The outer conductors
are 0.3 m apart and 6.1 m above the ground. The center
conductor is 0.23 m below the outer conductors. The field is
much more restricted than the transmission line configuration
because the conductors are more closely spaced. This allows
a greater degree of field cancellation at the same distance
below the lines. The maximum field is about 20 mG at
ground level.

Fig. 5 shows the magnetic field results for the LSM winding
described earlier in this paper. The winding is 1.2 m wide
and 6.5 m above the ground. The fields at ground level are
well below 1 mG when the winding carries 1000 A. Under
certain conditions the same general winding arrangement can
carry up to three times this current. The fields would still be
no higher than about 3 mG, well below those of the
transmission and distribution lines at 1000 A.

The low ac far field has to do with several specific features
of the winding geometry. First, the pitch of the winding was
selected to optimize the propulsion field at a distance of about
0.25 m from the winding. The field drops off rapidly beyond
that due to cancellation of the many transverse conductors.
Second, the end tums 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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TaABLE II
SUMMARY OF RESULTS

Maximum Ficld Magnitude at Ground Level in mG

Transmission 30
Distribution 20
Maglev 1

IV. SUMMARY AND CONCLUSION

The magnitude of ac far fields from transmission and
distribution line configurations have been compared to a
maglev LSM winding. The results are summarized in Table
Il and show that the LSM winding has much lower far fields
than either the transmission or distribution lines. The
geometry of the LSM winding is such that it carries many
small segments of current which cause substantial cancellation
beyond 1 m from the winding.

The close coupling of the phases and transverse conductor
spacing are critical factors in achieving low far field levels.
These factors should be considered in designing LSM
windings to meet low radiated field requirements.

The ac far fields from the type of LSM winding analyzed in
this paper are much lower than typical transmission and
distribution lines currently used by utilities. In addition, the
fields are much lower than present utility standards for
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.

APPENDIX A

3-D Magnetic Field Calculation Procedure

The entire procedure is summarized below. We start out with
the measurement point at X, Y,, Z,, and the current stick with
a starting point X,, Y,, Z,, ending point X,, Y, Z,, and
carrying the current Z.

Notation

Variables in global coordinates are in upper case while local
coordinate variables are in lower case.

1. Translate the stick to the local coordinates.
=0 x=XX

y, =0 y, = Y,-Y

7z, =0 2z, =2,-7,

2. Compute the rotation angles.

sin(p=_._y’___
2

2 2
V)’z +z
z

2 2
V)ﬁ + 2z

sin ¢ y, +cos @ z,

cos ¢ =

Ny
i

. -x.
sin@ = 2 __

yx; + 22
cos 0 = ‘
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3. Translate the point from global to local coordinates.

x, =X -X
yP=YP-Y1
2, =2, -2,

4. Rotate the point to align with the stick rotation.

x, cosB  sinBsing sinBcosg x,
Y| = 0 cos ¢ -sing Y,
% - sing cosBsing cosBcosg %

5. Compute the end point of the stick along the z axis.

7 .2 .2
Z, =\ ), +2;
x,=0

=0

6. Compute the distance from the point to the z axis.

2 2
R =yx +y,

7. Compute the magnitude of the field.

Bl = g |

z
e P e P
MR\ fzzy vR? 2P R

8. Compute the x and y components in the local coordinate

system,
4
b =_"*2
.= =2 1Bl
X
b, =22 Bl

9.

Rotate the field components back to the global coordinate
system.

B, cosd 0 -sing b
B,| = | sinBsing cosp cosdsing| |b,
B, cosBsing -sing cosBcos 0

10. Compute the magnitude of the field as

Bl = yB: +B; + B
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Magnet Design Optimization for Grumman Maglev Concept
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Abstract®- The Grumman baseline Electromagnetic Suspension
(EMS) Maglev system consists of superconducting C-iron
cored magnets on the vehicle. They are attracted to iron rails
mounted on the underside of the guideway. The magnets and
rails are oriented in an inverted 'V' configuration in such a
manner that the attractive force vectors between the magnets
and the rails act through the center of gravity of the vehicle.
These magnets simultaneously perform functions of vehicle
levitation and propulsion. They are powered by NbTi
superconducting coils operating at 4.2K. An electromagnet
consists of a C-core, a superconducting (SC) coil on the back
leg of the C~core and a normal control coil on each leg of the
C-core. The SC coil provides the nominal lifting capability
and the normal coils handle rapid variations in load with
respect to the nominal value.

The baseline magnet configuration was selected on the
basis of extensive 2-D and 3-D magnetic analyses to meet the
levitation and propulsion requirements.  The selected
magnetic system design employs 48 magnets, 24 on each side
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)
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
boiled-off helium gas is compressed into a nitrogen cooled
storage tank. Sufficient quantity of liquid helium is carried
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
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.
Army Corps of Engineers under contract DTFR53-92-C-000 04.

1. INTRODUCTION

The important aspect of the Grumman Electromagnetic
Suspension (EMS) system design [1] is the ability to levitate
the vehicle, with a wide airgap 40 mm (1.6 inch), using iron
cored SC magnets located along both sides of the vehicle's
length. The magnetic field in the gap is also utilized to
propel the vehicle at speeds up to 134 m/s using 3-phase
propulsion coils embedded in the iron rail slots. The ability
to accomplish this levitation and propulsion under a wide
range of maneuvers, guideway irregularities and aero
disturbances without saturating the iron is a complex task
requiring extensive magnetic and control system analysis.

Figure 1 shows the baseline EMS magnet system
consisting of an iron-cored magnet and a guideway iron rail.
The laminated, iron-cored magnets and iron rails are oriented
in an inverted "V" configuration (see [1] for details) with the
attractive force between the magnets and rails acting through
the vehicle's center of gravity (cg).

7

LAMINATED IRON COAE

Fig. 1. EMS Levitation and Propulsion Systems
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The vertical control forces are generated by sensing the
average gap clearance on the left and right side of the vehicle
and adjusting the current in the control coils mounted on the
magnet poles to maintain a constant 40 mm (1.6") gap.
Lateral control is achieved by differential measurement of the
gap clearance between the left and right sides of the vehicle.
The corresponding magnet control currents are differentially
driven for lateral control. In this manner, control of the
vehicle relative to the rail is achieved in the vertical, lateral,
pitch, and yaw directions. For roll control, the C-magnet
assemblies are alternately off-set with respect to the rail
width by 20 mm. With this arrangement if the vehicle
deviates from the nominal operating position, the lateral
forces generated between the poles and the rails are such that
they drives the system back to the equilibrium state. This
process is further helped by sensing the vehicle's roll
position relative to the rail and differentially driving the
offset control coils to correct for roll errors. The iron rail on
the guideway is laminated and carries 3-phase propuilsion
winding powered by a variable frequency ac source
synchronized to the vehicle speed. Vehicle housekeeping
power is inductively induced into coils mounted on the pole
faces of each magnet.

II. REQUIREMENTS

The total weight of a 100 passenger fully-loaded vehicle is
” 60,000 Kg. The force generated by the magnet system
must be 90% larger to provide lateral guidance in the
inverted "V" configuration. The total baseline levitation and
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 for rapid gap control. These and
other baseline requirements are summarized in Table 1. The
vehicle has 18 m length available for accommodating the SC
magnets and an airgap of 40 mm must be maintained between
he levitation magnet pole faces and the rail. By reacting
with 3-phase AC windings housed in the rails, these
levitation magnets also generate a propulsion force of 6,000
Kg for nominal operation and 10,000Kg for extended
operation. The extended operation includes the requirements
for accelerating on uphill grades, against head-wind, etc.

TABLEI
MAGLEV VEHICLE REQUIREMENTS

PARAMETER UNIT VALUE
Baseline levitation per vehicle Kg 115,000
Load variation Kg 45,000
Vehicle magnetic length m 13
Airgap between poles and rail mm 40
Propulsion force - nominal Kg 6,000

- extended Kg 10,000
Maximum vehicle speed m/s 134

Page 2 of

The levitation magnets must also generate sufficient lateral
force to counter roll moments. Furthermore, the SC magnets
must be designed for reliable operation and for easy
maintenance.

I BASELINE DESCRIPTION
A. Pole Configuration

The baseline C-magnet and rail configuration is shown in
Fig. 2. The key parameters of the baseline magnet system
are summarized in Table II. [Each C-magnet assembly
consists of a C-shaped iron core, a SC magnet located around
the back leg of the iron core, and normal control coils around
each pole of the iron core.
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Fig. 2. Bascline Pole and Rail Geometry

TABLE If
Bascline Levitation Magnet and Rail Parameters

PARAMETER UNIT VALUE
Lift capability per pole Kg 2,400
Vanation in lift capability Kg 940
Pole pitch mm 750
Number of poles 48
Airgap length mm 40
Peak of sinusoidal ficid component in | T 0.9
airgap

Operating frequency at rated speed Hz 89
Nominal lift-to-weight ratio 6.4
Rail width mm 200
Rail thickness mm 200
Number of slots/pole in the rail 9

As shown in Fig. 2, the C-magnet assemblies are arranged
such that the polarity of the poles of adjacent C-magnets are
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identical. Thus a pole (N or S) is formed by two legs of
adjacent C-magnet assemblies. This arrangement of poles is
the same as that accomplished with a continuous row of
magnet poles on a single magnet core assembly. The baseline
pole pitch is 750 mm.

Each pole face also has five slots (as shown in Fig. 3) for
accommodating coils for inductive power generation on-
board the vehicle for operating equipment and housekeeping
services. These coils generate power at zero and low speeds
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
the effect of traction winding space-harmonics on the traction
force.

SURENCONDUC TING
con

POVWER OENENATON
con

¢ (TvP

3
]
e PP LLLL

!._—z:

d

b —— — ]

\
i =

POWER ORNERATOR
COR CROSS SECTION

Figure 3: Skewed Magnet Poles with Power Generator Coils
B. Principle of magnet system operation

The SC magnet on a C-core operates in a quasi-steady state.
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
magnetic circuit, they prevent any change in the flux linking
their bores. Both coils generate currents of appropriate
polanties to maintain constant flux linkages through their
bore. The gap control system shown in Fig. 4 circumvents
this problem as explained below.

For reasons of SC coil stability and heat loads,
the SC coil is supplied from a constant current source that
has built-in capability to prevent current changes occurring
faster *han ~ 1 Hz. On the other hand, the airgap is expected
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
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OYNAMIC POWER
SUPPLY

Figure 4: Magnet Control System

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. It is possible to achieve a certain
degree of damping with the shorted coils. But in a practical
system, it is essential to dynamically control these coils to
respond to gap variations resulting from passenger load
changes, maneuvering around curves or during grade changes
of a given route. For this purpose, the airgap is constantly
monitored and current of appropriate polarity is supplied to
cach normal coil for maintaining the nominal gap. This
concept is described in more details in [3].

C. Effect of Normal Control Coils on the Levitation Force

The normal control coils are provided to compensate for
fast changes in the required levitation capability. A set of
calculations were performed to estimate the effect of control
coil ampere-turns on the levitation force as a function of
airgap length. Because of very high field levels in the iron
core, it was decided to perforin these calculations with 3-D
codes (both TOSCA and ANSYS were used). Fig. 5 shows
the combined lift and guidance force as a function of control
coil current for constant gap lengths. The same data is
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presented in Fig. 6 but as function of gap length for constant
values of control coil currents. In both figures, the magnet is
nearly a linear function of gap length and control coil current
around the nominal operating point of 40 mm gap and zero
control coil current. When the core saturation increases, the
relationship becomes non-linear. However, the important
factor is to generate a sufficient amount of levitating force
variation to maintain controllability of the vehicle and this
objective has been achieved [4].
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Figure 6: I ~ aitation vs Airgap Length for Constant Control Coil Current
Z. Roll Control

The EMS Maglev concept proposed here is inherently stable
against roll rotation. This i1s achieved by off-setting C-
magnet poles with respect to the rail. Two C-magnet
assemblies are carried as a module. Alternate magnet
modules are shifted laterally with respect to the rail by about
20 mm. As a result of this shift, a lateral force is generated
between the poles and the rail. The total forces on all poles
sum to zero during normal operation. During a transient
condition, if all poles move to one side with respect to the
rail, the force dec: eases on poles that are getting aligned with
the rail and the force increases for poles that are getting more
musaligned. The net force always tends to return the system
to the equilibrium state.

An estimate of the lateral restoring force was made with a 2-
i» 1.2 element analysis. The lateral force as a function of
misalignment is shown in Fig. 7. The permanent
misalignment between the poles and rails is initially fixed at
20 mm. The restoring force for this misalignment is 890
N/pole; this is about 4% of the nominal levitation force and
is considered adequate for most operating scenarios.
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Figure 7: Lateral Restoring Force
E. Stray Magnetic Field Level

3-D magnetic field calculations were performed to estimate
stray field in the passenger compartment and the surrounding
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).
On the vlatform. maonati~ £3ld levels do not exceed 5 G,

e - wwmssusiwu acceptable in hospitals using magnetic
resonant imaging (MRI) equipment. These results were
obtained without any shielding. With a modest amount of
shielding, these field levels could be further reduced should
future studies indicate a need for lower values.

IV. ESTABLISHING POLEPITCH

The sizing of both the depth of the rail guideway magnetic
core and the core depth of the vehicle magnets are directly
proportional to the polepitch. Thus the polepitch is the key
factor in establishing overall system weight and steel
materials cost.

The C-magnet and rail configuration of Fig. 2 was utilized
for performing a parametric study to select an optimum
polepitch that minimizes the overall cost of a Maglev system
consisting of a double 300 mile track with 100 cars operating
at any given time. The study was performed to satisfy
requirements of Table I. The results of the study are
summarized in Fig.8. As can be seen , the cost of the system
continually increases with polepitch because a larger
polepitch requires a deeper (thicker) rail to carry the
magnetic field. A certain level of airgap field is required for
the levitation capability, but it is not proportional to the
polepitch because increasing the polepitch also improves the
levitation efficiency of the magnet (large poleface to airgap
length ratio). The lowest polepitch of 750 mm was selected
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on basis of a volumetric constraint to accommodate the SC
coil, its cryostat and the two normal control coils.
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Figure 8: Maglev Levitation System Cost vs Polepitch

V. ESTABLISHING NUMBER OF MAGNETS REQUIRED

The 3-phase traction wiading in the rail requires that the
field produced by the excitation poles on the car (iron cored
DC magnets) be sinusoidal in shape and its harmonic
components be as small as possible for minimizing their
deleterious effect on the traction force and eddy-current
losses. The suspension magnets provide the key functions of
ievitation and propulsion simultaneously in the EMS system.
Because of this constraint, a n.inimum number of poles are
required for a given airgap magaetic 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
1§ given as:

Fi = 0.5wr {Bp2/(2ug)} Np (1
where FI = levitation force (N)
B, = peak of the sinusoidal field (T)
w = width of the rail (m)
T = polepitch (m)
ko = permeability of air = 4 x 10”7
Np = number of pole on a vehicle
Similarly the total traction force (N) per pole is:
Fi = 1.5Bg, ImqwnKy Np 2)

Peak of the sinusoidal current in traction
winding (A)

where Im =
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q = slots per pole per phase in the rail
n = Efficiency of traction motor ~ 99%
K4 = Distribution for the traction winding

After eliminating B, between (1) and (2), the equation for
the number of poles is:

Np = {F/E}} {r/(g? 4% 9 1o W)}/ (n? Kg?) (3)

The baseline values for various variables are:

* Fy =60kN ¢ Fj=1150kN
e 7 =07m ¢ Ip = 1,900A
q=23 w=02m
7 = 0.99 s Kq = 096

With these values, the number of poles determined from Egq.
(3) is 36. The baseline is fixed with 48 poles to provide
redundancy.

VI. MAGNET DESIGN

A. Magnetic Analysis

Initially majority of calculations were performed with 2-D
code (EMP, a commercial version of POISSON code)
assuming a M43 iron core material. Fig. 9 shows field
distribution calculated with the 2-D code in the airgap, pole
and rail iron.

Figure 9: Bascline Magnetic Field Calculations with 2-D Code (Permendur
Iron)

Fig.10 shows field distribution calculated with a 3-D code
(TOSCA). The field distribution calculated by the two codes
for the airgap is similar, but the 3-D calculation given in
Table IV shows a much higher degree of saturation of the
pole-iron (in the vicinity of the SC coil). To reduce this
saturation to a reasonable value, a permendur iron (2%
vanadium, 49% iron, and 49% cobalt) was specified in place
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of the M43 material. Table IV also compares the resulting
field values for the M43 iron and the baseline permendur
pole iron. The SC coil provides 54 kA-turns. Locations of
field comparison is marked in Fig. 9.

£40.0
K
X800 °  T%40.0 g 0 T T 080.0
_240.0
Componenc BMO0
8.4259 12364.4 247205

Figure 10: Baseline Magnetic Field Calculations with 3-D Code (Permendur
Iron)

TABLE IV
COMPARISON OF FIELD VALUES CALCULATED WITH 2-D AND 3-
D CODES FOR THE BASELINE

LOCATIO 2-D FIELD | 3-D FIELD | 3-D FIELD
N (M M43 | (T) M43 | ()

(SEE  FIG. | IRON IRON Permendur
9)

A 1.21 2.45 2.47

B 0.89 1.73 1.2

C 0.8 0.87 0.88

D 1.33 1.52 1.45

The penalty of selecting a permendur iron for the poles

instead of M43 is approximately 7% of the vehicle cost.
B. Sizing of SC coil and cryoplant

A cylindrical SC coil and cryostat were selected for each
C-magnet assembly since they are easier to fabricate and are
lighter in weight than non-cylindrical shapes. For this
reason, the iron core cross-section under the magnet is made
circular. The iron is built from 0.050 inch thick laminations
(Permendur).

The SC coil carries 54 kA-turns to produce the required
field to simultaneously meet requirements of levitation and
propulsion. The SC coil is designed by using a 0.65 mm
diameter NbT1 wire that has been developed by Brookhaven
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National Laboratory for their Relativistic Heavy Ion Collider
(RHIC) dipole magnets. The key parameters for the SC coil
are summarized in Table V.

TABLE V
SC COIL PARAMETERS

Parameter Unit Value
Ampere-turn rating of 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 turns 1,020
NbTi wire diameter - bare mm 0.6477
Copper-to-superconductor ratio 2.2
Ratio of Operating to critical current 0.09
Tempersture margin lo current sharing K 3.69

The SC coil has 1,020 turns, each turn carries 53 A to
produce required 54 kA-turns. These tums are
accommodated in a coil pack of 4 layers with 255 tumns in
each layer.The coil pack is epoxy impregnated to produce a
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
the supply and is shorted at its terminals.

The total heat load for the magnets on each car is 8 W.
The weight and the cost of a cryogenic refrigeration plant
wouid be 2,540 Kg and $110,000 respectively. It also will
be necessary to supply “16 kW of power to run the
refrigerator plant. To mitigate the weight and operating
power penalty a decision was made to employ a cryogenic
storage system. The liquid helium cryogenic storage system
consists of a small compressor operating at 350 psi that takes
the gaseous helium boiloff and compresses it into a storage
tank held at liquid nitroger temperature. Sufficient helium
inventory is carried in the magnet for a 24-hour continuous
operation. The gaseous helium storage system is sized to
accommodate helium boiloff over a 24-hour period. At the
end of the 24-hour period, the gaseous helium is discharged
at a central location and liquid helium is replenished in the
magnets. Two cryogenic storage systems are provided for
each 50 passenger module. The weight of each cryogenic
system is 580 Kg which includes 180 Kg for a compressor
and 400 Kg for the gaseous helium storage tank.

C. Portential of Using High Temperature Superconductors

The iron cored SC magnets of the Grumman concept are in
the best position to take advantage of the new High
Temperature Superconductor (HTS) technology. While the
peak field in the iron is greater than 2 T, but in the SC
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
required field ror vehicle levitation and propulsion. Because
of very small fields and forces experienced by the SC coil
and recognizing rapidly advancing state-of-the-art of the HTS
technology {5}, Grumman considers that this Maglev concept
is in a best position (relative to all other SC magnet Maglev
concepts) to take advantage of the HTS technology. The
following are the attractive features of the HTS magnet:

e Operation at liquid nitrogen temperature (77 K)

e No need for liquid helium compressor or storage
tanks
Simpler and lighter cryostat
Lower weight and capital cost
Lower manufacturing cost
Lower operating and maintenance cost

VI. CONCLUSIONS

The Grumman developed EMS Maglev system has the
following key characteristics:
» A large operating airgap - 40 mm

e Low magnetic field at the SC coil - <0.5T

e Low magnetic field in passenger cabin ~ 1 G

¢ Low forces on the SC coil

e Employs state-of-the-art NbTi wire

® No need for an active magnet quench protection
system

* Lower weight than a magnet system with copper
coils

The EMS Maglev described in this paper does not require
development of any new technologies. The system could be
built with the existing SC magnet technology. The future
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work is planned to improve the design to minimize high
magnetic fields in the iron core and to consider the
possibility of replacing the helium cooled NbTi SC coils with
nitrogen cooled High Temperature Superconductors.
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Abstract - The development of the JR (Japanese
Railways) superconducting magnetic levitation (JR
Maglev) system was started in 1972. Many running
tests have been carried out at Miyazaki test track to set
up a speed record of 517km/h on Dec.1979. New test line
to confirm the probability of commercial operation is
under construction in Yamanashi Prefecture which is
located about 100km west of Tokyo.

The superconducting magnet is one of the most
important parts for the Maglev system. These
superconducting magnets should be designed to satisfy
severe weight and heat leak restriction. Furthermore,
they have to stand both mechanical and electro-
magnetic disturbances on running conditions.

Here the outline of the superconducting magnets
designed as prototype for Yamanashi test line and the
way of improvement of coil stabilization will be
discussed.

1. Introduction

The superconducting magnet is one of the most
important parts for Maglev system. Recently,
there are many applications of superconducting
magnets under development, such as MRI, energy
storage, Synchrotron Radiation ring, MHD ship
propulsion, electric motors or generators, high
energy testing facilities, and so on. Among these
applications, we can say, the superconducting

magnet for the Maglev system is rather a special
one, because this superconducting magnet is used
in rather different environments from others. So
they have to be designed to stand these severe
environments.

Here tests results about the superconducting
magnets and the refrigeration system for
Yamanashi test vehicle is discussed.

II. Superconducting magnet

A. Basic structure

Figure 1,2 shows the outside view and the
illustration of the superconducting magnet. Table
1 shows the basic characteristics of the super-
conducting magnet, made as one of the models for
the Yamanashi test vehicle.

This superconducting magnet is composed of four
superconducting  coils, thermal insulating
supports, thermal radiation shield, liquid helium
tank, liquid nitrogen tank and vacuum vessel.

The on-board refrigerator which re - liquefy the
evaporated gas helium is mounted on this LHe
tank. The compressor for this refrigerator is also
installed on the bogies.

Figure 3 shows the image of the superconducting
coil. About 4km length of the NbTi multi-
filament superconducting wire is used for one
superconducting coil. The wound up coil is
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Table 1 Basic characteristics of the superconducting

magnet.

[tems Specifications
Dimension of SCM 5.3md) x 1. 17mGD
Yeight of SIM less than 1200kg
Volume of [He tank 60 litres
Volume of IN: tank 44 litres
Superconducting coil

Magnetmotive force T00kA (1167 turns)
Shape of C coil race track

Copper ratio of C wire 1.0

Dimension of C wire 1.16 X 2 06m

Heat leakage to imner vessel N
Levitative force per mgnet B KN

On-board refrigerator
Refrigeration capacity

built-in type
more than SW at 4. 4K

Refrigerator

Radiation shield
Super insulator

Vacuume
Fig.2 Illustration of the superconducting magnet

impregnated with epoxy resin to suppress the
micro movement of the superconducting wire. The
impregnated superconducting coil is fixed in the
inner vessel made of stainless steel. Many spacers
along the coil axis keep a distance between the
inner vessel and superconducting coil. Liquid
helium supplied from the upper tank is delivered to
the narrow channel between spacers keeping the
coil temperature at 4.2 to 4.3K.

All forces for levitation, propulsion and guidunce
of the vehicle are transmitted from the
superconducting coils to the rocom temperature
structure passing through the thermal insulating

supports.
The superconducting magnets are used on-

Porsistent current switch
\\\n/'\;
=%
S
/;, 7 Y

{aner vessel

o

Fig. 3 Illustration of the superconducting coil

board. For this reason, next things arise as the

subjects of development.

a. The total weight of the magnet should be as
light as possible.

b. The heat leak to the cryogenic temperature
region, has to be made as small as possible.

c. It should have enough reliability under the
severe condition of getting mechanical and
electro - dynamic disturbances.

B. Disturbances under the running condition

The superconducting magnets are exposed to
much disturbances from outside. Main
disturbances are the magnetic field fluctuation
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at vacuum vessel

which arises from the ground coils (both for
levitation and propulsion) and the mechanical
vibration.

Figure 4 shows the calculated distributions of the
eddy currents and the force on the vacuum vessel
when the superconducting magnet receives the
magnetic field fluctuation. These complex
distribution changes also at high frequency
decided by the runing speed of the vehicle.

The superconducting coil (inner element of the
super - conducting magnet) receives the influence
of both the magnetic field fluctuation and the
mechanical vibration transmitted from the outer
vessel. As the results, the superconducting coil
vibrates intensively especially at the resonance
frequency. Sometimes this vibration bring on the
deformation of the coil, which makes a mechanical
sliding inside resulting as the local heating.
Further more the relative movement between the
superconducting coil and the thermal radiation
shield plate makes the magnetic field fluctuation
inside again, causing eddy current losses at the
inner vessel of the superconducting coil.

To estimate the influence of the magnetic field
fluctuation on the superconducting magnet, a
simulating facility was constructed. Fig.5 shows
an outside view of this facility. The simulating
ground coils are set opposed to the super-
conducting magnets. The VVVF inverter is
connected to these coils, submitting the magnetic
fluctuation to a simulated running condition. The
currents and the frequency from this inverter can
be changed widely to simulate the condition up to
the speed of 5560km/h.

The influence is estimated by measuring the

Fig.5 Outside view of electro-magnetic disturbance
simulator for the superconducting magnet

increase of mass flow rate of the evaporated gas
helium, which means the heat load increase within
the liquid helium temperature region.

II. Superconducting coil stability

The most important matter for the super-
conducting coil is to keep stable the rated magneto
- motive force.

The performance confirmation of the super-
conducting coils for the Maglev system have been
done by over-energization of the coil before
installing the cryogenic vessel. @ Namely, the
superconducting coils which are used with a
magnetomotive force of 700kA were confirmed that
it never experiences any quenching until 800kA.
Even though the superconducting coils mounted on
test vehicle MLUOQO02 has caused many troubles of
quenching, which happened mid - running tests.
This proved that the static way of testing the coil
performance was insufficient.

In order to make clear the influence of the
mechanical vibration on the superconducting coil,
two kinds of dynamic test facilities were provided.

A. Electro -magnetically vibrating coil test

Figure 6 shows an image of this test facility. The
plural number of normal - conducting coils are set
opposed to a superconducting coil to make the
magnetic flux fluctuation. This magnetic flux can
cause a bending or twisting force to the energized
superconducting coil.  Electric powers to the
normal coils are controlled both in currents and in
frequency.

On this test facility, the supplied current is
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Fig. 6 Electro-magnetical coil vibrating test facility

increased until the coil quenches. The current
when the superconducting coil quenched, served as
a stability barometer of this superconduciing coil.

Figure 7 shows a typical test results gained by
this test facility. The horizontal line shows the
current supplied to the normal conducting coil,
and the longitudinal line shows the measured
maximum amplitude of superconducting coil
vibration.

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.

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
figure.

B. Mechanical vibration test.

Figure 8 shows another test facility. This test
facility is designed to check the characteristics of
the superconducting coil when it is mechanically
bent or twisted. Three or four rods are connected
to the superconducting coil. One or two rods are
oscillated by an o1l pressure servo actuator.

This test facility is used not only for confirming
the quenching characteristics but also for
measuring the heat generation caused by
mechanical deformation of the coil.

amplitude of S.Cocoil vibration {(G)
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Limit of applied ribrxtion]é Teisting mode at 220H:
60
- - &
27
w v . L 2
0 g/
z =
2 Bending mode at 309H:
0| z
Workiog area at z ;:‘D $
. ‘s v .
Yimanashi plan f; v Twisting mode al 309Hs
0% | | |
100A 2004 3004 3504
Exciting coil currents (generate AC flur) (A)
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Fig. 7 Typical result of electromagnetic
coil vibrating tests

Refrigeralor
v

iMle tank

0il servo acluator

Fig. 8 Mechanical coil vibrating test facility

IV. Cooling system

The features of the on-board cooling system of

the superconducting magnet are listed as follows.

(1) It has to keep the cryogenic temperature
continuously without any consumption of the
gas helium.

(2) The dependency on the ground cryogenic
systems should be reduced.

(3) Gas helium system should be kept closed on
board, even if the energization or de-
energization of the magnet is done every day.

(4) The refrigerator should have enough
reliability. It will be continuously operated in
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long times in the revenue operation system in
future.

(5) The system can be handled as simply as
possible and should be compact
weighted and high efficiency.

For the on-board refrigeration system, the
energization or de-energization of the magnet is
the largest heat load disturbances. The heat load
comes to much larger than the cooling capacity of
each on - board refrigerator.

When the superconducting magnet is energized,
the excess gas evaporated from the LHe reservoir
will be stored into an on-board buffer tank
temporarily by the compressor of the refrigerator.
The stored gas helium will be re - liquefied by the
on - board refrigerator taking several hours.

Three types of on-board 4K refrigerator with
Joule - Thomson cycle has been developed for
maglev system. These are Claude cycle
refrigerator (with reciprocating pistons), Stirling
cycle refrigerator and Gifford - Mcmahon(GM)
cycle refrigerator.

Stirling cycle refrigerator is now keeping the

most high ~fficiency compared with other types,
even though it has some difficulties in the layout
arrangement on tl:2 bogies.
For Claude cycle refrigerator, much efforts have
made on a development of new valve mechanisms
and heat exchanger. Even though, the reliability
of this refrigerator has not reached to satisfied
level.

Until recently, GM cycle has been evaluated as a
low efficiency cycle refrigerator. Nevertheless,
the needs of maglev system extremely promoted
the improvements of GM refrigerator in recent few
years on large capacity and high efficiency mainly
on the rason of the employment of regenerator
with new materials. Now the developed GM
refrigerator has shown high effeiciency of figure of
merit (}FOM) less than 1000 and large refrigeration
capacity of more over 8W, surpassing in the each of
Claude cycle refrigerator.

As is well known, GM cycle refrigerator has a big
merit that its mechanism is very simple, and so
many refrigerators were produced mainly for the
cryopomp system. For this reason, the reliability
of this refrigerator is outstandingly superior to
other cycles.

So, it is planned to concentrate the development
on GM cycle and Stirling cycle refrigerator for
Yamanashi test vehicle.

light

V. Concluding remarks

The superconducting magnets for the Maglev
system are used in more severe environments than
in other applications. For this reason the stability
of the superconducting coil is one of the most
important problems.

On the test vehicle MLUO002 we experienced many
coil quenching troubles.  After that many
improvements were done to increase the stability.

They are practically implemented in the
designing of the superconducting magnets for
Yamanashi new test line under construction.

The remaining main problem to be solved is the
confirmation of the reliability of the total system.
This will be one of the important roles to be
accompleshed by the new test line.

The development of the superconducting magnets
for Maglev system was subsidized by the Ministry
of Transportation of Japan.
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Comparison of Magnetic Lift and Drag Forces
For Two EDS Maglev Topologies
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Abstract - Results of magnetic lift and drag
force calculations for two EDS maglev topol-
ogies are compared and contrasted. Depen-
dencies of thee forces upon vehicle coil and
guideway geometries are quantified, and the
reuslting impact upon design decisions that
affect other aspects of a maglev system
design are discussed.

I. INTRODUCTION

For the purposes of this paper, electrody-
namic maglev systems will be categorized
into either of two general topologies. In
one of these, the magnetic force that sup-
ports the vehicle is generated more-or-less
parallel to the planes of both the vehicle
coils and the guideway coils. The guideway
coils can be either pairs of cross-connected
loops (11,(2], or repeating single loop or
ladder elements. We will refer to this
topology hereinafter as Type I. The so-
called "null-flux" geometries are one exam-
ple of this topology, while "flux-canceling"”
geometries represent another.

In sgystems configured with the second
topology, the vehicle is supported by mag-
netic force generated perpendicular to the
plane of both the vehicle coils and the
guideway conducting elements. with this
topology. the guideway conducting elements
can be repeating single loops or ladders, or
cont inuous sheets or plates of conducting
material. We will refer to this topology
hereinafter as Type II.

Designers of a maglev system based on
either topology must confront a complex web
of competing performance specifications. All
must make choices, utilizing a combination
of objective engineering, economic analysis,
and design philosophy. All must accept
whatevelr less favorable features their
particular system design yields, in exchange
for the more favorable features that they

Manuscript received April 15, 1993. This work supported in
part by Magneplane International, under contract MIT-C-
00006, and by Bechtel Corp., under contract 21705-TSC-3.

Massachusetts
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have judged to be most vital to the success
of their concept.

The Fusion Technology and Engineering
Division of the MIT Plasma Fusion Center has
collaborated with two National Maglev Ini-
tiative (NMI) Systems Concept Definition
(scD) teams, Bechtel and Magneplane, carry-
ing out design and analysis of superconduct-

ing vehicle magnets, duideway conductor
optimization, and field and force calcula-
tions. The Bechtel system is representative

of a flux-canceling Type I topology, while
the Magneplane system is representative of a
Type II topology.

We emphasize that the following discussion
is based on conceptual designs, and both can
be expected to evolve and improve with
further development. Moreover, we selected
these two concept systems as examples be-
cause of our first-hand participation in
their development. There are a number of al-
ternative embodiments of both topologies
under development around the world, but it
is not our purpose here to attempt a compre-
hensive review. Hence, a Type I system, oOr
a Type II system, in the context of this

paper, should be taken in most instances to
refer to the specific concept designs we
have chosen as examples, rather than to

their respective generic topologies.

II. METHODS OF CALCULATION

We analyzed the magnetic forces exerted on
a coil carrying a constant current moving at
constant speed near a conducting medium
utilizing three distinct computational
tools. These tools can be characterized by
the approximations used in modelling the
currents induced in the passive conductors.
They are: (1) a flat sheet of finite thick-
ness and infinite extent; (2) a "thin®
sheet of finite extent; and (3) a fila-
mentary model of precisely defined dgeometry
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with unspecified current magnitudes. The
first two tools solve for the magnitudes,
directions and locations of the eddy cur-
rents induced in the conducting elements.
These two are useful for analysis of the
sheet levitation topology. The third method
defines (or assumes) Lhe pattern of the eddy
currents but not their magnitudes, and is
useful for analyzing guideway elements made
of coils.

The first method is based on t! approach
of Reitz and Davis {3]. The infinite extent
of the sheet allows the problem to be solved
with guasi-analytic techniqgques. The second
algorithm uses a "thin® shell finite element
program, EDDYCUFF [4]). The primary assump-
tions are that there is no current flow in
the direction poarpendicular to the sheet
midplane and that the conducting media has a
thickness that is small relative to a skin
depth. That is, the current density through
the thickness is uniform. The third tech-
nique uses the approach of Hoppie, et al.
[5]. It takes advantage of the periodicity
of the guideway elements to achlieve computa-
tional efficiency. The inductances of the
loop or ladder conducting elements are
calculated by defining them as current fila-
ments with a specified distribution and
unknown current magnitudes.

We have cross-checked these three indepen-
dently created computational tools against
one another by running identical sample
cases; good agreement among them underlies
our confidence in all three.

III. BASELINE GEOMETRIES

Designerg commonly devise a *figure of
merit® -- a raw number calculated from
parameter values combined in such a way as
to guide the designers in their approach to
optimization of the device or system in
Quest ion. Such figures of merit can be
applied legitimately in comparisons among
several variants, if they all have the same
generic character or basis. In the follow-
ing discusgion, the ratio of magnetic 1ift
to magnetic drag (L/D) to the mass of alumi-
nuin per unit length of guideway has proven
useful as an objective figure of merit in
comparing different guideway geometries for
each of the two topologlies separately. Eut
ro invoke this ratio as a figure of merit in
comparing one topology with ancther is too
simplistic, and does not account for the
complex web of trade-offs that must be made.

One  of
detinition
topologies
crive

the firgt tasks leading to the
of a baseline geometry for both
wag Lhe selection of the respe-
vehicle ¢oil configurations. For the
representative Type 1 systemn, the baseline
vehicle coil configuration chosen by the
Bechrel 5CD team is a longirtudinal series of

octupoles, with a total of 96 coils, 48 on
each side of the vehicle. These vehicle
coils are utilized for both levitation and
propulsion. For the representative Type I1
system, the Magneplane SCD team chose coil
pairs energized as guadrupoles as the base-
line 1lift system, with a total of eight
coils per vehicle, four in each of two bog-
ies. For propulsion, the Magneplane utiliz-
es a separate six-coil module in each of the
two bogies.

We carried out a series of analyses in
order to optimize the guideway electromag-
netic configurations for each topology sepa-
rately. For the Type I sgsystem, a decreet
loop guideway yielded a 9% higher magnetic
lift to drag ratio than did a ladder geome-
try, but at the expense of a larger mass of
aluminum per unit length of guideway. The
incorporation of the ratio of L/D to mass of
aluminum per unit length of guideway, along
with other parameters, into a figure of mer-

it, was useful in evaluating comparisons
among the dozens of variations within this
topology. This tradeoff analysis led to the

selection of a ladder geometry guideway as
the baseline.

Guideway optimization analysis for the
Type II system compared magnetic L/D for
discreet loops, ladders, and continuous
conducting sheet geometries. The sheet
guideway produced the highest L/D ratio, and
this was chosen as the baseline, despite the
fact that a figure of merit based on the
ratio of L/D to mass of aluminum per unit
length was 45% larger for the optimal ladder
configurations than for the sheet. In this
case, other design trade-offs out -weighed
the influence of this particular fiqgure of
merit.

Further tradeoff studies and design itera-
tions for both topologies led to the follow-
ing values for the baseline relative posi-
tion of the vehicle with respect to the gu-
ideway. For the representative Type [ SCD (@
134 m/s):

0.0%
0n.016

o Lateral clearance (m)
o Vertical offset (m)

For the repregentative Type 11 SCD sysatem
(@150 m/s) :
15

o Clearance (m) 0.

In both of these systems, desiuners have
made tradeoff decisions, accepting some
penalties in performance or cost orp both, in
exchange for one or more benefits judged to
be wvital to the success of the overall
concept, including success in the market -
place.
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IV. RESULTS

Figs. 1 and 2 show the calculated magnetic
lift to drag ratio, and the vertical posi-
tion at constant 1lift, as a function of
speed, for the Type I and Type II systems,
respectively. The ‘vertical position’ is
defined differently for the two topologies.
For Type I, the t-~rm ‘vertical offset’
refers to the difference between the hori-
zomtal plane of symmetry of the guideway
ladders, and the horizontal plane of symme-
try between pairs of vehicle magnets. (‘Ver-
tical offset’ is one of the parameters that
determine the electromagnetic interaction
between vehicle coils and guideway conduc-
tors; the vertical clearance between this
vehicle’s undercarriage and the top of its
guideway structure is on the order of 0.25
m. ) In the case of Type II, ‘vertical
clearance’ is the separation between the top
surface of the guideway sheet and the under-
side of the vehicle magnet cryostats, which
are flush with the fuselage. In the figures,
note that the vertical scales on the two
plots are identical. Neither of these
figures represents an actual operating sce-
nario, for in both cases, some mechanical
means of support would limit, and in fact,
define the vertical position during take-off
and landing. Implementation of this low-
speed vertical position control by mechani-
cal means, prior to magnetic lift-off, is
expected to be easier for the flux-canceling
Type 1 system because of its lower magnetic
drag characteristics.

The first obvious contrast evident from
these figures is that the Type I vehicle has
a higher L/D ratio, ranging from a factor of
about 3.4 at 50 m/s to as much as 4.5 higher
at 150 m/s. Inasmuch as the total magnetic
drag is simply the gquotient of vehicle
weight and L/D, this higher ratio means
that, even if it had a somewhat greater
gross weight, the Type 1 vehicle would
require less propulsive power to overcome
magnet ic drag.

But total drag has a sgsecond component,
aerodynamic drag, that increases with the
square of the speed, and tends to dominate
the total drag at high speed. If the aero-
dynamic drag coefficients were comparable
for vehicles of these two topologies (in-
cluding their respective guideway proximity
effects), the corresponding drag force would
be proportional to the respective frontal
areas. For example, if the Type I implemen-
tation were to incorpcrate a secondary
suspension system that increased its net ef-
fective frontal area by a factor as large as
two, then the sum of magnetic and aerodynam-
ic drag for that vehicle could exceed the
total drag for the Type II vehicle at some
velocity within the normal operating range,
despite the larger magnetic drag of the Type

In this hypothetical case, the
lower magnhetic drag of the Type I vehicle
could be an advantage, in terms of total
drag losses, lower speed take-off and land-
ing, and on route profiles dominated by fre-
quent stops and modest average speeds. Oon
high speed, inter-city routes, however, the
lower aerodynamic drag losses characteristic
of the Type II vehicle would be an advan-
tage.

II vehicle.

Electric power cost for operation is one
important economic factor intimately con-
nected with L/D, and LSM gap. In addition,
the designers’ tradeoff choices of gaps and
coil geometries have an economic impact on
other facets of system procurement and
operation, among which, for example, are
costs associated with procurement of power
conversion and distribution equipment.
These costs would likely be lower for this
Type I SCD system, with its small-gap LSM,
and lower magnetic drag characteristics.

In the interest of simplification, we have
chosen to plot magnetic L/D in Figs. 1 and 2
with no factor included to indicate the
aluminum requirements in the guideway. Cal-
culations of magnetic L/D for the Type 1
vehicle included only the guideway compo-
nents from which 1lift is derived, the verti-
cal ladder structure. For the Type II vehi-
cle, the corresponding guideway components
are the aluminum sheets. The mass of alumi-
num per unit length of guideway for the Type
I levitation ladders is less than that re-
quired for the Type II system’s sheets by a
factor of about 0.54.

However, in the Type II SCD, those sheets
participate by providing not only 1lift, but
also lateral guidance, interacting with both
the levitation magnets and the LSM magnets
to generate restoring force in the event of
an off-centerline excursions, which in turn
can add to magnetic drag. For a comparison
across topologies, then, one needs to in-
clude any additional mass of aluminum that
the Type I system requires tor lateral guid
ance force. Attempts to combine magnetic
1ift, drag, and guidance forces with total
aluminum procurement and fabrication, and
installation costs, into a practical figure
of merit, are beyond the scope of this pa-
pe. .

V. OTHER DESIGN AND OPERATION IMPACTS

The selection of topology, a particular
embodiment of that topology, and the subse-
quent design optimizations that are carried
out by designers of a maglev systewm, yield
differences in other features besides 1lift
to drag ratios. In order to achieve high
magnetic L/D, combined with compatratively
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Vertical Offset and L/D ratio at Constant Lift
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Fig. 1 - Plot of magnetic lift to drag ratio, L/D, isolid 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 I concept vehicle. Horizontal
clearance, 0.145 m. Vertical offset is measured relative to horizontal plane of symmetry of guideway ladder.

Vertical Clearance and L/D ratio at Constant Lift
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Fig. 2 - Plot of magnetic lift to drag ratio, L/D,
curve, left-side vertical scale),
clearance, 0.15 m,

(solid curve, right-side vertical scale), and vertical offset (dashed

as a fupction of speed, at constant lift, for the Type II concept vehicle. Vertical
measured from sheet guideway surface to vehicle bottom surface.
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low guideway conductor volume per unit
length, designers of the Type I concept
chose a comparatively small horizontal

clearance between the vehicle and the ver-
tical guideway surface. This proximity has
an additional advantage for this topology in
that it reduces the gap in the LSM. But as
in any tradeoff, there are other conseq-
uences of small clearance that can be viewed
as potential 1liabilities, or at 1least as
features that require mitigation. There are
of course design tradeoffs in the Type II,
large gap topology, too, that yield supe-
riority in some features, at the expense of
other 1less favorable characteristics that
require mitigation.

The following itemization briefly des-
cribes some of these trade-off consider-
ations for both topologies. The range of
choices inherent in overall system design
is, of course, vastly more complex than this
prief summary can convey.

o The flux-canceling topology yields low
magnetic drag because comparatively modest
eddy currents are induced in the guideway,
for only an equivalent flux difference
must be generaread. But, inasmuch as the
eddy currents are modest, the attendant
fields that interact with the vehicle coil
currents to produce lift are also modest.
The magnetic drag in a sheet levitation
geometry, by contrast is larger, because
the induced guideway eddy currents must
generate the equivalent of the entire
linked flux produced by the vehicle coils.

o A low magnetic drag system of the Type
I topology 1is thus, by virtue of the
comparatively small vehicle coil-to-guide-
way ladder spacing, magnetically stiff.
A secondary suspension system may be
utilized in such cases. In addition, if
active controls were incorporated, there
would be higher response and performance
reguirements demanded for circuits and
mechanical actuators. The small gap is
not inherent in Type I topologies, but
rather is selected on the basis of trade-
offs, some of which have already been
ment ioned.

o Among many other trade-off choices, the
designers of the Type II system elected to
implement their topology with a compara-
tively large gap, thereby taking advantage
of the following favorable conseguences,
almong others: less critical tolerances for
guideway alignment and mid-span deflec-
tion, which could be expected to reduce
the cost and maintenance of the guideway;
lower magnetic stiffness and lower vehicle
oeeillation frequencies, which could be
expected to facilitate active damping.

o For the Type I system concept vehicle,
the ratio of total magnet system mass to
vehicle mass is about 0.18. The magnet
system comprises 96 identical coils,
distributed among 12 bogies. These magnets
serve multiple functions -- levitation,
propulsion, and guidance. The correspond-
ing ratio for the Type II system is about
0.11. This magnet system comprises 8 iden-
tical levitation magnets and 12 propulsion
magnets, distributed between two bogies.
In this vehicle, too, the magnets perform
multiple functions: the ‘levitation mag-
nets’ provide some guidance force as well,
and the ‘propulsion magnets’ provide some
levitation and guidance forces in addition
to propulsion.

o By distributing the required ampere-

turns among many comparatively small
alternating polarity magnets, the Type I
design achieves an order of magnitude

smaller stray magnetic field in the pas-
senger cabin, compared to the Type 1I
design. Reducing the stray fields in the
Type II vehicle to acceptable levels,
while achievable, reqguires more on-board
weight, and additional on-board power.

o In addition to the lift, drag, and guid-
ance reaction forces that either guideway
will experience, in the implementation of
the Type I topology under discussion, the
guideway levitation ladder experiences
bursts of forces and torques as each
vehicle passes.

o The vehicle magnets in the Type 1II
vehicle may experience more a.c. losses
arising as a result of 1low frequency (<
5 Hz) variations in gap between guideway
and vehicle, induced, for example by
guideway span flexure. Such changes in
gap imply changes in flux 1linkage, and
hence, corresponding variations in vehicle
coil current.

o Because of the discreet nature of the
guideway elements in the Type I SCD, the
leading and trailing edges of the vehicle
superconducting magnets will experience a
superimposed a.c. field. The magnitude
will, however, be attenuated by the alumi-
num cryostat walls, so a.c. losses in the
superconductor from this source are ex-
pected to be small. In fact, vehicle mag-
nets in both systems are likely to be im-
mune from high frequency a.c. losses from
external sources.

o Upon encountering a +0.01 m vertical
step in guideway alignment at cruising
speed ( > 100 m/s), the Type I vehicle bow
magnets would experience a 1ift force
impulse egual to 62% of their normal
vertical load. A +0.01 m step in the sheet
guideway would produce a force Iimpulse
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about 11% higher than the normal cruise
load in the Type II vehicle front bogie
magnets.

VI.CONCLUSIONS

We have endeavored to present, in an
objective context, a few of the most promi-
nent differences between two SCD maglev
vehicles that are based on different levita-
tion topologies. In so doing, we hope to
have demonstrated that comparing figures of
merit of one sort or another during design
iteration of a given system can be helpful
in the selection of ar optimal configura-
tioc:.. But the application of a figure of
merit devised as an optimization tool for
one topology, to a system of different to-
pology, can turn out to be misleading. The
art of trade-off analyses becomes increas-
ingly complex, the further the design pro-
gresses, and the art of creating figures-of-
merit must somehow mix the practicality and
economics of technology with the economics
of the marketplace.
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TRANSRAPID TR-07 MAGLEV-SPECTRUM MAGNETIC FIELD
EFFECTS ON DAILY PINEAL INDOLEAMINE METABOLIC
RHYTHMS IN RODENTS
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Abstract. This study examined the effects on pineal function of
magnetic fleld (MF) exposures (ac and d¢ components) simllar
to those produced by the TransRapid TR-07 and other electro-
magnetic maglev systems (EMS). Rats (6/group.) were
entrained to a 14:10 light-dark cycle and then exposed to a con-
tinuous, or to an inverted, intermittent (on = 45 s, off = 15 s,
induced current = 267 G/s) simulated multifrequency ac (0-2
kHz) and dc magnetic field (MF) at 1 or 7 times the TR-07
maglev vehicle MF intensity for 2 hr. Other groups of rats were
exposed to only the ac or the dc-component of the maglev MF.
For comparison, one group was exposed to an inverted, inter-
mittent 60-Hz MF. At the end of the exposure, each group was
sacrificed and compared to an unexposed group of rats for
changes in pineal melatonin and serotonin-N-acetyltransferase
(NAT). MF exposures at an intensity equivalent to that pro-
duced by the TR-07 vehicle (1X; 0.1-5¢ mG, 1.6 kHz-10 Hz; 250
mG dc) had no effect on melatonin or NAT compared with
sham-exposed animals under any of the conditions examined.
However, 7X TR-07-level continuous 2-h MF exposures signifi-
cantly depressed pineal NAT by 45% (p < 0.03) compared to
controls. Pineal melatonin was also depressed 33-43% by a con-
tinuous 7X TR-07 MF exposure and 28% by an intermittent 60-
Hz 850-mG MF, but the results were not statistically significant.
This study demonstrates that Intermittent, combined ac and dc
MFs similar to those produced by the TR-07 EMS maglev
vehicle aiter the normal circadian rhythm of pineal indoleamine
metabolism. The pineal regulatory enzyme NAT was more sen-
sitive to MF exposure than melatonin and may be a more
desirable measure of the biological effects of MF exposure.

INTRODUCTION

Maglev promises to be an efficient mode of transportation
which could complement short airplane commuter flights in
the range of 1000 km {1} and, traveling at speeds up to 500
km/h, these vehicles could provide excellent service between
cities and major airport hubs. The possibility of using
magnetically levitated vehicles for high-speed ground tran.-
portation has been examined since the carly 1970s. Germany
and Japan have each spent in excess of onc biiion dollars to
develop and test prototype maglev systems, the German
TransRapid TR-07 maglev system using conventional magnet
levitation and propulsior and the Japanese using supercon-
ducting magnzts. The Japanese expect to demonstrate one of
their designs by the mid-1990s, and final plans are underway

to install a 22-km TR-07 maglev system in Orlando, Florida,
in the same time frame. A National Maglev Initiative, led by
the Federal Railroad Administration and supported by the
Army Corps of Engineers and the Department of Energy, was
established in 1990 by the federal government to explore the
options available for using this technology in the United
States.

In the last 25 years nonionizing electromagnetic field (emf)
exposure has come under scrutiny as another potentially
harmful environmental agent. Both electric and magnetic
fields in the extremely low frequency range (3-3000 Hz), as
well as static magnetic fields have produced biological
effects in cellular and animal investigations.

Extensive animal studies have demonstrated the most
significant and repeatable emf effects in the areas of emf per-
ception, behavior, and neuroendocrine effects [2]. Wilson et
al. {3] demonstrated depression of greater than 50% in the
pineal melatonin rhythm in rats by continuous exposure to a
100-kV/m 60-Hz electric field for three weeks. However, the
ritythm returned after the field exposure ceased. In later
studies with 60-Hz electric field exposures as low as 1.7
kV/m, Wilson showed the same depression in melatonin and
in serotonin-N-acetyltransferase (NAT), the regulatory
enzyme in the metabolic pathway from serotonin to
melatonin in the pineal. A phase delay of approximately 2 h
in the melatonin rhythm was also produced by the emf
exposure [4].

Vasquez et al. {5] continued to add to the neuroendocrine
effects observed as a result of emf exposure. Rals exposed to
39-kV/m, 60-Hz electric ficlds showed phase shifts of up to 4
h in the circadian rhythms of the neurotransmitters
norepinephrine, dopamine, and the serotonin metabolite 5-
hydroxyindoleacetic acid (HIAA) in the hypothalamus,
striatum, and hippocampus.

Not only have environmental-level magnetic ficlds pro-
ducew depression in circadian neurotransmitter rhythms, but
rapidly changing magnetic tields of low, ambicnt intensity
have shuwn similar neurotransmitter effects. Lerchl et al. {6,
7] showed that intermittent, 1-hour, earth-strength, dc MFs
depress normal melatonin and NAT rhythms in the rat pineal.
This suggests that transient fields that produce induced
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currents may contribute to biological response to emf
exposure.

Electromagnetic fields produced by maglev and other
electrified rail systems have not been well characterized, with
the exception of a recent Federal Railway Administration
(FRA)-sponsored study of the German TransRapid TR-07
maglev vehicle (8, 9]. Currently, the FRA is measuring the
electric and magnetic fields produced by a number of
electric-powered transportation systems, and detailed emf
exposure information will soon be available.

From the information that is available about the electro-
magnetic fields produced by maglev and electric-powered
vehicles, the majority of magnetic fields are dc and in the
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
field magnitudes in the range of 1.0 G in the passenger
compartment [10, 11]. In addition, it is likely that time-
varying dc, power frequency (50-60 Hz), and transient ELF
magnetic field components will be encountered.

Which parts of this very complicated emf spectrum will
prove to be most important in assessing the presence or
apsence of a potential health hazard is unclear at this time,
but these transportation systems do have emf field emissions
in the frequency and intensity ranges which have demon-
strated to have biological effects in cell, animal, and human
studies. No significant effects have been identified in the few
studies that have examined transportation system passengers
or workers for biological responses to emf ¢xposure {10].

The purpose of this study was 10 begin examining the
complex-spectra, time-varying emf fields produced by
maglev transportation systems that use conventional EMS
(TR-07) or superconducting magnet technology. Maglev
MFs were simulated using the TransRapid TR-07 maglev
spectra measured by Electric Research and Management, Inc.
(ERM) [8, 9]. Using rats, MF exposures were us:d that are
likely to be encountered by passengers and system workers,
as well as MF conditions that have produced repeatable
biological effects using power frequency or static dc fields.

MATERIALS AND METHODS

A pair of Helmholtz coils (r = 0.5 m) were oriented with
the diameter perpendicular tc “he north-south ambient field.
A bipolar power supply (Kepco, Flushing, NY, Model BOP
S50-2M, 50 V, 0-2 A) was used to cnergize the Helmholz
coil system. The simulated maglev magnetic field (MF) (dc
and mulu frequency ac) spectrum was generated using a 286
AT personal compuler and LabWindows Data Acquisition
and Analysis softiwarc (National Instruments, Austin Texas).

The program developed is capable of producing a dc- and/or
multifrequency ac signal to the bipolar power supply (of up
to 10 individual frequency and intensity components) in the
range of 0-2 G (dc) and 0-2 kHz (ac). The ramp rate of the
signal can be varied over a wide range (microseconds to
seconds) to vary dB/dt, producing an induced voliage in the
Helmholtz coil and subsequent eddy currents.

Maglev magnetic field exposures were simulated from
spectra collected inside the moving (168 km/h) passenger
compartment of the TR-07 prototype vehicle, as measured by
ERM in August 1990 [9]. Fig. 1 depicts the actual and sim-
ulated complex ac spectrum of this prototype maglev vehicle.
The dc component of the TR-07 was 250 mG above ambient.

@ 100 e 100

I
E 10 410
]
£
> i
=
2 1L 41
w
o A=
> 1
b=
P
-
o 0.1 1 0.1
2
[
x
E
0.01 ' I 0.0
0 400 800 1200 1600 2000
FREQUENCY (HZ)
(b) oy
~ ! (c)
€ 02 | 1102  FREQUENCY INTENSITY
~ (Hz) (mgG)
= Cp
& 1X 7X
Z 10"} 410° 0(dc) 250.0 1750.0
g o 10~ 50.0 350.0
= ¢ 60  25.0 175.0
e B0  20.0 140.0
2 10° } . 100 140 3.0 21.0
I 180 4.0 28.0
:_.;) P 270 2.0 14.0
5 oo L ' P 450 2.0 140
z 110 620 0.6 4.2
S 1080 0.2 1.4
2 1620 0.1 0.7
< rotdidy g . 1072
o 10" 10? 10°

FREQUENCY (Hz)

Fig 1. TR-07 Magnetic Field Spectrum. (a) Actua' measurement recorded
August 1990 by Electric Research and Management [9], at a velocity of 168
km/. The dc component was 250 mG above the ambient field. Simulat.
TR-C7 MF (b). The prominent frequencies (Hz) and their respective int. nsi-
tes, including a 250-mG dc component, were delivered simultanecusly by
computer to the Helmholiz coil. The entire spectrum was increased 7 {old for
the 7X exposures (c).

Although the ac and dc MF intensiv :, and especially the
transient profiles, are uniquely different, EMS maglev



vehicles are expected to produce similar magnetic field
profiles quite different from the dc, 60-Hz, and other
magnetic field exposures that have previously been used in
biological exposure experiments.

Male Sprague-Dawley (Cobb strain) rats (Rattus
norvegicus), 44-47 d old, 100-120 g were entrained for two
weeks to a 14:10 light-dark (LD) cycle (dark period (D] =
0500-1500), with dim red light present during the dark
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
controls.

Daily for 7 d, groups of six animals were placed into two
cages that were modified with plastic barriers to allow indi-
vidual containment and exposure of three rats per cage in the
central area of the Helmholtz coils. MF exposures occurred
during dark for 2 h, ending at 6 or 9 h after dark onset, when
pineal melatonin and NAT are at maximum levels. Another
group of six animals were exposed for similar lengths of
time, ending 5 h after light onset (minimum melatonin and
NAT).

The magnetic field exposures were physically presented in
several different ways:

1. Exposure length: 1,2,0r4 h

2. Continuous MF exposure or intermittent exposures
(repeating pattern of 45 s on, 15 s off) were quickly
ramped, producing a dc-component-induced current
of 37 (1X TR-07) or 267 (7X) G/s. Rapid applica-
tion of an intermittent, inverted earth-strength static
MF has been shown to significantly decrease pineal
melatonin and NAT [6, 7).

3. Exposure to horizontal MF components or parallel to the
inclination of the ambient magnetic fields (55°).

4. Exposure in the same direction as or opposite to
("inverted") ambient magnetic field.

Immediately after an exposure, the exposed and controi
rats werc alternately sacrificed, and the pineal was removed
and frozen (-60 OC, dry ice, average time 30 s) until assay.
Melatonin was determined by radioimmunoassay {7, 12}, and
serotonin-N-acetyltransferase activity (NAT; EC 2.3.1.5) was
determined by radioenzymatic assay [13]. Differences
between control and exposed groups of animals were com-
pared using the Student t-test.

RESULTS
Simulated TR-07 MF Exposures (1X)

No significant changes in pineal melatonin levels occurred
as a result of simulated TR-07 MF exposure under a number
of MF delivery protocols (Fig. 2). Continuous MF exposure
during dark (maximum melatonin) for 1, 2, or 4 h in two

I % I

1 2 3
MF EXPOSURE CONDITION

r'S

MF EXPOSURE
CONDITIONS
D EXP | 1:Ci+ 1 h
; 2:Cl+ 2nh
YA exp 3 Cl+ 4n
Q 4: Ci+ 2 h

N e
EXP Il s:Cl+ 1h
8:1/- 2h
7 4/- 2h

Fig 2. Pincal Meiatonin Response to 1X TR-07 MF Exposure. During the
nighttime (dark) peak in pineal melatonin, rats were subjected to TR-07
frequency and intensity MF exposure in three separate experiments. The
exposures in Experiment I were continuous, in the same direction as the
ambient MF, and varied in length (1, 2, or 4 h). MF-exposures in experiment
II were a repeat of those in experiment I. Exposures in Experiment III were
inveried to the ambient field, intermittent (45 s on/15 s off), and tumed on
rapidly to produce induced (eddy) currents. The unexposed control group
mean between MF exposure experiments differed in the absolute amount of
melatonin per pineal, so the exposed melatonin/pineal response was calcu-
iated as percentage of control response within experiments (control = 100%).
Bars arc  standard error.

experiments did not depress pineal melatonin below control
levels. Intermittent, inverted TR-07-level (1X) maglev MF



exposurcs (net MF = +150 mG, dB/dt = 37 G/s) for 2 h also
had no effect on maximum (dark) melatonin levels.

TR-07 Maglev (7X) and AC- and DC-Component MF
Exposures

Together, the results of three experiments (with all animals
exposed to MFs when melatonin reached maximum levels in
the pineal considered as one group, 4.5-8.5 hours after dark
onset), showed that only 2-h inverted, intermittent 7X TR-07
dc exposures (net MF = -1.3 G, dB/dt= 267 G/s) produced a
significant 46% decrease in NAT (Fig. 3,"D7", p < .03, ).
The animals exposed to the 1X, 7X, or 7X ac component
intermittent maglev fields did not differ in pineal NAT from
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Fig 3. Nightume MF Exposure and NAT Response. Animals (six per group)
were entrained for two weeks (14:10 LD; D = 0500-1500) and then exposed
to MFs. Exposures were either at 0900-1100 or 1200-1400, and were com-
bined (n = 12).
sacnficed and the pineals were removed, frc zen (-60 *C), and assayed for
amount of pincal NAT per animal. Bars are standard ervor.

Following exposure, the animals (and controls) were

unexposed controls sacrificed at the same time, but 60-Hz
and continuous maglev exposed NAT levels were decreased
28% and 42%, respectively, although these decreases were
not statistically significant.  During this same period of
maximum melatonin in the pineal, none of the MF exposure

conditions resulted in a significant change in pineal
melatonin (Fig. 4), although a 2 h continuous 7X maglev
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Fig 4. Nighuime MF Exposure and Melatonin Response. Animals (six per
group) 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
were combined (n = 12). Following exposure, the animals (and controls)
were sacrificed, and the pincals were removed, frozen (-60 "C), and assayed
for the amount of pineal melatonin per animal. Bars are standard error.

exposure ("MC") depressed pineal melatonin 37%. The
directionality (whether a MF horizontal to or parallel to the
ambient field was used 10 expose groups of animals) also did
not produce changes in pineal melatonin,

DISCUSSION

This study demonstrates that MF exposure at intensities
produced by the German TransRapid maglev EMS vehicle
does not produce changes (depression) in pineal melatonin
and NAT levels, which have been used as a sensitive, repro-
ducible, indicators of biological response to emf exposure
[14-19]. However, when the dc component of the TR-07 MF
was increased 7-fold (1-2 G), and delivered intcrmittently to
produce induced eddy currents, pineal NAT was significantly
reduced (50-60%) compared to control, unexposed animals (p
< 0.03). MFs at this strength have been measured or are ex-
pected for EMS and EDS maglev vehicles.

In addition, a number of MF exposure conditions did
reduce melatonin and NAT changes as much as 50%, but the
declines were not statistically significant. Continuous 7X
TR-07 maglev exposures decreased NAT 40-47% (Fig. 3).
Meiatonin was also decreased 37% by continuous 7X maglev
exposures (Fig. 4). These MF exposures consisted of TR-07
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ac MF components which would produce induced (eddy)
currents similar to the intermittent dc MF exposures found to
significantly reduce pineal indoleamine metabolism in this
study and by Lerchl et al. [6,7].

Although the percentage decrease was large (in the range
of 50%), small group sizes (n = 6), individual animal
differences i entrainment, and individual sensitivity to MF
exposure may have combined to dilute the group pineal
melatonin and NAT differences between MF-exposed and
control animals. The amount of group variation was large,
and the same in both control and exposed animal groups.

Individual animals vary in their entrainability to most
endogenous and exogenous agents [20], and Rosenberg et al.
[21] has shown that up to 20% of rats show no change in per-
ception of electric fields as great as 100 kV/m, measured by
changes of activity, Variations in individual animal
entrainment by as small as 1 h in pineal melatonin and NAT
entrainment rhythms could have resulted in a large pineal
melatonin and NAT group differences in response to MF
exposure, as was seen in this study. Increased group size and
optimal MF-exposure times identified in future studies will
more successfully test the ability of these weak, non-ionizing
MF exposure conditions to alter pineal rhythms.

Since melatonin has been shown to inhibit the growth of
breast tumor cell lines in vitro [22], emf depression of pineal
melatonin has been proposed as a possible mechanism (o
explain the growing human epidemiological evidence which
suggests that emf exposure increases brain tumors and
leukemia [4]. The plausibility of melatonin depression and
the emf cpidemiological link to cancer in humans has been
strengthened by Wilson et al. {23], who, in a pilot study,
found a decrease in the urinary melatonin metabolite 6-
hydroxy melatonin sulfate (6-OHMS) at night in human sub-
jects who used high-current clectric blankets (relative to
subjects using low-current electric blankets).

Whether decreased in pineal indoleamine metabolism does
contribute to increases in carcinogenesis remains to be more
solidly demonstrated, and any contributions from transporia-
tion system MF exposures will help to resolve this presently
perplexing controversy.
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INNOVATIVE SPINE GIRDER GUIDEWAY DESIGN
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John B. Allen, P.E.
Parsons Brinckerhoff Quade & Douglas, Inc.
Tampa, Florida 33607
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ABSTRACT: Te ensure the economic feasibility of full capacity
Maglev systems, guideway designs need to be low cost yet
structurally rigid and durable. A spine girder design was
developed using precast segmental concrete technology and the
resulting guideway structure appears applicable to any Maglev
vehicle. A spine girder is composed of a central box girder and
two tracks supported on outriggers. This results in an efficient
guideway system which will meet all requirements for Maglev
loads and allowable construction tolerances. This paper
summarizes the basic development process for the spine girder
and ilustrates the potential application of the concept to other
Maglev systems.

1. INTRODUCTION

As part of the Grumman Team in the Maglev System
Concept Definition Study (SCD) #4, Parsons Brinckerhoff
was responsible for developing a twin track guideway
structure to accommodate the Csumman EMS Maglev
vehicle.

2. OBJECTIVES

For any design development process, it is important at the
outset to list out the main objectives to be attained. For the
guideway structure, seven primary, but interlinked, objectives
were established.

A. Operational Layout

The guideway must be capable of safely supporting the

design vehicles with allowance for operating
clearances, track centers and other dimensional
constraints.

B. Structural Stiffress

The structure has to be sufficiently rigid to ensvre that
static and dynamic movements of the structure under
vehicle loads and differential temperature do not
exceed the magnetic air gap clearances and thai ride

F.

_which varies significantly.

quality criteria are achieved.

A stiffness constraint is rarely of major significance
for a highway or even a conventional transit structure.
However, for Maglev operations with vehicles
operating at up to 300 mph it is a major factor. With
a theoretical air gap of 40 mm, it is necessary to limit
structural distortions from all causes to a maximum of
+15mm from the mean position.

Cost

For any Maglev system, the cost of the fixed guideway
structure will substantially exceed 50% of the total
system implementation cost, if land costs are excluded.

To protect the viability of the system, it is imperative
that the guideway design permits construction costs to
be held to a minimum.

Speed of Construction

Guideway construction will usually represent the
critical path for system completion. As well, it is to
be expected that any Maglev route will cross terrain
Construction of the
guideway must therefore be able to proceed rapidly
and under variable conditions.

Emergency Passenger Evacuation

A Maglev route may extend hundreds of miles and it
is therefore possible that vehicles will become disabled
in r-mote areas. Provision should be made for
emergency egress of passengers from a vehicle, any-
where along the guideway.

Maintenance

The fixed guideway needs to be a reliable structure

177



with a capability to operate in the widest range of
weather conditions which are known to occur along the
route.

Although all structures benefit from maintenance, it
should be as maintenance free as possible so that
passenger schedules are not routinely disrupted and to
keep operational costs under control.

. Appearance

A Maglev guideway will be highly visible to
pedestrians, motorists and residents. At a minimum,
the appearance of the guideway needs to be visually
tolerable.  Desirably it should have a pleasing
appearance.

Beyond these seven primary objectives, other issues
need to be considered in assessing the overall

Such issues include size and frequency of supports;
potential for noise transmission; the ability to be
constructed in crowded urban areas and/or
environmentally sensitive areas; and the ability to
accommodate curved track alignments.

3. ASSUMPTIONS

A number of engineering assumptions were made as the
basis for the development and comparison of the guideway
concepts. Some key assumptions are outlined below.
Environmental factors are necessarily ’average’, reflecting the
non-site specific nature of the S.C.D.

3.1 Vehicle Loadings
The worst effects of either of the 1, 2 or 3 car vehicles

defined in Figure 1. Impact was taken as 20% for the
main guideway girder and 50% for track support

suitability of any scheme. members.
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Vehicles were assumed to be operating with a 150m
(500 ft.) minimum clearance. To avoid excessive
aerodynamic buffeting forces, tracks were spaced at a
minimum of 7.5 m (24.5°).

Longitudinal braking/acceleration forces were taken as
125 kN (28 kips) per vehicle.

Detailed dynamic analysis to assess ride quality effects
were part of the concept development work and are
described elsewhere. Sufficient to note here that
computed dynamic magnifications were less than the
20% assumed above.

3.2 Design Method

In line with forthcoming revisions to the national
bridge design specifications, the load factor design was
used to compute the necessary strengths of all
elements, including foundation caps and piles. For the
concept designs, the load combinations were limited to
the following:

Group 1 = 1.3(DL+1.25%LL+I1)+0.3*LF)
Group Il = 1.3(DL+W)
Group Il = 1.3(DL+(LL+)+LF)
Group IV = 1.25(DL+(LL+D+W)
Group V = 1.0(DL+EQ)
3.3 Seismic

The guideway designs were examined under seismic
zone 2A Normalized Response Spectra for soil type 2.

3.4 Differential Temperature

A very significant component of structural distortion
which needs to be allowed for. The guideway 'top
slabs’ were taken to vary in temperature in
accordance with the profiles defined in the 1989
AASHTO guide specification assuming top hot
conditions of 45°F and top cold of 23°F.

3.5 Snow and Ice

For nonoperational conditions, 1.45 kPa (30 psf)
was assumed on horizontally projected areas. For
operational conditions, 2.9 kPa (60 psf) on areas
away from the tracks.

4. CONCEPT DEVELOPMENT

For the twin track guideway a number of structural options
were examined. Initially both steel and prestressed concrete
structures were considered, but it soon became apparent that
the steel options had real difficulty in being cost competitive
with concrete when the stiffness limitations were applied. As
a result, steel options were not considered in later
development stages. Spans in the range 25-30 m were found
to give the best balance of construction cost versus reduction
of piers.

Fig. 2 illustrates the essential stages and tradeoffs of the
development process (all structures prestressed concrete).
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GUIDEWAY GIRDER DEVELOPMENT

FIGURE 2
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Conventional twin 1 girders (1) were the starting point.
Although they have been used on low speed guideways, the
girders have poor torsional stiffness which makes them
unsuitable for curved track. As well, it is difficult to
integrate the emergency evacuation slab into the section.

Twin box section girders (2) were then examined. They
provide much improved torsional stiffness. However, the
overall costs are still high since the emergency slab, which is
a substantial load, is not significantly contributing to the
flexural capacity of the guideway.

A single cell box girder (3) is an alternative and still quite
conventional from a design sense. Torsional stiffness is
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
necessary from a structural viewpoint. This causes costs to
be higher than desired.

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
flexural stiffness can be increased and the prestressing
quantities reduced. Since the top flange of the spine box can
move up relative to the track level, any girder depth increase
does not force the structure to be higher. As well the single
box girder solution can readily be supported on a single
column substructure.

The outcome of the process described briefly above, was
that the spine girder structure was developed further and,
following a construction analysis, became the recommended
"baseline’ guideway design for the SCD (Figure 3).

5. FURTHER FEATURES OF THE CONCEPT

For a 27 m simply supported span, a 1.5 m deep spine
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
variable depth spans.

As initially developed the longitudinal post tensioning is
contained within the spine but external to the concrete (Figure
4). This represents a system which is geared to rapid span
erection. In active seismic zones, the option exists to relocate
some of the tendons into the webs to improve ductility.

The external tendons provide a means for actively
correcting camber errors which may occur in some spans
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over time. Fig. 4 shows conceptual views of the hardware
that would be needed.

For curved sections of track, the single column may be
canted (constructed off vertical) to reduce the net effects of
centrifugal loads on the foundations. Alternatively ’A’ frame
piers may be used for curved track or tall piers.

Simply supported span have been adopted to keep the
construction process simple. There is no advantage in a
Maglev guideway to eliminate expansion joints - in fact more,
smaller, joints are preferable to fewer, larger, joints from the
electrical distribution viewpoint. However, it is recognized
that a continuous guideway would offer some stiffness and
material saving advantages. Whether these factors would
outweigh the operational and construction benefits of simple
spans needs to be examined in more detail. Experience to
date suggests that there will be little if any o erall advantage
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
construction offers the better solution for the majority of any
Maglev route. In coming to this conclusion, a range of
construction options was investigated including:

(a) cast in place construction of whole spans (27 m long)
(b) precast construction of whole spans (27 m long)
(c) precast segmental construction (4.5 m segments)

In method (a), the whole span is cast in place on
supporting formwork. Guideway construction is slow unless
massive investments are made in formwork and falsework.
Construction is more affected by weather and site conditions
and the need to transport all labor and materials to (remote)
site locations also causes costs to rise.

Method (b) does allow centralized precasting plants to be
set up with the associated production efficiencies. However
except where the plants are close to the guideway, transport
and erection equipment for the heavy girders would be
expensive.

Method (c) also allows centralized precasting out the
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
outriggers attached to each segment, are assembled on a
temporary steel truss (spanning between piers) and then post-
tensioned together to make them self supporting. This

RESTRICTIONS

SECL (e ()
o () A

=?\\ @d

HEADRC OM RESTRICTIONS

Z.

R

MULTI-LEVEL CITY TERMINALS

[

PRESTRESSED CONCRETE

WEB ELEMENTS
(WIDER TRACK CENTERS)

(o]
LARGER SPANS. AUXILIARY ﬂ m

EM.S. MAGLEV SYSTEM
INSIDE EVACUATED TUBES

BECHTEL TEAM
CONCEPT GSTER MILLE

F
[_C_Q_!‘!Q.EP L

L(ﬂ

|

E.D.S. MAGLEV SYSTEM - 1 ED.S. MAGLEV SYSTEM - 2

PARSONS

BRINCKERHOFF | PEVELOPMENT OF THE CONCZPT

FIGURE 5

181




method can more readily accommodate span length variations
by changing the number of segments used in the span.

Further, the construction of this system can be engineered
to minimize/eliminate ground level activities during the
erection of the segmental guideway.

Trusses can be made self-launching and segments delivered
over the previously erected guideway.

Other gantries, supported off the spine, can be used to
erect track slab and rail sections in a follow-up process.

This approach reduces impacts on existing rights-of-way
which may either be in heavy use or sensitive to disturbance
(forest, wetlands, etc.).

Experience in the highway bridge construction industry
supports the selection of method (¢) for Maglev guideway
construction. For such large scale projects, investments in
precasting plant and other equipment can be economicaily
written off over the project.

7. SUMMARY OF THE ADVANTAGES OF
THE SPINE GIRDER CONCEPT

a. Based on our construction cost estimates, the spine
girder provides the most economical twin track
guideway concept. The cost per line-meter is about
$5,400, excluding the steel rail track.

b. The durability of the spine concept will be high due to
the fact that practically the entire concrete spine box
will be compressed by the post-tensioning system. As
a result, cracking and fatigue probleras are controlled,
the service life increased, and maintenance efforts
reduced.

c. The spine layout greatly enhances the ability to perform
maintenance operations on the guideway slab and
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. It will also
serve as an emergency evacuation platform for
passengers.

d. The relation between the depth of the box and the
height of the column is aesthetically pleasing. The
single column reduces size of the guideway ’footprint’
at ground level.

e. In case of fire in a vehicle, the spine box will not be
subject to intense heat. Effectively, the only elements
which will be subject to heat damage are the track slab

sections.

f.  With the use of segmental spine construction and the
potential for further use of precast sections for the
track slab beams and the columns, a significant part of
the work can be done off-site. This should reduce
overall impacts on traffic and the route environment.

g. Foraproject of this maguitude, segmental construction
can result in a saving in time as has been demonstrated
on similar scale highway projects.

h. Maglev utility and communication lines can be
contained within the spine and accessed through the top
or bottom slabs.

8. FURTHER DEVELOPMENT

'The spine girder guideway design, as developed for SCD
#4, has the potential to be extended to accommodate the
special span cases which will inevitably arise during the
design of a real route. Such cases include:

¢ longer spans
® varying vertical alignments between the 2 guideways
® skew spans

Some of the techniques available are illustrated in Fig. 5

(a)-(c)-

Beyond this, the guideway could also be used for different
Maglev vehicles or other hybrid high speed transport systems

Fig. 5 (d)-(D.

9. CONCLUSION

The selection of spine girder satisfies the goals of the
project. It provides for both an efficient design and
economical construction; combined with an aesthetically
pleasing guideway.
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Parametric Design and Cost Analysis for
an EMS Maglev Guideway
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Introduction

The Federal Railroad Administration and the Army
Corps of Engineers through the auspices of the
National Maglev Initiative, awarded four teams
contracts to design new conceptual level maglev
systems. Of the four concepts proposed, three are
based on a superconducting electrodynamic
suspension (EDS) system. The fourth team, led by
Grumman Aerospace Corporation, proposed a
maglev system based on superconducting
electromagnetic suspension and propulsion (SEMS).
Parsons Brinckerhoff's principal responsibility as a
member of this team was to design an innovative
and cost-effective guideway as the backbone of the
system.  This paper presents the alternative
guideway configurations considered and the
evaluation and ranking used in the selection of a
baseline design.

The SEMS concept imposed some constraints on the
guideway design, such as the capability to support a
continuous laminated iron rail and provide for tight
alignment and realignment; a nominal air gap of 40
mm that affects the total allowable deflection;
emergency braking surfaces; and dynamic loading
imposed by the high speed vehicle. Other demands
for adaptability in construction were evaluated, such
as constructing elevated structure within existing
right -of- way with minimal impact on the existing
facility users facility, and erection efficiency

Guideway Alternatives Screening

Nine twin guideway concepts were identified and
evaluated during the initial screening.  Each
configuration was ranked in each of the following
categories: stiffness, structural efficiency on tangent
and curved sections, cost, durability, maintainability,
and aesthetics. Other considerations were given to
operational considerations and emergency egress.

Only simply supported spans were considered for
the baseline selection. The guideway concepts and
their respective designations are listed in Table 1
with the comments from the initial screening.

Five of the original nine configurations passed the
initial screening by ranking highest in the criteria
categories listed above. These five are shown in
Figure 1.

Structural Evaluation

The five guideway configurations that passed the
initial screening were analyzed to determine
strength and stiffness performance and to determine
quantities to estimate the comparative construction
costs.  The structural analyses included the
following:

Baseline vehicle loading (100 passenger vehicle)
Vertical deflection criteria not to exceed + 25 mm
(1in)
¢ Loading combinations to account for dead load,
live loads (single vehicle and passing vehicles),
wind loads, and seismic zone 2
Parametric analyses of varying span lengths
Pile and spread footing foundation support
Varying layout of column supports
Varying column heights

The baseline configuration for all alternatives was
defined as having a span length of 27 m (100 ft), dual
guideway, and vertical clearance of 10.7 m (35 ft) to
the base of the superstructure. Based on the
structural analyses, the spine girder (S4) affords the
best performance in terms of strength and stiffness.

Use of a central spine with secondary track beams
requires only one load-carrying member, compared
with two main members where each members
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supports one track. A single, deeper girder is more
efficient than two shallow girders. The $4 concept
can accommodate a deeper girder without
increasing the track height by using the space
between the tracks. None of the other concepts have
this capability.

Table 1. Structure types ar.d evaluation

comments
Structure Type Ref. | Evaluation Comments
Twin Triangular S1 Passed initial screening
Concrete Box Beams
Twin rectangular S2 Passed initial screening

concrete box beams

Single concrete box | S3 Passed initial screening

girder

Single concrete spine | 54 Passed initial screening

girder

Stiffened concrete S5 Passed initial screening

slab

Twin concrete 1 S6 Low torsion strength;

girder low stiffness; poor
aesthetics

Twin trapezoidal s7 Wide top flange creates

concrete box beams support of track slab
awkward

Twin steel box S8 More expensive to

girders construct; more

intensive maintenance

Multiple steel plate | S9
girders

Low torsional strength;
low stiffness; more
expensive to construct;
higher maintenance
costs

The spine girder also provides more advantages
over the others including: construction flexibility,
alignment and realignment after construction,
tolerances, low torsion and adequate strength, a
central platform to be used for maintenance access
or emergency egress, and adaptability for switching.

Cost Comparison

To assist in the selection of a baseline guideway
structure, cost estimates! were prepared for each of
the five twin-track concepts identified for a range of
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.

associated with the superstructure, and the
substructure, as outlined below.

Superstructure: Structural steel; concrete,
reinforcing steel, pre-
stressing,  bearings  and
seismic isolation systems.

Substructure: Column concrete or steel,

reinforcement, earthworks;

footings and piles

So as not to bias one element, a 10% mobilization
and demobilization costs was assigned to each set.
Other assumptions are documented at the top of the
page. No allowance was made for contingencies or
for site-specific items such as clearing, fencing,
access roads, traffic control and the like, as these
items are common to all concepts and do not affect
the cost comparisons.

For the baseline configuration, the cost of
construction of the concrete spine box girder was
estimated to be $7.99 M/km ($12.9 M/mile)
including the cost of the iron rail. The estimate of
the capital costs for the total system was $12.4
M/km ($20 M/mile). Figure 2 shows the results of
the parametric analysis of the guideway costs versus
span length for each of the five structural types. The
concrete box spine girder (54) consistently has the
lowest costs and is less sensitive to changes in span
length that may be required. A composite of the cost
curves for the substructure costs, superstructure
costs and total costs for the baseline spine box girder
is shown in Figure 3.

As a result of these comparison of the structural and
cost analyses, the concrete box spine girder (S4) was
selected as the baseline for the superconducting
electromagnetic suspension Maglev system. Figure 4
is an isometric showing the box girder outrigger-
layout and post-tensioning cables. An artist's
rendering of the spine girder guideway system,
illustrating the concept of the track slab supported
on the outriggers, is shown in Figure 5. Details of
the design are presented in a companion paper
entitled "Innovative spine girder guideway design
for a Superconducting Electromagnetic Suspension
Maglev System".
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54 - Spine Beam - Piled Foundation - Dual Guideway

Span
Spine Beam Length :  26.3 Meters
Type 1 Simply Supported
Cent. to Cent. Column : 27 Meters
Superstructure
Depth : 1.8 Meters
X-Sectional Area . 3.013 Meters?
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
‘DeScription BTN R TR N § Y| R ; E-QCdéfff”j." '
(Per KM)
Superstructure
Structural Steel kg 47,477 1.75 $83,084
Precast Concrete m> 3,013.3 530.00 1,597,035
Cast-in-Place Concrete md3 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 1,173,732 210 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 $0
Column CToncrete (Cast-in-Place) m3 935.4 400.00 374,176
Column Reinforcement kg 110,148 1.32 145,395
Footing Excavation (Earth) m> 523.7 5.00 2,618
Footing Excavation (Rock) m? - 25.00 0
Footing Concrete m> 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 m2 3,520.0 0.90 $3,168
Earth Excavation, Cut & Fill, Haul m3 8,430.0 9.57 80,702
Rock Excavation, Removal & Haul m3 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 Civil/Site $784,492
TOTAL $7,833,315

Table 2 Guideway cost break down for spine beam with pile foundation
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Guideway and Infrastructure in JR Maglev
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<Introduction>

We are now newly comstructing a test line in Yamanashi
Prefecture for ascertaining the practical use of the super-
conducting magnetically levitated train, which is expected
to be an epoch-making, ultra-highspeed mass-transportation
systea in the 21st century.

The fundamental research and developsent for this JR-type
Maglev were started by Japan National Railways (JNR) at the
beginning of 1968's. And they have fairly advanced. For
example, in 1979, an unmanned vehicle attained a maximua
speed of 517km/h on Miyazaki Test Line. And a manned vehi-
cle attained a speed of 480km/h in 1987.

With the division and privatization of JNR in 1987, Rail-
way Technical Research Imstitute (RTRI) took over JNR's
business and continues running tests of vehicles on Miyazaki
Test Line. However, Miyazaki Test Line is not sumitable for
testing the practical use of JR Maglev, because it is only
Tkm in length with a single track and it includes no tummel
section. So a new test lime which has an overall length of
some 48km or so has been needed.

In 1998, under guidance of Minister of Tramsport and with
a state subsidy, RTRI, Central Japan Railway Company and
Japan Railway Construction Public Corporation formed a con-
sortium and started the comstruction of the new test line.
The Yamanashi Test Line has a length of 42.8km Imcluding
double track sections and about 35km of tunmel sections. On
the new test line, we intend to confirm the stable running
at 550ka/h and others to establish the actval service at
508kan/h.

In this JR Maglev, the guideway and the infrastructure
have to support reliably and guide safely vehicles which run
at ultra-high speed, and have to give passengers a comfort-
able riding quality. We researched and developed the
design of its structure, the precision of coil arrangement
and the method of its construction with all our might. We
obtained good results from our rich experiences in the
construction and maintenance of Shinkansen.

This paper gives an Introduction to these technical
points.

1.Role and Structure of Guideway
{(1)Role of Guideway

The guideway of JR Maglev consists of Propulsion Coils,
Levitation and Guidance Coils and Wheel Paths{for support
and for guidance). The section of guideway {s U-shape.
Three types of guideway are shown in Fig.li.

Propulsion Coils and Super-Conducting Magnet(SCM) on
board compose a Linear Synchronous Motor(LSM), which propels
the vehicle by its electro-magnetic power. So the precise
arrangement of Propulsion Coils is very important in order
to maintain a harsonious propulsion power.

Levitation and Guidance Coils levitate and guide the
vehicle owing to the attraction and repulsion acting between
the induced current on the coils and magnetic force of SCX
on board. So the precision of their alignment has direct
influence on the lateral and vertical vibrations of vehicle,
that is riding quality.

(2)Structure and Size of Guideway (Fig.2)

The guideway has a width of 3.3m and a height of about
1.4m, in accordance with the size of vehicle.

The maximum speed{550km/h), costs of constructlon and
operation, riding quality - all things considered, we set
the standard of Yamanashi Test Line as follows;

sthe maxisum radius of curvature 8,800

sthe steepest slope 40%

#the maximum cant 10deg.

sthe distance between aore than 5.8a

the centers of tracks

The steeper slope comtributes to shortening the length

of tunnel sections and to reducing the cost of construction,
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but it increases the propulsion power and energy consueption
Lo operate vehicles. So there is a limit to its contribu-
tion. The wminimum radius of curvature was detereined in
order to restrict the lateral acceleration acting on passen-
gers below an allowable value in a run at a speed of 586km/h
on a curve with cant 18degrees.

2.Types of Guideway

We have three types of guldeway. They are classified in
terss of structure and comstruction of the side-wall on
which coils are arranged.

(1)Beam-type Guideway

Its basic concept is as follows:

sprestressed concrete beaas are made at a besm product
yard.

scoils are attached on the side surface of heam st a coil
attaching vard.

sand beams with coils are carried up to the site on beam-
carrier and are fixed to the floor siab by a bear-setter.
theam's standard length ( =guldeway unit) of 1Z2.6a is
detergined in consideration of the coli size and the
faciiity of construction.

(2)Panel-type Guideway

sconcrete panels (a littleprestressed to prevent cracks)
are made at a panel product yard.

ecoiis are attached on the surface of panel at a coil at-
taching yard.

*and panels with coils are carried up to the site and fixed
to the surface of concrete side-wall beilt beforeband
(using a panel carrier-setter).

spanel has a standard lemgth of 12.6w, the same as the
beam.

(3)Direct-Attaching-type Guideway

sconcrete side-walls are built on the site.
#coils are attached directly on the surface of side-wall.

Each type has Its characteristics coacerning the assur-
ance of precision, the facllity of work, cost of coastruc-
tion and facility of maintenance. We arranged them properly
fn Yamanashi New Test Line In order to adapt them to the
conditions of site and infrastructure.

J.Assurance of Precise Setting of Guide-
way

{1)In the Direction of Track

Propalsion coils have to be set precisely at intervals of
1.8a. An lmprecise setting causes a phase lag between coil

pitch and SCX pitch on board, which decreases the propulsion
power of linear-synchronous motor.

So colils and guideway units are set according Lo the Real
Distance which is cbtained by corvecting the ercors in plans
due to slope of track, height of site above sea leve! and
distortion in projected map.

(2)In the Lateral Direction

Levitation and Guidance Coils have o be set precisely on
both side-walls of guideway wmaintaining a fixed
distance(3.3n) and a fixed level. An lmprecise setting
causes vehicle vibrations (lateral and vertical directicn),
namely uncofortable ridiag quality for passengers.

At ultrs-highspeed of 598ke/h, 8 track irregularity
(especially of long wave) {nfluences more greatly the rlding
quality than in the case of conventional railway. In Yama-
nashi Test Line, we determined the precision of setting in
order to maintain the riding qualit? as good as that of
Tokaido Shinkansen. The allowable ampliiude of Irregularity
is as small as less than lca in the vertical and later:z!
waves shorter than 150a.

(3)How to Assure the Precision

In order to get a high-precision guideway, we performed a
high-precision skeleton-survey before the construction of
infrastructure. After the construction, we shall repeat the
high-precision survey on the Infrastructure to reset the
planned center line on the floor slab. And we set the basic
points on the track center of floor slab at intervals of
12.6n {equal to guideway unit's length).

Thus we can build side-walls or fix beams and panels very
precisely referring to these basic points.

4.Characteristics in Plan and Design of
Infrastructure

In plan and design of [nfrastracture, we have to consider
sufficiently JR Maglev's characteristics (its ultra-
highspeed, magnetic drag, etc.), unlike the case of conven-
tional railway.

(1)Allowable Deflection of Bridge

We determined the limft of bridge's vertical deflection
by vehlcle's load in order to mafntain good riding quality.

After a dynamic response analysis of vehicle models oper-
ated on a vertically deflected curve of bridge, we obtained
the calculated vertical acceleration acting on the passenger
seat. The limit was determined such that the vertical
acceleration aight be less than the allowable value. It Is
about half the value in the case of Shinkansen, reflecting
the difference of speed.
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(2)Allowable
Structures

Unequal Displacement of

A displaced block or a bent-angle of structure causes not
only an uncomfortable riding but also threaten the safety of
running, especially in the case of a big displacement.

In order to restrain the acceleration of a vehicle and to
maintain the clearance between guideway and vehicle, we
determined its limit. Especially, the limit for bent-angle
is fairly less than in the case of Shinkansen.

(3)Use of Low Magnetic Steel

In & guideway or infrastructure, normal steel placed near
SCX on board not only causes fhe levitation force to drop
due to attraction, but also causes a magnetic drag to be
generated due to eddy current or loop current.

In the construction of reinforced concrete slabs of
guideway and reinforced concrete bridges or tunnels, because
the magnetic drag fairly decreases inversely to the distance
from SCM, we intend to use a low- magnetic steel (iron bar)
in the region 1.5m away from SCM's element coil (shown in
Fig.3).

(4)Tunnel Cross Section

The tunnel cross section is shown in Fig.4. It is about
20% larger than that of Shinkansen. We designed it in con-
sideration of the structural gauge, the space for mainte-
nance and several things as follows;

sdecrease of the pressure fluctuation which is caused by

ultra-highspeed running at 56@8km/h in tunnel

(to maintain the strength and air-tightness of vehicle)

sthe smaller the tunnel cross section and in consequence

the larger the aerodynamic drag in the tunnel, the more

expensive becomes the operation

sdecrease of the micro-pressure waves radiated from the

tunnel mouth when a train advances into the tunnel at a

speed of 508km/h.

scost of tunnel comstruction

We studied all these things and determined the area ratio
of vehicle and tunnel section as 8.12 (the effective area of
interior is 74a2 )

(5)Electrical Equipment in Tunnel
The ultra-highspeed running in tunnel generates a very
big wind load and a large pressure fluctuation.

So we fix the electric lamps and cables in dents of
concrete lining, and prevent 1ids of cable-duct from float-
ing up by negative pressure.

5.Turnout

As regards the turnout, a high-speed turnout for interme-
diate station and a lower-speed turnout for terminal or
depot are needed.

For high-speed turnout, we developed a U-shaped traverse
type which had already been tested in Miyazaki Test Line, as
shown in Fig.5. Ve set bogles under the movable U-shaped
beams (7 units, about 98m long) to move guideway and turnout
track by hydraulic pressure jacks or an electric motor.

The radius of curvature of 800m and the transition curve
length of about 19a are determined to hold the acceleration
below the allowable value at a 7@km/h running over curves.

6.Machines for Carrying and Setting Beams
and Panels

A speedup of working is very important for the comstruc-
tion of a commercial line hundreds kilometers long. We
developed the machines for speedy carrying and setting of
beans and panels attached with coils.

In the case of Beam-type Guideway, the beam carrier car-
ries two beams with coils at the same time (one beam with
colls weighs about 20tons) up to the work site from the
yard, and then the beam-setter{shown in Fig.6) sets them on
the floor slab with highprecision.

In the case of Panel-type Guideway, we use a machine
shown in Fig.7, which carries two panels at the same time
(one panel with coils weighs about 14tonms) and sets them on
the side-wall with highprecision.

<Conclusions>

¥e described briefly the features in design and construc-
tion of the guideway and infrastructure of JR Maglev.

They have been built up on the broad technical base of
raiiway construction and maintenance in Japan, and they'll
become more refined through the construction of Yamanashi
Test Line and the test runs on it.

We hope that the excellence of JR Maglev as a highspeed,
mass transportation system will be proved objectively
through the tests in Yamanashi and a big stride will be
taken toward its commercialization.
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Reduction of Guideway Residual Vibration through
Strategic Vehicle Pad Spacing Arrangements

R. Scott Phelan
J. Muller Intcmational
San Diego, California 92123 USA

Abstract - This paper focuses on the dynamic analysis of
guideway beam behavior during high speed vertical maglev
vehicle loading. In addition to peak dynamic positive (i.e.
downward) beam deflection, the dynamic anaiyses of this paper
focus on peak negative (l.e. upward), and residual (1.e. free) beam
vibration response. Equations are presented which predict the
exact speeds a vehicle—having a particular loading pad
configuration—can travel over a given beam and yet produce no
residual vibration in the beam! These convergent vehicle
velocities are shown to be determined by both beam properties
and vehicle loading configurations. The two beam properties
which determine convergent velocities are fundamental
frequency f), and span length L. For vehicles having a fully
distributed loading configuration, the vehicle length L,
determines additional convergent velocities. Similarly, for
vehicles having discretely spaced loading pads, additionai
convergent velocities are determined based on a) the number of
pads np, b) loading pad length Lp, and c) the spacing between
loading pad centroids Sp (see Figure 6). Only the force of the
traveling vehicie (i.e. not the mass), on a simply-supported,
undamped, straight guideway beam is considered.

1. INTRODUCTION

When a maglev vehicle travels over a supporting
guideway beam element, the dynamic beam response nor-
mally resufts in three maximum deflections critical to
guideway structural design. The three are maximum
downward, upward, and residual (i.e. free) beam deflections.
Concentrated vehicle loads relatively distant from one
another generally produce high positive and negative beam
deflections—which are not desirable—on elevated guideway
spans of 20 m or more. In contrast, more closely spaced (i.c.
distributed) vehicle loads result in less severe positive and
negative beam deflections. Beam deflections duririg residual
vibradon are not directly influenced by the extent of vehicle
load distribution. This paper shows, however, that design for
complete cancellation of beam residual vibration at specific
vehicle speeds is possible using strategic vehicle loading pad
spacing arrangements

Since non-magnetic concrete reinforcing material is
expected to be required in superconducting maglev
guideways [1], it is desirable to minimize ncgative and
residual beam vibrations in order to reduce the need for this
type of rcinforcement. In addition to resulting reduced
material costs, reduction of residual beam vibrations
decreases guideway fatigue loadings, which leads to longer
predicted guideway lifespan.

Manuscript received March 15, 1993, This work was supported in part by
the U.S. Depaniment of Transportation under contract DTFR53-91-C-00076.
Additional suppon from the Bechtel Corporation, Advanced Civil Division is
gratefully acknowledged.

II. GOVERNING EQUATIONS

A. Forced Beam Response under a Traveling Load

Transverse forced deflection response for an undamped
beam having uniform mass and stiffness when subjected 10 a
traveling point load is given by the following equation [2].

(x,1)= 2P i Sinl? [ v sin @, — sin '"m}
i
L n
n=12,3,...,0;, 0st<L/v (1)
where

u(x,t) : transverse displacement at a distance x along
a beam of length L and uniform unit mass m
at time ¢ (downward deflection is positive)

P : force of the load
v : velocity of the traveling load
W, : nth mode beam angular frequency (rad/sec)

Equation (1) considers all beam vibration modes. It is
valid when nmv/L # w, and for the time period that the
single concentrated load is on the beam, i.e. when
0 <t < L/v. The following notation is helpful in representing
becam transverse response.

T T T e e
A=Tm 9=—ri B mn=(nf) -op
un (1) wn”" sin wat ~ (nﬁ)'l sin nft
(1) |= (i]nﬂ cos at — cos nPt 3
iin(1) Ha —n sin @nl + nfsinnPt

Using the notation in (2) and (3), the transverse
deflection u(x,1), velocity u(x,t), and acceleration i(x,t),
of the beam at time ¢ and distance x along the beam duc to a
single point load during forced vibration can be represented
as shown in the following equation.

u(x,t) Uy (1)
w(x,0) [= Y| tan(r) |sin nA 4)
i(x,0) | "= (1)

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.
Free (i.e. residual) vibration initial conditions due to a single
point load traveling across the beam are equal to the beam
deflection and velocity at the time the load leaves the
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guidewqy. (i.c. whcn t = L/v). The following notation is used
to describe these tree vibration initial conditions.

lun| = un(L/v); (5)

Time during beam residual vibration response is denoted
by T, where T'=¢-L/v. By definition, T is zcro when
t=L/v. Also, by definition, residual vibration cquations for a
single given point load are valiG only when T is greater than
zero foi the given point load.

~ Beam residual vibration response cquations are presented
without derivation. The equations are based on a modal beam
analysis. Equation (6) indicates the free (or residual)
transverse deflection u(x,T), velocity u(x,T), and
acceleration #(x,T), of the guideway beam at time 7 and
distance x along the beam for an undamped, simply-
supported beam having uniform mass and stiffness [1).

‘un‘ = lin(L,'V)

u(x.T) 10 O Cx Sn
i(x,T)|= |0 wn O || -Sa Cn{ ‘frl ]sinnA ©)
i(xT)] "0 0 w2|-Cn ~Su [-O" in]

where Cn = cOS@WnT; Sa =sinwnT

III. CONCENTRATED VS. DISTRIBUTED LOADINGS

A.Two-Point Concentrated Vehicle Load

Figure 1 represents a 30 m maglev vehicle traveling at
125 m/s. The mass of the vehicle is 2.0 tonne/m 2nd is
transferred tc th= guideway by two 294.2 kN concer.trated
loads iocated at each end of the vehicle. For this example, the
vehicle travels over a beam 25m in length with a
fundamental frequency, f1 of 6.67 Hz, and a vertical bending
stiffness, £7.0f 1.9952 x 1010 Nem2,

- v=125m/s ‘ L=25m;f, = 6.67 Hz

p' two point vehicle Ioading]

* P = 294,200 N (m = 30,000 kg) * p

f—————— Ly= 30 M ——————— |
Figuse 1. Two Point Vehicle Loading

. Figure 2 shows the dynamic response of the beam
midspan when it is subjected to the moving two-point
concentrated vehicle load shown in Figure 1.

2 point load; Lve30 m; v=125 nvs; L=25 m; 11=6.67 Hz
-0.010 — - -

-0.005

£,

Q
8

midspan displ. (m)

0.010

g vibration: - | | -+

0.015 i-—‘ -

Figure2. B ..n Response (Two Point Load, v=125m/s)

The beam has a peak positive (i.c. downward) midspan
deflection of 7.5 mm at ¢ =0.11 s during forced vibration
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response. The peak negative (i.c. upward) deflection during
forced response occurs at 1 = (.22 s, and is equal to 2.1 mm.
In Figure 2, the bold vertical line shown at ¢ =0445s
represents the time when the trailing edge of the vehicle exits
the guideway beam. At this time, the beam shifts from forced
to residual vibration response. The maximum residual
deflection of the beam in this example is 0.44 mm.

The positive dynamic amplification factor, DAF, is the
ratic of the maximum positive beam deflection under
dynanic loading to the maximum static beam deflection
under 4 fully distributed load, as indicated in (7).
Adyn. pos

DAF = %

Astat. pos

where
Adyn.pos : maximum positive (i.e. upward) dynamic
beam deflection

: maximum static beam deflection under a

fully distributed load

For the 60 tonne, 30 m maglev vehicle shown in Figure
1, an equivalent fully distributed load, wv, is 19.6 kN/m (sce
Figure 3). Thus, for this example, Astar.pos is equal to 5 mm
(i.e. SwyL4/354El), and the DAF is 1.51. Both the time it
takes for a vehicle to cross a beam span and the fundamental
beam frequency play significant roles in determining the
DAF for a beam subjected to a passing vehicle.

Also important in maglev guideway design are two
additional dynamic amplification measures. The maximum
negative dynamic amphfication factor NDAF is the ratio of
maximum upward, or "springback", beam deflection to
maximum static deflection. Similarly, the maximum residual
vibration factor RDAF is the ratio of maximum beam
deflection in residual, or free, vibration to Asar.pos. These
two amplification factors are represented in (8). For the two
point loading case shown in Figure 2, the NDAF and RDAF
are equal to 0.41 and 0.09, respectively.

Astat. pos

NDAF = Adyn.neg . RDAF = Adyn.res

Astat. pos Astat.pos 8)
where
Adyn.neg : maximum negative (i.e. upward) dynamic
beam deflection
Adyn.res : maximum beam deflection during residual
vibration

B. Fully Distributed Vehicle Load

Both positive and negative dynamic amplification
factors, DAF and NDAF respectively, can be reduced
considerably using a distributed vehicle loading. Figure 3
shows a fully distributed vehicle loading, where a 2 tonne/m
vehicle mass produces a 19,613 N/m fully distributed force
traveling across a 25 m, 6% Hz beam. Figure 4 shows the
dynamic beam response when it is subjected to this fully
distributed vehicle load at 125 m/s. The maximum dynamic
midspan deflection of 5.40 mm occurs at ¢ = 0.18 s. Thus, the
maximum DAF for the fully distributed load case is 1.08. In
this case, the maximum negative beam deflection 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.

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
reduced 61% (i.e. from 0.41 to 0.16). Though not true
generally, in this example the RDAF actually increases with a
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fully distributed vehicle load. Dynamic amplification {actors
for a range of loading distributions arc shown in Figure 5. As
indicated in Figure S, the NDAF is significant for vehicles
having large gaps between loading pads. As the gap between
loading pads decreases, the maximum negative becam
deflection occurs during residual vibration. Thus, for closely
spaced vehicle loading pads, NDAF is equal to RDAF.

- v=125nvs L=25m; I, = 6.67 Hz

~ tully distributed vehicle loading |
rHHHHHHHHHHH“HHHHW“Hj
w= 19,613 N\m (m = 2000 kg/m)

- |y=30m

Figure 3, Fully Distributed Vehicle Loading

[ fully distributed load; Lv=30 m; v=125 m/s; L=25 m; {1=6.67 Hz
-0.010 g e - e )

-0.005 }
0.
0.000 1=

0.005

midspan displ. (m)

0.010

.. forced vibeation |

0.015

Figure 4. Beam Response (Fully Distributed Load)

’ Lv=30m; L=25m f1=6.67Hz; v=125m/s

; Concentrated (Point) Fully Oistributed
* Loading Loading
18— A
§ 1.5
Q
: 1.2
a4 09
E
: 0.6
I @03 —1—
i 00 0.1 02 03 04 05 06 07 08 09 10

Load Distribution Factor (2Lp/Lv)

Figure 5. Dynamic Amp. Factor: Point vs. Dist. Loadings

IV. CONVERGENT VELOCITY EQUATIONS

In order to reduce guideway fatigue and the amount of
non-magnetic reinforcement required, it is helpful to cancel
both ncgative and residual vibrations when possible. As
indicated in Figures 2 and 4, negative beam deflections can
occur during forced and/or residual vibration response.
Adcquate vehicle load distribution can essentially eliminate
negative deflections during forced vibration response.

Residual vibrations are dependent on 1) beam frequency,
2) bcam length, 3) vehicle loading configuration, and 4)
vehicle speed. Vehicle speeds at which beam residual
vibrations are completely canceled, termed convergent

30f6

velocities v*, are determined according to the following four
cquations derived in closed form by the author [1].

1. Beam Length (all vehicles)

vy = 221“;‘] (A=1,2,3,...) 9)
2. Vehicle Length (fully distributed vehicle loads)

Vi, =-L—"if-‘— (A=1,2,3,..) (10)
3. Pad Length (vehicle pads)

VL, Lot (1_1.2,3,..)] an

4. Pad Spaci:g (vehicle pads)

Near-zero cancellation occurs at velociuies according to
(12) for vehicles having equally spaced loading pads of equal
length. Complete beam residual vibration cancellation occurs
atmode n when n2 #inp where i =1,2,3,... .

ve = neSefi (12)
p

3 (A=1,23,...and 4 2 inp; i=123,...)

V. VEHICLE PAD DISTRIBUT!ON EXAMPLE

Figure 6 shows a vehicle with three 5 m loading pads
each separated by 7.5 m. The distance between pad centroids,
Sp, is 12.5 m. The fundamental vertical bending frequency of
the beam is 6.67 Hz. Using (12), the set of convergent vehicle
spacings for a 90 m/s vehicle speed, is: Sp = A(4.5m),
where 4=1,2,4,57,..., or 45m, 9m, 18 m, 225m,
31.5 m, etc. Any of these pad spacings will result in near-zero
beam residual vibrations. The 12.5 m vehicle pad spacing in
Figure 6, however, does not match any of these 90 m/s
convergent pad spacings. As expected, Figure 7 shows
convergence is not reached as the maximum midspan
deflection in residual vibration is over 50% of Adyn.pas.

L=25m;t, = 6.67 Hz
three pad vehicle

-V

magnet pads

™ S
r-Lga?5

’ l— spu128m —ai e n Lyesm

Lv=30.0 m —

Figure 6. Three Pad Vehicle, Sp = 12.5 m (Lv=30m)

When the same vehicle travels at 125 m/s, convergent
pad spacings are: Sp” = 1(6.25m), where 4 =1,2,4,5,7,...,
or6.25m, 12.5m, 25 m, 31.25 m, 43.75 m, etc. Since the Sp
of the vehicle is equal 1o one of these convergent spacings, no
beam residual vibration is expected at 125 m/s. This
expectation is confirmed in Figure 8, where the beam residual
deflection response to the given vehicle load traveling at
125 m/s is shown to be completely canceled!

In addition to analyzing bcam responsc at any given
vehicle velocity, it is instrucuve to determine beam response
for a particular vehicle at all expected vehicle velocities,
Figure 9 shows results of a sensitivity analysis which
considers a guideway bcam subjected to the three vehicle
loading configurations (i.e. Figures 1, 3, and 6) for all speeds
up to 160 m/s. The figure indicates the positive, negative, and
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residunl dynamic amplification factors (i.c. the DAF, NDAF,
and RDAF, respectively) for the given speed range.
Velocitics for which zero RDAF values occur, correspond 1o
predicted convergent velocities found by using (9) thru (12).

i 3pad; Lp=5m, Sp=12 5m, Lv=30 m; L =25 m; 11=6.67 Hz; v=90 m/s |
* 0.010 pr e S
| E : H D ) resiadar
T - {} vibratoon:- -
| g 10005 po—ge :
POg 090" - 1 02070 D 0400 1 0.4
g 0.000 1— it "
T RN
2 :
£ o.005 NEPARSAN
§. Lol LT
0.010 -
§ ORI ISR TRRS SN .
0.015 -

Figure 7. Beam Response for Sp =12.5 m (v=90 m/s)

3pad; Lp=5m. Sp=12.5m; Lv=30 m; L=25 m; 11=6.67 HZ; v=125 Vs

'0‘010 . . . 4 . B R RN
: reﬂdva}woranm

-0.005

0.§0
0.000

0.005

0.010

midspan displ. (m)

0.015

Figure 8. Beam Response for Sp =12.5 m (v=125 m/s)

Beam response due to the two-point vehicle load is
shown in Figure 9a. For most of the vchicle speeds (e.g.
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
velocities where NDAF is greater than RDAF (e.g. 125 m/s),
the beam experiences higher negative deflection during
forced response than during residual response (see also
Figure 2). In such situations, though the beam experiences
less fatigue loading, sufficient compressive reinforcement is
required to resist peak negative bending moments. In general,
loading pad spacing reduction eliminates this effect.

Figurec 9b shows the beam response to the fully
distributed vehicle loading at all spceds less than 160 m/s.
When compared with Figure 9a, Figure 9b shows beam
behavior under the fully distributed vehicle 1o be much more
stable across the speed range. The DAF remains less than
1.30 at all speeds for the distributed vehicle, Similarly, both
NDAF and RDAF remain less than 0.45 at all speeds.

Figure 9c shows the beam dynamic behavior when
subjected to the three pad vehicle of Figure 6 for all speeds
up to 160 m/s. Under this loading, the DAF behavior of the
beam is actually superior 10 that observed for the fully
distributed vehicle case for speeds greater than 110 m/s.
Additionally, the high spced range at which necar-zero
residual vibrations occur shifts from a 100 to 111 m/s range
for the fully distributed vehicle load, to a 111 0 125 m/s
range for the three pad vehicle. The "cost” for this high speed

Juf6

bcam response improvement is the resonant behavior that
occurs in the 67 to 111 m/s speed range shown in Figure 9¢.

([.va30m; vehicle mass=2.0 tonne/m; L=25m; f1=6.6711z o

] 1.30{-‘1-1“»'

RN S
A

60 80 100

velocity (m/s)

120

Two Point Loading (a),

189 [T T T T T

A By et
0 20 40 60 80 100 120 140
Fully Distributed Loading ~ ¥€'0¢iy (M/S)

160
(b)

1.80

L RIS PRI SN
0 20 40 60 80 100 120
Three Pad Loading velocity (m/s)

(c)

Figure 9. Beam Response and Conyv. Velocities (3 cases)

VI. GUIDEWAY RESIDUAL VIBRATION REDUCTION

The following three sensitivily analyses illustrate the
benefits of matching vehicle loading configurations with
guideway dynamic beam behavior.

A. Fully distributed vehicle

Figure 10 shows the cffect that changes in fully
distributed vehicle length have on the DAF for expected
maglev vehicle velocities. The fully distributed vehicle length
L, varics from 37.5 m to 62.5 m. The surface curve in Figure
10 shows essentially no change in DAF for the beam as the
length of the vehicle varies. This plot agrees with carlier
studies on high speed vehicle/guideway interactions {3].

In contrast to the stability of the DAF to changes in
vehicle length, Figure 11 shows the dramatic effcct these
changes in length have on the RDAF for the same speed
range. As shown in Figure 11, cach vehicle length produces a
different set of convergent and resonant velocities. All
convergent velocities shown in Figure 11 are predicted by (9)
and (10). None of the vehicle length cases produce either zero
or ncar-zero residual vibrations for all speeds in the range.
However, with maglev vehicle speeds expected to range from
0 to 150 m/s, the 45 m vchicle appears to offer the best
compromise of vehicle lengths for all speeds in this range.
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For all specds less than 150 m/s, the RDAF for the 45 m
vehicle remains less than 0.20.
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Figure 10. Fully Distributed Vehicle Length (DAF)
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Figure 11. Fully Distributed Vehicle Length (RDAF)

B. Two pad vehicle

To cvaluate the influence of vehicle pad length and
spacing on dynamic guideway beam behavior, sensitivity
analyses were performed for a varicty of vehicle pad loading
configurations. Figures 12 and 13 illustrate a two pad, 52.5 m
vehicle analysis. The two vehicle loading pads are positioned
at cach end of the vehicle, with a gap length, L;, between the
two pads. Spacing between the centroids of the pads, Sp, is
equal to Lp + Lg. Thus, the 0.0 m L, represents a fully
distributed 52.5 m vehicle. The DAF shown in Figure 12
remains below 1.50 in the speed range for gap lengths less
than 5 m. In contrast to changes in fully distributed vehicle
lengths, Figure 12 shows that changes in loading pad
configurations do indeed influence thc DAF of the beam.

Figurc 13 shows beam RDAF for the 52.5 m, two pad
vehicles. All convergent velocities shown in Figure 13 are
predicted by (9), (11), and (12). None of the gap length cases
result in a bcam RDAF less than 0.20 for all speeds in the
range. Supcrior high speed beam behavior, however, occurs

Sofé6

using a S to 7.5 m gap vechicle, as shown in Figurc 13. The
rcsonant beam behavior at mid-range speeds with this vehicle
is unfortunate, but not overly restrictive. Because maglev
operation is expecled 1o occur at higher vehicle speeds, the 5
to 7.5 m gap vehicle is desirable. Opcration at mid-range
speeds with such a vehicle, however, should be minimized.

DAF

40
20 Velocity (m/s)

Figure 13. Vehicle Loading Pad Length (RDAF)

C. Six pad vehicle

The third and final dynamic beam behavior sensitivity
analysis performed in this section is shown in Figures 14 and
15. The vehicle is modeled to represent the six pad, 29 m
vehicle proposed by the Bechtel/MIT maglev team for the
U.S. National Maglev Initiative’s system concept definition
study [4]). The Bechtel/MIT vehicle has six 4 m pads, each
separated by a 1 m gap. Beam behavior caused by the
traveling vehicle for a number of becam lengths and
frequencies is analyzed.

As shown in Figure 14, the DAF is less than 1.20 for
speeds less than approximately 150 m/s when beam length is
25 m and less. However, Figure 15 shows that the RDAF
behavior for the 25 m beam is extreme at high speeds. In
contrast, the RDAF for a 20 m beam is less than 0.20 for all
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speeds in the given range. Thus, this 29 m vehicle appears
well suited for the 20 m beam span, but not for the other
spans.
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Figure 15. Beam Length and Frequency (RDAF)

These three analyses demonstrate that the guideway
beam dynamic behavior is highly sensitive to vehicle loading
configuration and to vehicle speed. All three analyses have
particular design implications. The first example shows that
though changes in fully distributed vehicle lengths have little
cffect on the DAF of a beam, the RDAF is highly sensitive (o
such changes. One difficult design issue is that no single
vchicle length performs satisfactorily on a given beam for all
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cxpected maglev vehicle speeds. The sccond example shows
that though the DAF increcascs with increased vehicle gap
length and with the use of discrete loading pads, the RDAF of
the beam becomes more controllable under such conditions.
Figure 13 indicates that specific vehicle loading
configurations can be designed to complement beam dynamic
behavior at particular operating speed ranges. The third
cxample demonstrates that individual beam segments can be
designed to match a particular vehicle loading contiguration
for a given speed range at specific locations along the
guideway corridor.

VII. CONCLUSIONS

It is shown that a vehicle length and loading pad
configuration can be adjusted for a particular beam to
produce convergent conditions—whereby all beam residual
vibration is canceled—at desired vehicle speed ranges! This
ability to cancel beam residual response is remarkable and
notentially has a number of important maglev design
implications including benefits such as a) increased
guideway lifespan, b) reduced non-magnetic concrete
reinforcement requirements, and c) potentially shorter
operational vehicle headway allowances.

This paper presents equations describing the transverse
vibrations of a simply-supported beam due to a traveling load
during both forced and residual 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 the steps required for the alignment
and surveying of a Transrapid application route. The system parame-
ters which need to be considerea during the planning of the route are
listed and innovative solutions are presented to accomplish the strin-
gend requirements of the surveying process.

1. Introduciion

All of the activites involved in the geometric processing of a
Transrapid guideway are summarized under the heading, align-
ment and surveying.

The essential requirement of the alignment is to create an eco-
logically and economically balanced route for the Transrapid
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.

Throughthe use of computer—aided manufacturing processes
in the fabrication of the guideway beams, e.g. numerically con-
trolled cutting equipment for the steel components, robotic fit—-
up and finish welding of the steel beams, adjustable beam forms
for the concrete beams, and highly automated equipping of the
beams with stator packs, the guideway beam costs are not in-
fluenced by the alignment. The alignment engineer therefore
has amaximum amount of creative freedom in laying out the ba-
sic route.

Inaccordance with the current planning legal conditions valid
for the Federal Republic of Germany, the planning, alignment,
and surveying activities can be divided into three general
phases. These are shown in Fig. 1.

II. Rough Alignment

Based on the traffic volume prognoses, the general boundary
conditions for a Transrapid application route can be determined.
The number of tracks, the revenue speed, and the location of the
stops are of importance here.

The first activity for the rough alignment is the selection of the
corridor. Using small scale maps (topographical overview
1:100 000), the possible corridors between the stop points are
defined. Using value analysis, the optimal corridor can be deter-
mined. The appropriate state development programs and state
planning laws can already be accounted for in this phase. Glob-
ally applied to all route decisions, as already mentioned, are the
consideration of the ecological and economical aspects.

Requirements,
Boundary Conditions

‘[
——"L Corridor Selection J
B

Rough Alignment,
horizontal, vertical
Rework/ —[
Changes

General

Planning Process

Approval

Yes

Creation of Fixed
Point Field,
Location and Height

|

Ground Survey,
Define Constraints

Phase 2

[ Fine Alignment |

Rework/
Changes

Public Approval,
Hearing

Approval

Planning, Construc-
tion Documentation

Phase 3 L

Construction, Manufacturing,

Quality, Operation Associated
Surveying

Fig. 1. Planning, Alignment and Surveying Activities

In the next activity, the plan and elevation views of the rough
alignment are executed. The basis for these are scale 1:25 000
topographical maps. In this phase of the planning, the following
objectives are of particular importance:

- colocation with existing traffic routes, within limits of the
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alignment parameters (see Table I)
— accounting for ecological restrictions, possibly by detouring
around problem areas
- avoidance of separating effects on the existing infrastructure
— fitting into or adapting to the landscape

The alignment calculation will be carried out in this phase in
accordance with the guideway alignment data shown in the
Table I, but to simplify the situation, oaly the straight and pure
circular elements are taking into account. The initial constraint
diagnosis, cost, and trip time calculations can be made. Through
fulltime data processing support of this process, different varia-
tions can be investigated without great expense.

Furthermore, the environmental compatibility check would
occur in this phase.

During the subsequent public approval process, the authori-
ties will examine the route and if problems arise, an additional
iteration in the corridor or rough alignment determination will
be carried out. With this approval, the rough alignment will be
released for the next planning phase.

TABLE |

Guideway Alignment Data

Lateral Acceleration < 1.5 m/s?
Vertical Acceleration

~ Crest < 0.6 m/s?
- Trough < 1.2 mys?
Omnidirectional Jerk

— Nomal track < 1.0 my/s?
~ Singular points < 2.0 mys?
Lateral Inclination < 16°
Torsion (change of cant) < 0.1 °m
Longitudinai Inclination < 10%
Horizontal Curvature

Minimum 350 m
200 km/h 705 m
300 km/h 1,590 m
400 km/h 2,825 m
S00 km/h 4415 m

The sinusoidal transition curves and superelevation
ramps are of equal length.

Vertical Curvature Crest [m] Trough [m]
Minimum 500 500
200 km/h 5,145 2,575
300 km/h 11,575 5,790
400 km/h 20,575 10,290
500 km/h 32,150 16,075

I11. Fine Alignment

To form the basis for the fine alignment, exact planning mate-
rials are required along the approximate route. A 1ocal position
and height fixed point field will be established for this and used
for the polygon generation along the route. The exact location
determination of the fixed point field can be accomplished using
one of two methods, the traditional surveying with angle and
distance measurement (polygon method) or using satellite loca-
tion equipment (GPS: global positioning system).

The main differences between these two methods are shown
in Table II. The GPS method is favored today in heavily popu-
lated areas and in wilderness areas due to its enormous advan-
tages.

The vertical determination of the fixed point field is accom-
plished using precision levelling. The fixed height points are
normally attached to the existing fixed location points since they
are robustly built and firmly anchored in the ground.

Based on this location and height fixed surveying network, the
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
during this landscape mapping.

The digitally collected landscape data can then be assembled
into a digital landscape model.

The plan representations can subsequently be made in scale
1:1 000. Based on these planning materials, the fine aligriment
can be calculated in plan and elevation views according to the
alignment parameters shown in Table 1. The progression of the
alignment through space, which results from a combination of
the plan and elevation parameters, will be exactly determined
mathematically.

TABLEII

Comparison of the Traditional Surveying Process (Polygon Method)
with Global Positioning System (GPS)

Activities Polygon Method GPS
Reconnaissance of long

traverse leg points with Yes No
sighting of neighboring

fixed points

Clearance of sight 'ines Yes No

Procurement of reference

points for the determination No Yes
of the compressed polygon

and for determination of

constrained points

Execution of the angle and
distance measurement Yes No




The specially developed computer program used to generate
this space alignment, also has the ability to generate the sinusoi-
dal forms for the transition elements in the planview and the clo-
thoidal forms for the elevation view, and thereby produce anex-
act geometric 3-D space alignment. Another important aspect
of this calculation is the examination of the allowed overlapping
of the alignment parameters in the plan and elevation views, in
order to evaluate whether the allowed acceleration values have
been maintained.

The progression of the guideway functional surfaces (stator
pack, guidance rail, glide plane) in space are a result of this fine
alignment. The data will be digitally processed for subsequent
use in the guideway activities, in particular for the beam fabrica-
tion and equipping.

The detailed representation of the route forms the basis for the
subsequent public planning approval process. In this process,
the chosen alignment will be publicly displayed, in order to al-
low the affected citizens the possibility to comment. Eventual
objections from the examining authorities or the citizens may
lead to another iteration in the fine alignment process. At the end
of this public approval process, the certification for the realiza-
tion of the chosen maglev route will be given.

IV. Construction Site Activities and Surveying

The construction site materials will be created according to
the alignment materials. The technical surveying calculations
required to transfer the guideway to the actual topography are
based on these construction materials.

The next step in the local surveying work, is to expand on the
fixed point field described in section 3, i.e. fixed points need to
be added inbetween the existing ones. The experience at the
Transrapid Test Facility in Emsland has shown that point inter-
vals of approximately 200 m are appropriate.

The surveying work associated with the erection of an ele-
vated guideway requires in addition to the rough marking of the
construction road, a maximum of four operating steps:

Step 1:  Marking the locations of the substructure founda-
tions

Step 2:  Marking the locations of the support piers

Step 3:  Marking the locations on the pier caps of the required
recesses and bearing fixtures

Step 4:  Fine positioning of the guideway beams on the sub—

structure piers

According to the construction specifications, step 1 has to bc
achieved with a tolerance of £ 30 mm, step 2 with a tolerance of
1 10 mm, and step 3 with a tolerance of £ 5 mm.

The tolerances are not to be considered in the geodetic sense,
rather they represent absolute error limits. To confirm that the
tolerances have been maintained for the polar measured and
marked points, the points will be polar surveyed a second time
from anindependent standpoint and a design value / actual value
comparison carried out.

After the rough positioning of the beams on the substructure
piers, the beams have to be positioned as instep 4, i.e. referenced
to the space curve. The fine positioning accuracy is specified
with the following tolerances:

X—direction + 2.0 mm
Y-direction + 0.5 mm
Z—direction + 0.3 mm

Here too, the specified tolerances are to be regarded as limits,
though not as absolute values against a general reference point
(polygon point), rather relative to the relevant reference points
of the neighbouring beams.

A concept has been worked out for the fine positioning which
makes it possible to set the displacement dimensions for achiev-
ing the design position directly on the support— and guidance
components.

To establish the reference for the alignment space curve in the
immediate neighbourhood of the beams to be positioned, adapt-
er bolts are mounted onto the foundation plates and their exact
location and vertical position determined.

This specially developed surveying method for the fine posi-
tioning, consists of three geodetic surveys:

— polygonization of the adapter points on the foundation (mea-
sured from the fixed bearing locations)

— execution of an alignment using the adapter points on the
foundations

~ double polar point determination, whereby the adapter points
are over—determined

All surveying results are electronically stored, evaluated, and
computed in coordinates. The points can be assessed in relation
to their neighbouring points through the use of error ellipses pro-
duced by a compensating calculation.

The beams are positioned for height and cant using suspended
invar steel bands attached magnetically to defined positions on
the stator packs. Immediately prior to the fine positioning opera-
tion, the adapter bolts on the foundation plates are measured
from the vertical fixed point field using precision levelling tech-
niques.

Lead screws or hydraulic presses are temporarily intalled on
the supports for the physical positioning of the beams on the
piers.

Special templates, precision plumb-lines, and a portable
computer are used to generate the displacement values for the
erection personnel in order to fine position the beams longitudi-
nally and laterally. A precision leveler with deflecting prism is
used for the plumb measurements, which eliminates the need for
the centering required with conventional optical plumb mea-
surements. The horizontal and vertical positioning of the beam
has to take into account the longitudinal thermal expansion of
the beam.

A single-span beam is first positioned at the fixed bearing,
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then at the loose bearing. A double—span beam is positioned at
the fixed middle bearing, then at the two loose end bearings. The
beam is positioned in the area of the loose bearings, using special
templates attached to the beam at the fixed bearing point. After
the fine positioning of the beam, the measurements are repeated
and the displacements recalculated to check the position of the
beam. The tolerance limits specified are approximately 0.5 mm
for the horizontal position and 0.3 mm for the height. If these
values are exceeded, then repositioning is necessary. Only then
is the beam released for grouting of the bearings.

Since the surveying procedure and the beam erection work
are not decoupled, dependencies occur in the course of the work.
A concept to separate these activities is being worked on as part
of the current development program.

V. Measurement Activities during Beam Production

Depending on their application and the height of the guide-
way above the ground, beams can be produced from steel, con-
crete, or composite (steel + concrete) for the following situa-
tions:

- at—grade

- low lying

elevated

— at—grade in a tunnel

bridge / special construction

|

i

At the Transrapid Test Facility in Emsland (TVE), the guide-
way includes at-grade and elevated sections of both steel and
concrete beams for testing and demonstration purposes. The so-
lution used for the at—grade guideway at Emsland involves sub-
structure piers resting on individual foundations with fixed and
loose bearings.

From the statics viewpoint, two different types of beam exist
at the TVE:

— single-span with one fixed and one loose bearing
— double-span with one fixed and two loose bearings

1n parallel to the construction associated surveying activities
described in the previous sections, manufacturing associated
measurement activites also occur. These concentrate them-
selves on the fabrication of the beams and their equipment with
the stator packs for the longstator propulsion system.

A. Steel Beams

The alignment and measurement work required for the steel
beam manufacture is described below.

The calculation and production of the steel guideway beams,
due to tne integration of the lateral guidance rails and the glide
surface into the welded construction, is derived directly from the
alignment space curve geometry. The individual structural com-
ponents of the steel beam are of sheet metal and their geometric
shape must correspond directly to the specified space curve ge-

I T ' Gl " ol wl

ometry. An integrated data flow is accomplished using comput-
ers to transform the space curve geometry into the data required
for cutting the individual steel sheets. For the calculation of the
componpents cut with NC controlled machines (e.g. the deck
plates), the transformation of the spatiaily curved plates (3-D
space) into a plane (2-D space) has to be taken into account.

Beam fabrication assembly fixtures will be constructed inthe
various factories for the fit-up of the components to be welded.
The required set—up values for the fixtures as a function of the
space curve geometry, are also calculated and transferred using
computers. Included in these data calculations is structural in-
formation, such as beam camber.

After its fabrication, the beam must be equipped with the
longstator propulsion components. During this stage, the ap-
proximately one meter long stator pack is assembled with high
precision to the underside of the beam according to the predeter-
mined space curve geometry. This is accomplished using sta-
tionary, NC coatrolled machining and assembly equipment ina
temperature stabilized plant.

The set-up of the beam on the machining equipment is ac-
complished by using the technical measurement concept of “ac-
tual position determination”. In the machining program are spe-
cific beam reference points. The machine will then be manually
(or semi—automatically) taught these points (actual position).
On the basis of these reference points, the original machining
program in the NC controller will be transformed to correspond
to the current beam position.

This concept allows the rows of stator packs to be assemblied
with high precision to the beam, which contributes significantly
to the excellent ride comfort of the Transrapid system.

B. Concrete Beams

The geometries of the concrete beams are calculated accord-
ing to their structural requirements by their manufacturers,
largely independant of the space curve geometry. The concrete
beam is equipped with the support and guidance components
(guidance rails, stator packs) generally at a later stage. Only the
attachment points for the support and guidance components
have to be according to the requirements from the alignment
space curve geometry. This information is calculated and trans-
ferred to the production equipment at the appropriate stage. The
mounting of the guidance rails is accomplished using a special
assembly fixture. The machining and assembly of the stator
packs proceeds in a fashion similar to the steel beam.

V1. Quality Assurance

As part of the quality assurance program, geodetic surveys
will be performed during all phases of the guideway manufac-
ture. The results of these measurements together with the con-
struction materials and the specific tolerances allowed, form the
design/actual comparison. Using this method, the adherence to
the required geometric quality can be guaranteed.

The geometric quality assurance focuses on the three essen-
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tial functional levels of the guideway:

— geometric progression of the underside of the stator packs

- geometric progression of the lateral guidance rail surfaces

- geometric progression of the emergency glide plane (deck
plate of the beam)

After completion of the guideway, as the first step, an opera-
tion associated reference measurement will be performed. Mea-
surements are taken at definite points on the structures and these
are used primarily as a reference to monitor the long term
changes in the guideway (deformation, settling).

Periodic guideway inspections are included in the operation
plans for a magnetic levitation train route and among other
things, the geodetic inspection of the points contained inthe ref-
erence measurement is performed.

The comparison between the actual measurements and the
reference measurement allows conclusions about the geometric
changes occurring in the Transrapid guideway.

The results of the Transrapid Test Facility in Emsland lead to
the conclusion that due to the guideway design, such changes
seldom occur or only within tolerably small ranges. The respec-
tive survey intervals are oriented on the geologic conditions
present and are only performed at long time intervals.

VII. Summary

Through the system specific advantages of the magnetic levi-
tation train Transrapid, alignments which are extremely flexible
and well integrated into the topographical situation are possible.
In comparison with traditional track—guided traffic systems, the

alignment parameters have been greatly improved, especially
when the allowed guideway cant (superelevation) of 16° and the
maximum gradient of 10% are considered.

Through the computer-based data flow in the alignment pro-
cess and guideway beam manufacturing process, the type of
guideway has become virtually cost neutral. That means that a
straight steel guideway beam costs virtually the same as a curved
steel beam. The alignment engineer therefore has a maximum
amount of creative freedom in laying out the guideway route.

The new surveying processes specially created for the mag-
netic levitation train guideway and perfected at the Transrapid
Test Facility in Emsland, guarantee that the specified tolerances
can be maintained with a minimum expenditure.
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Aerodynamic Drag of Maglev Vehicles
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Abstract

This paper presents an approach for making a preliminary
estimate of the aerodynamic drag of Maglev vehicles. The
method involves combining traditional methods of drag
estimation for aircraft at subsonic speeds with estimates
based on data reported in literature for the drag breakdown
of Maglev-type vehicles. An example is presented for a
generic, single car Maglev vehicle with an operational
speed of 500 km/hr.

I. Introduction

A. Nomenclature

Cs skin friction coefficient

Coy skin friction drag coefficient

Cap form drag coefficient

d hydraulic diameter

Dy skin friction drag force

L characteristic dimension,
overall length

M Mach number

q dynamic pressure

Re Reynolds Number

S cross-sectional reference area

\Y fluid velocity

p fluid density

W fluid viscosity

A hydraulic skin friction coefficient

B. Problem Definition

As the operational speeds of high-speed rail
and Maglev vehicles are increased, a larger and larger
percentage of the vehicles' total traction power is
needed to overcome the aerodynamic drag. At speeds
in excess of 400 km/hr, the aerodynamic drag of a high-
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Research Agreement No. 92-PRI-S-0378 as part of the National Maglev
Initiative.

t  Graduate Research Assistant
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speed rail car can require 80% of the traction power [1].
With the absence of wheel/rail drag, Maglev vehicles
require a proportionately higher percentage of this
power to balance the aerodynamic retarding force.

There are few first order approaches to
estimating the drag of Maglev vehicles. Most
traditional methods are based on wind tunnel or field
testing of multi-car wheel/rail trains. Current Maglev
design, however, focuses on single car configurations.
This makes many of the previous approaches
inapplicable for proper evaluation of the important
aerodynamic features of current and future systems.

It is clear, then, that there is a need for a quick
and relatively accurate method for estimating the drag
of Maglev vehicles during the design process. It is
important that this be a generalized method that relates
the effect of each vehicle component to the result.
This paper presents such a method. This method builds
the total answer by summing the drag of the individual
components. This is done by using traditional
estimation methods from the aerospace industry
combined with experimental data from Maglev testing.
In this way, a first-order estimate of the aerodynamic
drag and its components can be produced.

C. Literature Review and Discussion

Although there is a considerable amount of
literature on the aerodynamics of trains ( trains passing,
train-in-tunnel effect, etc. ), there are very few
published methods for determining the aerodynamic
drag of Maglev vehicles. However, extensive
experimental work has been done on the problem by
both the Japanese and the Germans. General papers
reporting on this work form part of the basis for the
method presented here.

Matsunuma, Nagayama, and Kobayashi [2] of
the West Japan Railway Company, address many
aerodynamic aspects of the Maglev problem.
Unfortunately, they touch only briefly on the subject of
aerodynamic drag and present a drag coefficient
estimating procedure in the form of ( 1 ) below.

Cp=Cyp + Mo

(1)
d
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where d= 2(5—}2
n

Their study is of the Series 100N Shinkansen, a
multi-car vehicle. Therefore their analysis is only
partially applicable to present single-car designs.
Matsunuma et. al. do make one important point: when
increasing the internal volume of a slender vehicle, less
drag is generated by increasing the cross-sectional area
than by increasing the length.

A paper by Barrows (3] gives general
guidelines for developing a streamlined shape for
Maglev vehicles. Barrows, who has worked on many
such ground based transportation systems, does not
present a formula for calculating drag. He instead
looks at present multi-car designs ana modifies the
drag coefficient as if the vehicle were a single car
configuration. He does this by first using ( 1) to predict
the drag of a single vehicle of the same length as the
multi-car operational vehicle, and then scaling that
value to the length of the vehicle under consideration.

There are, at the present time, no commercially
operational single car Maglev vehicles. The closest
configurations are the Transrapid TR06 and TR07. The
TRO6 has open bogies while the TR07 has its magnets
enclosed. Thus, the TR07 is a better test subject for the
fully enclosed systems under consideration. According
to [3], the reported value for the total Cp, for the TRO? is
0.45. Using the procedure described above, Barrows
arrives at a Cp value of 0.3 for a single car of about half
the length of the TRO7.

Peters [1] provides no method for calculating
the drag of Maglev vehicles, but does give a component
by component breakdown of the total aerodynamic
drag for several operational systems. Peters divides the
aerodynamic drag into four major categories: bogie
drag, skin friction drag, roof equipment drag, and
pressure drag. These breakdowns are given in Table L.

Bogie drag is the sum total of both the bogie
aerodynamic drag and the associated guideway
interference drag. Guideway interference drag is
caused by the turbulent flow between the guideway
and the vehicle. Skin friction drag is the retarding force
resulting from viscous shearing stresses over the wetted
area of the vehicle. Roof equipment drag includes the
drag from air conditioners, generators and pantographs
that appear unfaired ( i.e. unblended ) anywhere on the
surface of the vehicle ( excluding surfaces in close
proximity to the guideway ). Pressure drag is due
mainly to contributions from the shape of the nose and
tail.

TABLE 1

Percentage Component Drag Breakdown of Several Existing

Maglev Systems

Drag Percentage of Total
Component Aerodynamic Drag
Bogie(s) 38 - 66
Skin Friction 27-30
Roof Equipment * 8-20
Pressure Drag ! 8-13

* Includes pantograph
t Nose and tail effects

D. Adjustment of Empirical Drag Percentages

Table 1 above presents experimentally
determined drag data for existing Maglev systems.
However, current designs differ from these vehicles
primarily in that they:

* are single car configurations
* lack pantograph equipment
* have greater operational velocities

Clearly, then, the values from Table I must be adjusted
in order to represent the systems under consideration.
The most obvious change that must be made is
the deletion of the roof equipment term. All guidance
controls and power pick-ups are taken care of by on-
board systems. Secondly, Peters [1] reports that up to
2/3 of the total aerodynamic drag of Maglev vehicles
may be caused by bogie drag. This would indicate that
the lower bound of the bogie drag should be increased.
Taking these two adjustments into account, a
redistribution of drag percentages is done using bogie
drag as the independent variant. This is done because
bogie drag is felt to have the largest contribution to
overall drag. By keeping the skin friction and roof
equipment drag values ( not percentages ) constant,
four example scenarios listed in Table Il are generated.

TABLE II
Various Adjusted Percentage Component Drag
Breakdowns for Current Maglev System Designs

Drag Percentage of Total

Component Aerodynamic Drag
Bogie(s) 51 55 60 66
Skin Friction 35 32 28 24
Roof Equipment 0 0 0 0
Pressure Drag ! 14 13 12 10

1 Nose and tail effects
The first and last scenarios represent a lower

and upper bound for the calculations. The cases in
Table 1I with bogie drag totaling 50-60% of the total
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aerodynamic drag are felt to be the most accurate based
on current literature.

1. Discussion of Drag Components

The method presented below for estimating the
components of aerodynamic drag for Maglev vehicles
assumes that the Maglev vehicle in question is a single,
semi-ellipsoidal car. The single car assumption permits
the use of documented methods to predict aircraft
fuselage drag. The second assumption precludes
vortex-shedding corners along the vehicle's length.

B. Skin Friction Drag

Skin friction drag can be estimated from the
vehicle geometry, the operating speed, and the type of
vehicle boundary layer ( i.e. laminar or turbulent ). The
boundary layer type depends on the Reynolds Number
characteristics of the vehicle.

1) Reynolds Number:  Reynolds Number is a
ratio of the dynamic and viscous forces in a fluid and is
defined as

Rc:P__VL .

2
m (2)

Transition from laminar to turbulent flow usually
occurs at Reynolds Numbers from 2 x 10° to 2 x 10.
The boundary layer type is thus dependent upon the
characteristic dimension of the vehicle and the
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.

1.328

Cr= (3)
YRe
Cr= 0.455 (4)

2.0.65

(logioRe)**8(14+0.144M%)

2) Skin Friction Drag Coefficient: Two different
methods are used to predict the skin friction drag
coefficient. The first is from Raymer [4]. This method
allows for a wide variation of fuselage parameters
including a choice of laminar, turbulent, or mixed
boundary layer flow. The second method is from
Roskam [5]. It is less flexible in its range of parameters
and allows for only turbulent flow on the body. As a
check of the compatibility of the methods, the analysis
from Raymer was run for a fully turbulent flow. The
values calculated for the skin friction drag coefficient

compared well ( within 1% ) with those calculated from
Roskam's approach for an equivalent vehicle.

The skin friction drag coefficient is related to
the drag force by (4).

Dr = ¢SCp (4)

C. Pressure Drag

The pressure drag of a cylindrical body ( such
as an aircraft fuselage or Maglev vehicle ) is mainly due
to the shape of the nose and tail. The nose geometry is
the smaller of the two contributors. A properly shaped
nose will contribute almost no pressure drag to the
total. For example, Ref. [3] shows very little difference
in drag between a large variety of slender nose shapes.
The key requirement is that vortex-shedding surfaces
be avoided. If this is done, the contribution of the nose
to the pressure drag term may be neglected.

The tail, however, is a potential source of large
pressure drag. If the base is simply cutoff as in Fig. 1a,
a large amount of bluff-body vortex shedding will
occur. This will cause a significant increase in pressure
drag. Tapering the tail can produce two different
results. Figure 1b shows the effect of tapering the base
too quickly. The result of this is, again, boundary layer
separation and a large pressure drag. Figure 1c showsa
base that is tapered so gradually that the flow remains
attached, but the increase in skin friction drag ( due to
the large base wetted area ) is larger than the decrease
in pressure drag.

(A)

(B)

Fig. 1. The Effect of Base Tapering on Separation

A compromise to the mutually exclusive
problems in 1b and 1c is reached by finding the
minimum for a set constrained by both skin friction and
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pressure drag. The solution to this is shown graphically
in Fig. 2. The figure was generated from material in [6].
Notice that the optimum answer occurs at a fineness
ratio of approximately 5.0. Fineness ratio is defined as
the body length divided by the body diameter. As
Matsunuma et. al. [2] show, making a body wider will
cause less drag than making it longer. This applies, of
course, only for fineness ratios greater than the fineness
ratio for the minimum drag coefficient. This fact then
may be used to evaluate the savings in total
aerodynamic drag that may be achieved by proper base
boat-tailing.
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03 ‘d Total Drag [3: i w
Y ] Coefficient P! g ~ ki
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Fig. 2. Base, Skin Friction, and Total Drag as a
Function of Length-to-Diameter Ratio

D. Guideway Interaction Drag

The effect of the interaction between the bogies
and the guideway is a large part of the overall
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 Il, a guideway interaction
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
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
based ACy, turns out to be about 8.4 x 104 per square
meter. The generality of this value should not be
overestimated. This scaling factor is dependent on
some nominal separation distance between the

guideway and the vehicle plus a generic cross section.
For this analysis, the separation was (.1 m and the
cross-section was 15 m2. Also, this value may only be
used for vehicle operating in the 500 km/hr range.

III. Example Application of the Method
A. Outline of Steps

1. Determine the relevant physical parameters of the
system.

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.

5. With this figure, determine the proper drag
percentage breakdown.

6. Determine if the pressure drag of the base has been
optimized and modify if necessary.

7. Sum the pressure, bogie and skin friction drag
coefficients.

8. Add 10% of the of the pressure and skin friction
drag to the total to account for leakage and
protuberance drag. [4]

B. Geometry

The example configuration shown in Fig. 3 is a
single, streamlined system with physical parameters
listed in Table III. All of the bogies are externally faired
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
interaction.

Top View

L (&]

 J—
Side View

;ﬂ _D 0000000008000 ]
Guideway 9
N~—

Cross-Section

Fig. 3. Schematic of Example Maglev System




TABLE 11l
Relevant Physical Parameters for Example Maglev System

Physical Parameter Value
Overall Length 3478 m
Operational Speed 134 m/s
Cross-Sectional Areat 147 m?
Wetted Area' 503 m?

Base Taper Angle 22°*

Guideway Separation** 0.1m

t Wetted and cross-sectional area conventions are shown in Figure 4
* 22° taper recommended by {7]
** Included for bogie/guideway interaction scaling factor

Cress-
Section

Wettted
Area

Cross-Sectional
Area

Fig. 4. Wetted and Cross-Sectional Area Convention
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B. Ewvaluation of Reynolds Number and Skin Friction Drag
Coefficient

For the skin friction drag calculations, it is
important, to determine how much ( if any ) of the
fuselage is in laminar flow. Obviously the more wetted
area that has laminar flow over it, the lower the skin
friction drag. For this vehicle, the effect of laminar flow
on the skin friction drag coefficient can be seen in
Figure 5.

The Reynolds Number for this vehicle, at
operational speeds, is on the order of 108. The Reynolds
Number of 25% of the overall length is on the order of
107, an order of magnitude greater than the maximum
transition Reynolds Number. This would indicate that
even though [5] predicts that up to 30% of an aircraft
fuselage may be in laminar flow, this is not the case
here. A fully turbulent boundary layer is assumed here.
From ( 3 ) then, the skin friction coefficient is found to
be 0.001789. Following the method outlined in [4], the
skin friction drag coefficient is found to be 0.057.

C. Evaluation of Pressure Drag Coefficient

To see the effects of a properly shaped tail, the
data in Table IV are presented. Also note the drag
reduction possible with an optimized tail shape. Note
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
present design.

TABLE IV
Base Drag Coefficient Comparison
~ Base Geometry Base Drag Coefficient
Blunt 1609
22° Taper® 0537
Optimized 0277

* Base is tapered and then cut as shown in Fig, 3.
D. Ewvaluation of Guideway Interaction Drag

The total undercarriage area adjacent to the
guideway is approximately 170m2. Using the scaling
factor from Section 2.D above, this gives a bogie drag
coefficient of 0.143. With this value, one can select a
range of values from Table II which seem . ost
accurate. A bogie drag coefficient of 0.143 would
correspond ( for this vehicle ) to a bogie drag
component of about 52% for this base geometry and
about 63% for an optimized base.
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E. Swummary of Example

Table V gives final values for this configuration and
the results for an optimized base configuration. Notice
that the optimized base results in an almost 8% savings
in total aerodynamic drag

TABLE V
Summary of Example Drag Coefficients
Percentage of total
Drag Aerodynamic Drag/Value
Component Present Cptimized
Design Design
Bogie(s) Drag 52 143 63 143
Skin Friction Drag 21 057 27 057
Pressure Drag 27 053 10 .028
L and P Drag +10t 0253 +10' .009
Total Drag Coefficient 264 237

t of the skin friction and pressure drag

IV. Comparison of Results

A comparison of the drag example vehicle's drag
coefficient ( as estimated by the abov? component
buildup method ) with estimates using the methods of
[2] and [3], is presented in Table VI. The result, using
(1) from [2], is 8.9% greater than the component
buildup resuit. The Barrows result, which is for a
single-car version of the TR07, is 5.7% greater than the
component buildup result.

TABLE VI
Summary of Results from Various Methods
Method Total Cp foﬁxample
Vehicle

Component Buiidup 0.278
Matsunuma et. al. 0.290
Barrows 0.280
Average 0.282

Two comments can be made about the results
presented in Table VI. First, the major weakness of the
component buildup method is the uncertainty in the
bogie and the bogie/guideway interaction drag. It is
also the largest of the three components. Second, the
uncertainties of the results based on [2] and [3] are
unknown and hence a comparison cannot be used to
valitdate the component buildup method.

V. Conclusions

The component buildup method was formulated to
provide a quick, reliable approach to estimating the

drag of Maglev vehicles. It includes procedures,
commonly used in subsonic aircraft studies, to estimate
skin friction and pressure drag. It also includes,
however, estimates for the bogie/guideway interaction
drag that are based on empirical data that do not reflect
design details. The overall results appear reasonable
when compared with the results of other reported
methods.

The advantages of the component buildup method
are:

1. It provides reliable methods for estimating both
skin friction and pressure drag. The methods
explicitly reflect the configuration and operational
characteristics of the vehicle.

2. It demonstrates that the bogie/guideway
interaction produces the largest drag component.
Since this is the least well understood component,
the method identifies this as the area where the
greatest effort is required to (a) establish a reliable
method of drag estimation and (b) to control,
through design, the total vehicle aerodynamic drag.

3. It shows the potential reduction in drag that can be
obtained through proper design of the vehicle tail.
It also shows that through proper design, the
vehicles nose pressure drag is negligible.
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Abstract - The feasibility of a semi-active secondary suspension
for a Maglev has been studied in the context of electrorheological
fluids (ER-fluids) providing the necessary performance. Such
fluids exhibit enhanced shear-stress-bearing capacity in the
presence of an external electric field and such response is fast
and reversible.

Analytical models have been developed to study the dynamics
of Maglev vehicles both in two-degree-of-freedom and multiple-
degree-of-freedom configurations together with appropriate
modeling of ER-fluids under the dynamic conditions relevant for
vehicle performance. The question of ride~<comfort has been
addressed in the presence of both periedic and stochastic
disturbances. Our studies indicate that a semi-active system for
the secondary suspension with switching between passive and
active algerithms based on sensing frequency and acceleration
may be optimal for the range of frequencies appropriate to ride
comfort. Resuits from a computer-controlled subscale experiment
carried out on a motion control device using ER-fluid indicate
both si2:.ificant enhancement of forces generated in the device as
electric tield is turned on together with fast response time of the
fluid. Such a device may provide the basis for an innovative and
rather inexpensive design for high-performance secondary
suspension for a Maglev.

[. INTRODUCTION

For most transportation systems, a major part of system
captal cost is tor guideway construction. This is particularly
true tfor Maglev with its high speeds and vehicle/guideway
interactive propulsion and levitation. Thus. improvements in
vehicle suspension performance which allow increased speed,
increased construction tolerances and reduced guideway
maintenance can have a significant impact upon transportation
system economic feasibility. It is not clear whether passive
suspension svstems, which have been employed in the past
for the majority or ground transport vehicles, will be
adequate for high-speed Maglev vehicles of the future,
Active suspension systems, which may use continuous or

Manuscnipt submitied March 15. 1993, This work was pnmanily supported
by U.S.D.O.T. under contract ¥DTFR53-91-C-00063.

intermittent power from an external source, are able to
provide improved isolation of the passenger and freight
compartment from external force and guideway disturbances.

The major disadvantages of such active suspensions are
their need for an external power source, their increased
complexity, decreased reliability, increased maintenance
level and finally, relatively high cost.

A semi-active suspension system, for example. one using
an electrically-controlled fluid (electrorheological fluid or
ERF) as discussed in this paper, may provide the necessary
control forces under ride environment conditions for a high
speed vehicle (like Maglev) without involving the level of
complexity and cost of a fully active suspension system.

The purpose of the secondary suspension study of Maglev
application is to explore the feasibility of using electroactive
fluids as a means of vibration control so as to satisfy the ride
comfort criteria for a variety of input disturbances.

A. Passive Systems

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
terms of high transmissibility and harshness at higher
frequencies. This could be dealt with by sensing velocity
(and implicitly guide detlection input frequency) and varying
damping open loop as vehicle speed changes. The required
profile of damping versus frequency will vary depending on
basic system parameters such as natural frequencies and
mass ratios. Reference [1] has piots for the anticipated
sitwations for maglev periodic inputs and resonances.
Examination of these show the feasibility of a speed
scheduled damper scheme (o meet ride comfort standards.
Of course, for transient or random inputs, a single damping
would be the only design solution and this has compromise
non-optimum results.

B.  Active Systems

As opposed to passive systems, active suspensions are



able 1o add energy to the system as required to reduce net
vehicle acceleration and/or suspension displacement. When
optimal schemes in the form of a "linear quadratic”
performance criterion have been applied to SDOF systems for
random guideway disturbances, the resulting control law is
that of "skyhook" damping, i.e., proportional to the velocity
of the sprung mass only.

C. Semiactive Systems

"Semiactive" schemes are those in which complex control
laws are employed but no “energy adding” hardware is
allowed. The result is a sort of "intelligent passive"
controller, These arrangements are ideal applications for
electrically controllable, ER-fluid, passive dampers. Two
examples of semiactive control laws are:

1) Pseudo skvhook or semiactive damping: the damper is
not allowed to add energy to (i.e. accelerate) car body mass:

Z.Z,-7,) >0 high damping on car mass
Z(Z,-7)) <0: low or zero damping on car mass

where the subscripts 1 and 2 refer to primary and secondary
masses, respectively.

2) Relative control: the damper force is set to cancel the
spring force at those times when suspension relative
displacement and relative velocity act in opposition to each
other:

Fy, = -K(Z, -Z)when(Z,-Z) <0
=0, ornear 0, when (Z, - 2,)(Z,Z 1) > 0

D. Adaptive Systems

These are special "real time" versions of active or
semiactive controllers. Here the suspension parameters are
continuously varied ("adapted") in time to provide optimum
performance irrespective of inputs or changes in system
character, such as change in vehicle payload. The most
popular adaptive scheme is the "model reference adaptive
control” or MRAC [2].

In the tollowing sections, we first discuss the necessary
properties of ER-fluids, and then the dynamical models for a
multiple-degree-of-freedom system and the results from the
scale-model experiment on ER-fluid dampers.

1. BASIC PROPERTIES OF ER FLUIDS

ER-fluids are basically combinations of electrically
polanzable solids in a non-conducting oil-like medium (e.g.,
comn starch in silicone oil or lithium polymethacrylate in
paratfin oil). In the presence of an external electric field,

such fluids exhibit non-Newtonian behavior in the sense that
it can withstand a significant amount of shear > | psi) even
under static conditions.

For the most part, ER-fluids have been considered for
applications involving shear loading conditions. The typical
constitutive behavior of an ER material in shear is shown in
Figure 1(a), ER material behavior can be divided into pre-
vield and post-yield regions, with these regions defined as
those in which the material is strained below and above a
critical yield strain (the value of this critical strain is about
1%, in general, for many ER formulations). In the post-
yield state, the actual viscosity of the material p, remains
relatively constant as the applied electric field is varied while
the property that changed is T,, the yield stress of the
Bingham plastic-like suspension. This idealized behavior is
shown in Figure 1(b) and, if one assumes that the shear
stress exceeds the yield stress of the material, then the ER
material behavior can be represented by the equation:

T=T, ~uny

where

T, = dynamic yield stress

u = absolute viscosity

y = shear rate
:ncx:nulng
Electric

» Lo Posc-tield L] Fleld
e-Yield] \ [ r
Ty - ‘ncreasing %y
Shear Ei.'-c"ic Shear
Stress Stress
Ty
Shear Rate

Shear Strain

Fig. 1. Typical rheological behavior of an ER matenal denoung the pre-
and post-yield matenal behavior.

At near zero shear rates the static yield stress dictates
behavior. Typically, static yield stress is greater than
dynamic yield stress. For the design of devices
incorporating ER material in the post-yield state, the
principal material properties of interest are the idealized
Bingham plastic or dynamic yield stress, the static yield
stress and the viscosity. The dynamic yield stress is a strong
function of electric field as obtained from experimental
resuits for various fluids.

III. VEHICLE AND GUIDEWAY DYNAMIC MODELS

The secondary suspension approach studied here is
employed in a two-degree-of-freedom (TDOF) modei and
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also a multiple-degree-ot-freedom model (MDOF), the
excitations for each of which are provided by random and
periodic inputs representing guideway irregularities.

A. Guidewav Model

For the TDOF model the only inputs are guideway
deflections and irregularities. The guideway deflections are
periodic due to the weight of the constant speed vehicle
loading the guideway at and between supports over time.
Guideway roughness input Z, is assumed stochastic with the
power spectral density (PSD) of Z, given by

sw) =2V,
W
where
A = roughness parameter
V = vehicle velocity (m/sec)

w = frequency (rad/sec)
B. Vehicle Model

The lumped-parameter, linear, "quarter-car" model of Fig.
2 is employed for linear analysis and nonlinear computer
simulation. A MDOF model, as shown in Figure 3, was
selected both for MDOF analysis and simulations of the
heave, pitch and roll modes. We assume a 4-corner, point
mass bogie setup. Neglecting sway and yaw motions on the
ground that they are relatively decoupled from other modes,
one can write bogie and car body equations based on the
pararneters shown in Fig. 3. In terms of degrees of freedom,
the MDOF model includes vertical motion of individual
bogies and of the car body plus pitch and roll of the car
body. Pitch inputs are via heave input with longitudinal
eccentricity ot car CG and/or front to rear time difference in
suspension heave inputs. In order to simulate the actual ER-
fluid damping characteristics of the secondary suspension,
damping ratios used now become function of the electric field
strength and relative velocity.
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2. Free body diagrams for (a) bogie mass and (b) car body mass in
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Fig. 3. Final MDOF model of rigid body maglev suspension system.

C. Numerical Modeling

A multipurpose TDOF computer model was developed
using TUTSIM software [3]. This software was selected for
its compact code, ease of parameter input, multi-variable
plotting and built-in optimization routines. In this software,
the approach is very similar to analog computer simulations
of the past.

III. RESULTS FROM ANALYSIS

A. Periodic Disturbance

For deterministic periodic inputs due to guideway
deflections under load, the secondary suspension must
effectively damp resonances and maintain accelerations
below comfort standard limits (e g., ISO standards). Results
have been obtained for three types of primary suspensions
(viz., sheet guideway and null-flux system and EMS system)
with various damping settings and a wide
disturbance input frequencies for passive, active and semi-
active secondary suspensions. Figure 4 shows a tvpical case
for the acceleration response of a null-flux primary
suspension system. An ISO 1 hour reduced-comfort limit
normalized for the maximum disturbance amplitude of Z, =
1 cm was superimposed over the actual acceleration plots.
For this amplitude of disturbance. none of the dampers
totally satisfied the I1SO standard. On balance, in the critical
2 to 7 Hz band. the semiactive system produced the best
vibration isolation when compared to the passive system.
Low frequency amplitudes of all the three schemes were
relatively equal whereas the high frequency "harshness” was
lowest for the active case and highest for the passive case.

range of
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The quantity {, denotes the non-dimensional damping
coefficient for the secondary suspension.

B. Stochastic Disturbance

The PSD for the acceleration of the secondary mass can be
shown to be given by:

Glw) = w' ¢(w) T(w) T " (w),

where T(w) is the displacement transter function for the

Q
n
C.
b4
Z  0.001
Q
Q
<
- | :
-3 | |
1107
20 40
W,
i
Fig. 5. Acceleraton PSD for the secondary mass (for an EDS system

with Null-flux guideway) ¢; = 1.2 and A - 10° m. (UTACV
standard and acuve response Aa) and passive response (P)

TDOF system. Results were obtained for a variety of
secondary damping settings and the roughness parameter A
for all three primary suspension systems. Figure 5 presents
a typical example for a nuil-flux system and compares the
ride quality in terms of the USDOT Urban Tracked Air
Cushion Vehicle standards.  The active system response
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
presents comparative response to a pulse, simultaneously at
all four bogies, for CG displacement (Z) and accelerations
Z,, plus L§,, W, which are the linear contributions to
pitch and roll accelerations at the sides and ends of the car.
Here, the semi-active damping damps Z, very well but L,ép
has some sharp spikes prior to settling. A pulse input, in
addition to being a classic "transfer function identifier”,
roughly simulates guideway disturbances such as foreign

wif/sac 1£192 ;1221 Redize.7/.1i0=.2
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- 0.03 (g/em)/Div |
Q.0000 time (sec) 2,0000

Guideway pulse input response for semiactively damped, sheet
guideway system. Plots of CG displacement and acceleration plus
pitch and roll acceleration contributions.  CG eccentniciies =
20% (x and y).
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object build-up, guideway distortion. etc. This particular
example does not consider the time difference of front/rear
bogie inputs. However, we have studied the effect of such
time differences in the more realistic sinusoidal guideway
disturbance simulations.
[V. A SUBSCALE EXPERIMENT

The subscale test device is illustrated in Figure 7. The
device consists of two masses m, and m, (where m, > m,)
arranged in a coaxial configuration allowing for one degree
of freedom in bounce mode. The mass m, (hereafter called
assembly #1 or driven mass) is attached to a Ling Dynamics
model 411 vibration generator. The mass m, (or sprung
mass) is attached to assembly 1 with a suitable spring and a
. -lindrical ER-fluid damper. Each mass assembly is fitted
with sensors for acceleration, velocity and displacement
sensing. The signals received from each sensor are routed (o
a computer via A/D converter channels.

172" Dia. Screet Shaft

1/2" Thompson Flange Hounted
Linear Bearings (2 PI)

—-5.50" Dia. x 0.75" Thick Plascic Flarge

f———1.418" 0,D, x 3.353" I.D, Aluminum

. Cvlinder

/—SST Sepring (¥ = 10,2 lb/in)
il

: Y. g
; DG 3.750" 0.0, x 3,854 1.0, Aluminup
h N g' Cylinder

R T I a_~——flectrorneological Fluid

o ,_..\'~‘3.1H7" 7.0, x 3.352" 1.3, Aiuminum

.. (a0

TR e

ol - 1000 x 3,875 Thick Aluminum rlange

shaker Table Arrachment

fig. 7. Engineenng drawing of the subscale test device.

The dvnamic ER fluid damper tests consisted of the
following experiments:

(1) Vibrauon tests with ER fluid loaded in the gap without

voltage applied.

Vibration tests with the ER fluid energized at a constant

voltage.

(1) Vibraton tests with an active control algorithm imposed
as discussed earlier (two algonthms were tested which
vary the appiied electric field).

According to the semi-acive scheme employed, the
damping force generated during the proper phase of the
osciltlation 1s proportional to the absolute velocity of the upper
mass, t.e., F, « V, In an ER-fluid system, the shearing
force developed s proportional to some power of the electric
tield E:

(1)

F,0E"

where n ~ 1 (for clectric fields in the range of 1-2
kV/mm). To generate a damping force proporuonal to V.,
one then adjusts the electric field proportional to V., the
coefficient of proportionality being deterrmined by the
maximum electric field strength to be superimposed on the
system. The results of these data runs are illustrated in
Figure 8 along with data sets representing soft passive
damping (no ER voltage applied) and stiff passive damping
(constant ER voltage applied). The soft passive damping
example is of course the baseline which illustrates the system
resonance. The stiff passive damping example indicates
good attenuation of the resonance peak, but poor attenuation
of higher frequency inputs.

The semiactive control algorithm allows the damper to act
as a force generator when the relative velocities are such that
the desired force dissipates energy. Under all other
conditions, the voltage command is zero and the system
behaves in a soft passive mode. As illustrated in the figure.
the use of this control algorithm allows for excellent
attenuation of the resonant peak and somewhat improved
performance at high frequency inputs.

The relative control algorithm was tested in a similar
fashion crcept the voltage command was scaled to the
relative displacement ot the driven and sprung masses. Data
runs were conducted over the same frequency range after a
baseline was established. The results are illustrated in
Figure 9.

As illustrated in the figure, the relative control algorithm
is less effective in attenuating the systern resonance but
demonstrates improved performance at high frequencies
when compared to the semiactive damping algorithm.
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was included via a model were for the ER effect. This is
given by

F, =KE"

for E = K, Z,. Inthe "damper” on state:

n

Fe =K, (Klzz)n =K (Z’)
where K; = K"K, = 0.7, n = 2.0.

Figure 10 shows the best TUTSIM fit for this model of
semiactive damping. The TUTSIM model is not as “harsh"
at high frequencies as the physical model. One possible
explanation for this is that when the field is turned off (zero
ER effect). a residual yield stress in the fluid produces
incremental shear transmissibility from Z, to Z, via the
relative velocity Z, - Z,. The test data suggests that an
effective solution for the real maglev suspensions is (o design
the semiactive algorithm to be frequency-dependent, reverting
10 deenergized, passive damping at high frequencies. This
might be achieved by real time spectrum analysis of car
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t1g. 10.  Expenmental/simulation comparison.

acceleration data. This can be implemented inexpensively
using state-of-the-art computer hardware and software.

V. CONCLUSIONS

The feasibility of a semi-active secondary suspension for
maglev vehicles in consideration of passenger ride comfort
has been studied, centered on the exploring the utility of
electrorheological tluids in a suspension to provide the
necessary performance. Some significant conclusions are:

(i) In general, an active or a semi-active system is superior
to a passive system, €XCepl in some narrow frequency
domains.

A semi-active system with the capability of switching
between passive and semi-active control algorithms
based on frequency sensing and acceleration may be
optimal for the range of frequencies relevant to ride
comfort.

With its fast fluid response time, the ER-fluid. in
combination with computer-controlled power
amplifiers, exhibits the possibility of its usage in a
variety of "adjustable passive" and semi-active control
schemes,

(i)

(iii)

The potential benefits for such a secondary suspension for
maglev application are:

(i) Provide the necessary ride-comfort with a “rougher”
guideway without the complications and expense of a
fully active system

(ii) Derive overall savings in system cost as a result of
reduced guideway construction costs.

NOTE: Detailed results related to this paper is in Ref. {4].
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Abstract - This paper presents dynamic interactions between
vehicles and aerial structures under high speed operations.
The results focus on important design parameters for aerial
structures under high speed operations.

1. INTRODUCTION

Many maglev concepts have design operating speeds
in excess of 200 km/h which is the current upper limit of
US. engincering experience. The lack of experience
above 200 km/h is reflected by restrictions in US.
structural design codes and guidelines for railroad and
transit aerial structures and bridges to operating speeds
less than 200 km/h. A comparison of impact factors for
speeds less than 160 km/h (Figure 1) shows a wide range
of values reflecting the industry's uncertainty concerning
impact factors even at moderate speeds.

Since the late 1960s, investigators have explored the
dynamic implications of high speed vehicle-guideway
interactions [2] through [12]. These studies identify the
mass ratio and the crossing frequency ratio as parameters
that relate dynamic response to beam properties.

These studies suggest that live load dynamic
amplification will be negligible for the fullowing criteria:

*  mass ratios less than 0.30
*  Crossing frequency ratios less than 0.20 [11] or
0.25 [4]

However, the validity of these values and the relation
of thesc ratios to a design impact factor remain to be
cstablished for specific types of systems. Many of the
cited studics do not address maglcv suspensions and are
limited by ignoring onc or more of the load elements
(acrodynamic cffects, etc.) that contribute to an impact
factor. The results in this paper include the important
load influences for the maglev configurations currently
available.

II. APPROACH
The approach develops 5 guideway designs with provide
a representative range of beam parameters that
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Fig. 1. Comparison of Impact Factors. AASHTO = American Association
of State Highway and Transportation Officials, ACI-443 - American
Concrete Institute  Committee 443; AREA American  Railroad
Engineering Association; BART = Bay Area Rapid Transit, BS-116 -
British Standards Institute; CSA-S1 = Canadian Standards Association;
CTA = Chicage Transit Association; MARTA = Metropolitan Atlanta
Rapid Transit Authority; TTC = Toronto Transit Commission, WMATA
= Washington Metropolitan Arca Transit Authority.[1)

properties representative of maglev structural designs.
The approach includes the structural paramcters of the
steel V-shaped guideway by Transrapid as a rcference.
The beam designs are to US structural codes
andguidelines (cxcept the German Transrapid guideway)
for several reasons:

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.



* The designs and the parameters that come from
the designs are credible reflections of current
practice;

* The structures have a common base of comparison
to structures that are designed for contemporary
rail transportation;

* The analysis will illustratc the dynamic
performance of beams that are designed to US
standards and practices;,

* The analysis will illustrate the dynamic
performance differences between foreign and US
standards;

* The maglev system (Vehicle, propulsion, controls)
used in this country could be a foreign design,
but it must operate on a guideway conforming to
US standards.

The study team accepted the following criteria for the
development of the beam designs:

*  Maximum mid-span deflection of the beam
is less than the span length divided by 1000.

¢ The Impact Factor is 30% of the live load
(i.e. of the vehicle weight).

Representative span lengths are chosen as 21 m and
39 m.

All analysis is conducted using one vehicle
configuration for both EMS- and EDS-type vehicles. The
vchicle parameters are based on capacity requirements,
vchicle structural requirements, clearance requirements
and on-board equipment housing requirements[13]. The
primary vchicle parameters are:

* Vehicle weight (full capacity): 45,360 kg

* Overall length: 18§ m
* Body width: 35m
* Body natural frequency: 8 Hz

The guideways were chosen to provide practical
designs over a range of materials and guideway
propertics.  The beams selected are illustrated in figure
2. The maglev types are the electromagnetic system
(EMS). or "attractive" type, and the electrodynamic
system (EDS), or "rcpulsive” type. The guideway choices
accommodate either type.

iIl. ANALYSIS

The dynamic analysis entailed development of
computer models for each of the maglev types including
the paramcters for multi-vehicle trains, and multiple
spans

1 Steel Glrdorn
w] concrete deck
T Conciew B :
3 Yrapazoidai Box
4 Twin Box
(HSST)
n.1a
e
1 —
(Teanrapid) 'V‘
"8 AASHTO Concrete

Fig. 2. Selected Guideway Structures

(simple or continuous), in each of the threc principle
planes of motion. The EMS vehicle model has 22 degrees
of freedom and the EDS vehicle model is represented by
14 degrees of freedom. These models arc shown
schematically in Figure 3.

The different vehicle/guideway structure
combinations were evaluated by three basic criteria:

- Passenger ride comfort
- Loads and bending moments on the beam.
- Peak acceleration response of the beam.

Ride comfort limits were based on the International
Standards Organization (ISO 2681) one-hour reduced
comfort himits in the most sensitive frequency range.
These are summarized as:

- Vertical -- 0.036 g rms (4 to 8 Hz)
- Lateral --0.025 g rms (1 to 2 Hz)

These valucs refer to one-third octave band rms
values of random vibration. If the response is relatively
discrete sinusoids, as it indced appcars to be, it is
reasonable to increcase these levels to the following peak
values:

- Vertical -- 0.051 g pcak (4 to 8 HZ)

- Lateral --0.036 g peak (1 to 2 Hz)
[Reference [13] fully describes the vehicle, the guideway
and the analysis. |
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IV. RESUILTS

A. Comparison of EMS and EDS Maglev Dynamic Responses

The two fundamental maglev system approaches,
EMS and EDS, have completely different suspension
geometrics as well as suspension characteristics. The
EMS guideway gap is smaller than the EDS gap which
produces a much higher electromagnetic suspension
stiffness, resulting in much closer dynamic coupling than
the EDS approach.. The EMS design approximates a
uniform suspension along the full vehicle length to
achieve levitation, while the EDS design is closer to
discrete load points on the quideway similar to
conventional rail wheel loading.

These differences in configuration and in coupling
stiffness produce quite different vehicle and guideway
interactive responses between the two different maglev
systems. Ride quality of the two vehicle types is compared
in Figurcs 4 through 12; guideway accelerations are
comparcd in Figures 13 through 19.

1 Car Body Accelerations

al Simply Supported Spans, 21 m Span Length: On the more
standard guideway designs (Guideways 1, 2, 3, and 6), the

ride of the EDS-typc vehicle has a vertical characteristic
resonance between 200 and 300 km/h with amplitudes
higher than the one-hour ride comfort limit of 0.51g peak.
In contrast, the EMS-typc vechicle remains below the
desired ride comfort limit up to about 400 km/h, above
which the acceleration levels increase monotonically with
speed.

On the two light-weight Guideways 4 and 5, Figurcs
6 and 7, the 200 to 300 km/h vertical accelcration
resonance is evident for Guideway 4 in the ETS system
but more than twice the desired comfort amplitude, while
Guideway S's responsc 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
(particularly Guideway 5), the EMS-typc vchicle
generates vertical acceleration levels well above the
desired limit over the whole speed range of 200 to 600
km/h.

The comparison highlights two separatc responses
between EMS and EDS system dynamics for all
guideways: The EDS system produces a resonance in the
200 to 400 km/h speed range but has generally much
lower response outside the resonance range; the EMS
system responds with increasing accelerations with
increasing speeds, but largely without the EDS 200 - 400
km/h resonance. The slope of the curves stcepens at a
speed between 400 and 500 km/h for thc EMS-type
vehicle depending on the configuration.

b) Simply Supported Spans, 40 m Span Length: Figurc 9 shows
similar results for longer span lengths, cxcept the
maximum acceleration levels are higher than the shorter
span lengths and the resonance conditions occur at
significantly lower specds.

¢) Two-Span Continuous Structures:  Continuous spans
reduce the car body accelerations considerably. illustrated
in Figures 10 and 11. The resonance speed shifts slightly
for the EDS system; the increase in EMS slopes at speeds
above 400 km/h is mitigated from simple spans. While
not all configurations are analyzed, it is expected that the
continuous span approach to design provides favorable
dynamic performance over simple span treatments.

2) Beam Accelerations

a) Simply Supported Spans. 21 m Span Length: As for the
carbody response, the mid-span beam response (o the
EDS-type vehicle is typified by a pronounced resonance in
the 250 to 400 knvh speed range. For standard guideway
configurations (Figure 12, Guideway 1; Figurc 13,
Guideway 2, which is representative of Guideway 3. also;
Figure 16, Guideway 6), peak accelerations of 0.5 to
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0.8 arc developed at thosc resonant spceds. The light-
weight guideways (Guideway 4 and 5) arc simply
overwhelmed by the more massive vehicle, and pcak mid
span acceleration levels over 1 g (Figure 14, Guideway 4)
and over 2 g (Figure 15, Guideway 5) are predicted.

The EMS-type vchicle, with its distributed load,
produces much lower levels of guideway vertical
acceleration. In general, the mid span responsc remains at
or below the desired impact factor levels for the EMS-type
vehicle.

b) Simply Supported Spans, 40 m Span Length: The response of
the longer (40 meter) simply-supported beam, Guideway
6P, is shown in Figure 17. Here the responsc for both
vehicles remains within normal impact factor limits of
0.3g up to 400 km/h. Above this speed, thc EMS-type
vehicle generates progressively higher responsc levels. It
must be noted, however, that higher modal resonsances of
the beam not included in the current model (4'h bending
mode and higher) may come into play at thesc higher

speeds.

¢) Two-Span Continuous Structures: 'The e