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VehiclelGuideway Interaction and Ride
Comfort in Maglev Systems

by

Y. Ca], S. S. Chen, D, M. Rote and H. T. Coffey
Argonne National Laboratory

Argonne, IL 60439

ABSTRACT Light guideways, especially those made of steel, may be susceptible to
dynamic instability and unacceptable vibration,,'rodthus dynamic evaluation

The importance of vehicle/guideway dynamics in maglev systems is must be included in t;,e structural ,'malysis. Differenl dys_alnicres_mses (_f
discussed. The particular interests a_ociated with modeling vehicle/guide- coupled vehicle/guideway syslems may be observed, including periodic
way interactions and explaining respon_ characteristics of maglev systems oscillation, random vibration, dynamic instability, chaotic motion, par,'unct-
for a multicar, multiload vehicle traversing on a single- or double-span flex- tic resonance, combination resonance, and Iransienlresl'wmse(2).
ible guideway ,are considered, with an emphasis on vehicle/guideway To design a proper guideway that prtwides acceptable ride quality, the
coupling effects, comparison of concentrated and distributed loads, and ride dynamic interaction of vehicles and guideways must be understm_l. Fur-
comfort. Coupled effects of vehicle/guideway interactions overa wide nmge thermore, thetmde..offbetween guidewaysmoothness and design of the levi-
of vehicle speeds with various vehicle and guideway par,'uneters are tation and control systems must be considered if the maglev system is Io be
investigated, and appropriate criteria fordecoupling at critical vehicle speeds . economically feasible. The coupled vehicle/g,lideway dyamnics ,arethe link
or crossing frequenciesare identified, between the guideway and the other magic,, components, ql_us, reliable

analytical and simulation techniques are needed in the design tff
INTRODUCTION vehicle/guideway systems (2,11-14,16). Furtl_ermore,a coupled vehicle/

A high-speed ground transportation system, based on maglev vehicles gtddeway dyn_unic model with multiple cars _ml mulliplc loads must be
propelled by a line,'u"electric motor, has been proposed to meet future developed to meet system design requirement ;. This analytical model
intercity transportation requirements. One possible and attractive approach should also be easily incorporated il_l_ the e'u_aputcrcode h_r dymmlic
is replacement of air travel for selected intercity trips of 150 to 1000 Ion. simulation of maglev systems (11-14).
The maglev system will offer the advantages of lower noi_ and emissions Therefore, this study is focused on the dynamic_ of rangier vehicles and
and better ride quality, as well as potential energy s_wings and economic guideways. We discuss the problems associaled with modeling vehicle/
benefits, relative to conventional rail systems (1-6). gutdeway interactions and then explain the respt:._se characteristics of

While some maglev design concepts have been developed nearly to maglev systems for a multicar, multiload vehicle tr_,teling tm a single- or
commercial application, the attractiveness of maglev systems is expected to double-span flexible guideway, withemphasis on vehit'e/guideway coupling
be enhanced even further over the next several years by new or hnproved effects, comparison of concentrated and distributed Io_,'is,and ride comfort
concepts, improved design at_dconstruction methods, and new material (13).
(including high-temperature superconductors, high-energy permanent
magnets, andadvanced material for guideways). It is therefore reasonable to EQUATIONS OF MOTION
expect that maglev systems may indeed be a key transportation mode in the The Vehi_;leMgdel
21st century (2). A multicar, multiload vehicle traveling altmg a flexibh, guideway at a

For several decades, research and development have been performed in velocity v, as shown in Fig. 1, is considered in our mathema:ical model for
the areas of magnetic levitation, response of maglev vehicles to rough dynamic analysis of vehicle/guideway interactions. The car h_,.lyis rigid and
guideways, interaction of variously suspended vehicles with flexible guide- has a uniform mass. The center of mass is consislerlt wit_lthat of the
ways, ,andoptimization of vehicle suspensions. The results of these efforts moment of inertia. Each car is supported by magnets (or bogie,,,_with linear
are useful in providing appropriate criteria for the design of maglev systems springs and dampings (_e Fig. 2), which titan the primary ; :_tisectmdary
(1,5,7-9). suspensions of the vehicle. If there is only one magllet (i.e., tht unsprung

The dyn,'maicresponse of magnetically levitated vehicles is important mass) attached to the vehicle, there is a ._ingleconcentrated load and only
because of safety, ,,'idequality, guideway design, and system cost. More one-dimensional motion (i.e., heave motion) of the vehicle, If chore are
emphasis should be _laced ou guideway design, because the cost of the multiple magnets on the vehicle, the loads are col_sidered multiple (_r
guideway structure is _xpected to be 60-80% of the overall initial capital distributed ,'rodthe vehicle is capable c_fboth heave and pilcll molit:as. IIi
inveslment cost (6,10). Thus, guideway design is a critical ,areaof lmtential this study, only vertical vehicle motion is ccmsidered because it is dotk_itlaal
capital savings. More-fiexible guideways are less expensive, but cause in the dyn,'unicanalysis of vehicle/guideway interactions.
complex vehicle/guidewayinteractions ,and,'fffectride quality. An optimized The equations of motion for the vel-icleare then
guideway design will be in',portant for a higl_-speed maglev system that
offers good ride quality. A_ maglev vehicle speeds increase to 300- N N

500 km/h, or as guideways be,,'ome lighter and more flexible to reduce ms)'s, + Cs'_'.(_'si - _'p!i)+ ks '_ (Ysi- Ypii)+cv {[_'si- _'s(i-,)]
costs, the dyn,'u'nicinteractions b_.'tweenvehicle and guideway become an j=l j=l
important problem and will play _,,dominant role iz,_eslablishing vehicle

and span length (6,7,11-16). v

i (i=2 M-h j=l N)
............ I L
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Fig. 1 Model of multicar,multiload rnaglevvehicle travelingalonga guideway

.. ] .....

- : CAR V .... i Using Eqs. 5 and 6, we ctul rewriteEqs. 1-4 as.Boo
v.2.. _ s 2 _ INEY_UPsi+ 2_so)s_'si-2_s0)s/N _ _'pij+0)sYsi- ,

, j-'l j_l

...._ _ _ _'_ _ _ +2_sC°sCtc[2)'si-_'s(i-t)-_'(i+l)] (7)

_I I _ -- +_2¢Xkf2ysi-Ys(l-l)-Ys(i+l)l=-gs[ J

........................................... N N

Fig. 2 Model of single car supported with multiple magnets and traveling _'st+ 2{sC°s_'sl- 2{s0)s / N _. )'plj + c°2ysl - t°2 / N _ Yplj
along a guideway j= 1 j=I

N N + 2/_stOsOt¢(),sl-_'s2)+ co2Ctk(ysl- Ys2)=-g (8)
ms)'sl+ CsZ (_¢s,-_'plj)+ ksZ(Ys,-Yplj)+ Cv(Ys,-_'s2) [

j=l j=l (i = 1;j = 1..... N)
(2)

N N

+kv(Ysl-Ys2)=-msg (i= 1; j=l ..... N) YsM+ 2;sf°s_'sM -2_s0)s IN _'.)'pMJ+0)2ysM -0)2/N _.,YpMj

+ Cv[_'sM- _'s(M_l)]+ kv[YsM - Ys(M_l)]= -msg (3) (i=M;j=l ..... N)

(i=M; j=l ..... N)

and Ypij+ 2_p0)p(l + [_c)_'pij+ 0)2(1+ J3k)Ypij

mpgpij + Cp(_'pij+ _'gij)+ kp(ypi.i+ Ygij)-c_(_'si- )'pij) - 2;pmpl3c_'si- co2{3kYsi= -g- 2/_p0)p)'gij- 0)2pYgij (10)

(4) (i = I..... M',j = 1..... N).
-kstYsi-Ypij)=-ml,g (i=l ..... M, j=l ..... N)

The system of Eqs. 7-10 can bc represented in matrix form by an M +

where lumped masses mp mid ms, linear springs kp and ks, and dampings Cp M x N size set:
and Csrepresent prim,'u'y,andsecondary suspensions; the displacement of two Mj_+ C_,+ Ky = Q ( 11)
suspensions are yp and Ys;subscript i represents i-th car lxxly and sub._ript
j represents j-th magnet on the i-th car; M is number of c,'u's;N is number where
of magnets on each c,'u';and kv and Cv ,areintercar stiffi_ess and damping,

pension, kp anti Cprepre_nt magnetic gap stiffness and passive d,'unping. Y= '
Ygij is guiueway displacetnent input at the i-th c,'u"and the j-th magnet.

Uncoupled natural frequenciesand modal dampingratios ,aredefined ,'t,; Ypll '

m_p Ypl2
0)p _ ;p _ us= ;s= (s)

' 2mpCOp' V ms 2mstOs

Ys2 ]
Andseveral nondtmensionalparameters are introduced: YI= i ' Y2 = YpMI ' (12)

LYsMJMxl YpM2
Cv kv _ ca ks

Otc= _'Cs 0[k = _Cs ' lie - _'Cp Ilk = t,k:_' (6) .:
.YpMN.',MN)xl
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2_pCOp)'gMN

(Contd.)
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If M = 1 and N = 1, the system of Eqs. 11 altd 12 will represent the

M = ". , For typical guideway systems, span-lengfli.to-width ratios are large

0 enough so that individual spans may be considered as herons rather than as
plates, Thus, a Benmulli-Euler bemn model can be applied to a freely sup-

1 (M + M.N)x (M + M.N ) ported, homogeneous, i sot topic, and uni fi)rnl-cross-seeti on gu ideway.
(12) The equations of motion for guideway spfills carrying a mulllcar, multi-

[[C11c21]lC12] ' ils
C = - , (Contd.) load vehicle may be derived

C22 ..t(M+M. N)x(M+ M. N)

[ -2;oO_,a_ 2;,%(t+2a_) -2;,_,a_ o M×M''
eli = --2_s(OsOtc 2_stOs(l+2etc) -2_;st%a c where x is the axial coordinate of the bemns, t is time, Fi is the bending

i ! ! rigidity of the be,'uns, C is the viscous dmnping coefficient (where we

assume dmnping in a span is line,'u', viscous d,'unpiug), and m is the beam

[-2_s_},, N .... 2_,co, / N 0 .,. o i. ] ma_ Per unit length' Yk is displaceme"' °f the k'th bemn where the vehicle

ci2 .......[ o -2_stos/N -2_l(o,/N i] is traveling. Fk(x,t) is the exciting force ot" the k-th beam due to theMx(M,N)' multicm', multiload vehicle acting on the bemn,i

: : .., kl=l

-2_ptOpl_ c 0 '.'

C21 = 0 -2_p_pl]c .., , fki(t'=-[Cp()'plj-)'ki)+ kp(ypij- Yki)], (15) "
: . ...

0 _2_p(J0pl3c ... where Ypij is the displacement of primary suspension of i-th car and j-lh
: : : magnet on the k-th beam, Yki is the displacement of k-th beam on the point

MN)×M kl corresponding to the displacement Ypij, arid nk is the total number of
forces applied to the k-th be,'un by the vehicle.

i 2;pO}p(1 +I]c ) 0 (M,N)×(M,N)' ,'Ire
C22 = 0 2_pmp(1 + 13c) _ _ _ a2y(t, L)

: _ Yk(t,0) = a2Yk("0) = 0, yk (t, L) -- --_x-f-- ; 0. (16)0x 2

K =[ KIt ] KI2"]- If ,here is a double-:;pan beam (total length is 21.), the slope a,,d bcmlit,g
LK2I I K22 J' m,m_ent at an interior simple support tllUSl be cot_tiuuous (I l-13): thus

: " : : - 0x 'lx--)t.- ax- x_l.+'
M×M

-to /N .... m_/N 0 ,.. 0 ----_

_,_....... o -_I/_...._ol/N , '_L- I_-_L+'
' J Mx( M, N ) and thcre are
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the stale of the vehicle entering a span is identicalio its stale whenleaving
_2y(t,2L)

Yk(t, 2L) - _ = 0, (18) the spanor, in fact, entering the next span. Fora vchicle startingundcrzeroinitial conditions, the number of spans a vehicle must cross to reach a
steady-statc conditiondcpends on the numberof modes andtraveling-speed

The inilial conditions,are ratio of thevehicle.The maximumnumberof spansa vehiclemustcross

aYk(X'0) = 0. (19) to reacha steady state is <100, in accordance with calculated results (11-13).
Yk(X'O)= t_t "Fable1 shows the vehicle and guideway parameters we used in our

simulation for the maglev systems shown in Figs. 1 a_d 2.
In the modal analysis method, displacement of the beam is expressed as

T_wo-De_/a'ee-of-FreedomVehicle

_._ If we set M = 1and N = 1 in Eqs. 11anti 12, the vehicle appears to be aYk(X,t) = qkn (t)q_n(x), (20) two-degree.of-freedom model that i_rovidesa relativelysimple explanationof
n=l thedynamic behavior of vehicle/gutdeway systems (11,12).

where qkn(t),are time-varying modal mnplitudesand qhi(x)are mtxlal shape Figure 3 shows the maximum guideway displacement ratio Yg
functions that are orthogonal over the bemn length 0 < x < L. For a single- (.= Yg/Ym)and maximum vehicle acceleration ratios Yp (= Yp/Ym)and
span be,'un, Ys (= _s/Ym) fl_rboth primary and _condary suspensions as a function of

vehicle-traveling-speed ratio v/vc on both single- and double-span guide-
ve is the first critical speed [= (n/L)(_)].ways. For a single.span

beam, the peak of maximum displacement ratio is -1.7 when v/vc is -0,6
for an uncoupling model, while for a coupling model the peak of maximum

fora double-span be,'un displacement declines to 1.5 when V/Vcis _,0.4. When v/vc is <0.4, the
coupled and uncoupled modes remain in good agreement. Therefore, for low

qh'(x)--sin[(n21)rt x] ( L)'- __.= sin _'n n = 1,3,5,7,9..... (22) values of rive, an uncouplingmodel may be sufficient to simulate dynamicsof vehlcle/guideway systems, i.e., dynamic motions of the vehicle and
guidewaycan be decoupled, the vehiclemay be considereda moving force on

x sin _._ sinh;kn x-- - -- the guideway, and guidewaydeflection is then used as a known displacement
tpn(X)= sin_.n L sinh_,n _ input into the suspensions. For the double-span guideway, when the

0 < x '; L vehicle-traveling-speed ratio V/Vc< 0.5, the maximum displacement ratios
n = 2,4,6,8,10 ..... at both _,= 0.5 and _ = 1.5 (_ = x/L) ,aremuch smaller than those of the

sinh_.n ' _, 1. J models for the double-span guideway are smaller than those of the single-
L < x < 2L span guideway. From comparisons of vehicle accelerations, the amplitudes

(23) of maximum accelerations of both primary and secondary suspensions for

where kn in F.q. 23 (eigenvalue of the n-th mode for double-span beam the double-span guideway are lower than tho_ of the single-span guideway.Because v/Vcin maglev systems' is expected to be no higher than 0.5 (9),
vibration) is the solution of the characteristic equation and without considering other factors, a two-span beam appears to be more
tan ;kn= tanh Z.n. (24) efficient in achieving better ride quality.

More.detailed parameleranalyses for the two-degree-of-freedomvehicle
The values of _-nobtained from Eq. 24 are 3.39, 7.07, 10.21, 13.35..... model can be found in Ref, 11.

qkn(t) is the solution of the equations
Fd_f_ectsof DistributedLoads

d2_+2_ntondqkn +to2qku 1 For a dynamic analysis of vehicle/guideway interactions, andt dt = _ f0L I:k(X't)q_u(x)dx' (25) understanding of the effects of distributed loads is essential. In a single-car
vehicle (system parameters are given in Table 1) as ._own in Fig. 2, for any

where ton and _n (the circuh'u"frequency and modal d_unpingratio of the given span configuration, span deflections decrease as the number of.
beams) ,aregiven by magnets is increased and total force is held constant. The_ effects exist

when the vehicle travels at certain speeds. Figure 4 shows the midspan

_.2n _/_ C (26) deflections of a single-span beam when a single-car vehicle, which has one,ton =L---.2" , _n = 2m_ot'--'-7. two, four, and eight magnets attached, travels at 100 m/s (360 kin/h).
Figure 5 shows the maximum midspan deflections as a functlenof vehicle

NUMERICALSIMULATIONS traveling velocity. Apparently, the one-magnet case, which represenL_a
two-degree-of-freedomvehicle with a concentrated load, causes the largest

Numericalsimulations of dynamic interactionsof vehicle/guideway sys- beam deflection. The resixmses of four magnets and eight magnets have
terns, schematic_dlyshown in Figs. ! and 2, were carried out on dm b_L,dSof almost the same order deflections when the traveling velocity is greaterthan
the governing equations for the vehicle and guideway. Because of the cou- 50 m/s (180 kin/h),

pied dynamic interaction between the vehicle and guideway (as indicated ia
Eq. 10 where guideway deflections ,arc input to the vehicle, and in Eq. 15 Table 1. Parameters for dyimmic interactionanalysis of maglev systems
where vehicle static weight ,'rodacceleration forces ,areexcitations to the
guideway),an iterated method is required in numedc,'dsimulations to calcu-
late dynamic reslxmse of both vehicle mid guideway, when tile fourth-order Vehicle lengtht 25.0 m
Runge-Kutla method is applied in the simulations. For maglev vehicles Magnet mass mp 1016kg

restricted to vertical accelerations of <0.05 g, the inertia force is much lower Car-body mass ms 45700 kilt4
than the static load, and dyn,'unic coupling will be weak (16). In this case, Primary damping Cp 3.45 x N-.qm
the iteration is not needed. Because the integrating time-step is small Secondary damping Cs 2.15 x 104 N-_m
enough, deflections of guideway spans in.the previous time-step can be used Prun,,u'ystiffness kp 1.45x 104 Nhn
as input to the vehicle, and dytuunic responses of tile vehicle can then be Secondary stiffness ks 2.26 x 104 N/m
c,'dculatedand the results used to calculate guideway response at the cun'ent Intercar vertical stiffness kv 2.26 x 104N/m
time-step. This calculating sequence proved efficient when coupling lntercar vertical damping cv 0.0
between the vehicle and guideway is weak or when vehicle speed is below
certain values (! 1-13), Length of span L 25.0 m

The focus of our study is the steady-stale or repetitive condition of Bending rigidity El 7.16 x 109 N-m2
guideway deflections and vehicle heave accelerations for the vehicles with a Mass per unit length m 1.82x 103 kg/m
vertical motion. The sleady staJeexists ,'d'tera vehicle witha given arbitrary . Damping _n 3%
set of initial conditions has traversed a sufficient number of spans in which
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1.SO Dynamics of Multic_ Vehicle' _ Multicar-vehicle dynamics are simulated with the model in Fig, !.
Figure 6 shows midspan bemn deflections when muldcar vehicles (I, 2,

"n ,>." 1.oo =" 3, and 4 cars) travel at 1(30 mls. No matter how many cars are included in
the vehicle, the maximum bemn deflection remains the same. But the durs-

t, 5 o tion of deflections increa._s as car nmnber increases,

Figure 7 shows car body accelerations for vehicles with various ears
when traveling speed is 100 m/s (360 lun/b). We note that the single-car0.00 ..... i_ _- _- . -

0.0 0,2 0.4 0.6 0.8 ,0 vehicle has the largest peak-to-peak acceleration "rod tirol the mullicar-vehicle

v/v c peak-to-peak acceleration decreases, which iltdicates liter intcrcar restraints
affect vehicle factions atld thai the mullicar vehicles m:ty have belier ride

,_ o. 1o ........ , • r ' ..... ' " ' " comfort.

single,span -2.0 _ r.._V.
0,08 E _ 1 car vehicle _ - 3 car vehicle

• E .... 2 car vehicle .... 4 car vehicle
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'>" o.04

o.o
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Fig, 3 Effects of single-span and double.span beams on maximum o,oo o,25 o.so o,;,s t.oo 1,25 1,so
guideway displacement and vehicle acceleration ratios for Time,s
two-degree-of,freedomvehicle

Fig. 6 Midspan displacements of guideway for multicar vehicles
with eight magnets (m each c,ar traveling along gaideway at

•2.o .... ,....... , .... . _. ,.... _-- 100m/s(360kan/h)

, .... ,"_ _.';" ! z o.os !,4o 't a V = 100 m/$

,30 -_ ' magneto. veh_o _ 00o :f i_, :'l'[ ' '_
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0 0.2 04 0.6 0.8 1 ,_ -0 t5 --_'--=..... _ " _-'-"
Time,e 0.00 0.25 0 50 0.75 1.00 125 1.50

Time,s

Fig, 4 Midspan displacement of guideway for single car with
various magnets traveling along guideway at 100 m/s Fig, 7 Car body accelerations for mullicar vehicles with eight inagllels oil
(360 kin/h) each car traveling ;dtmg guidcway at 100 m/s (360 kin/b)
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Ride Comfortof MulticarNehicle I .7- , o" [-.--*-',--,---,- v-_, ...... _ • • _--r---_-,_--Figure 8 shows power spectral densities (PSDs) of car body ,,_, ,_,c.,,,,,,c_,,,,
accelerations for multicar vehicles traveling at 100 m/s. For comparison, , [- --__....:._ _Acv

the Urban Tracked Air Cushion Vehicle (UTACV) ride comfort criterion _ ,0"_ I-,_._._, ca,vet,_
(ranging from 0-10 ttz) is also shown. Based on the parameters In Table 1..... 2o,,vehick, l
the PSDs satisfy the ride comfort criterion, It appears that the vehicle with _ _ - 3_,,_,hicb, | ,

| O' e .... 4 oaf vehicle

thoseparameterscanprovideanacceptableride. FromFig.8, wealsonote _ J_that at the fundamental frequency, the PSDs of accelerationdecrease as car z
number increases;however, at higher h,'uanonlcfrequencies, this tendency is ,o'' ;

0Figure 9 shows PSDs of acceleration of a two-car vehicle traveling at ]
various speeds; the harmonic frequenciesvarywith travelingspeed. _ 1o'_o " """,

'_ V - 100 roll, 8 magllet$ on each eat

CLOSING REMARKS _ to.,2 __..,__,__J .......

(i) This study developed a dynamic interaction model of a maglev i 0 2 4 6 8 10
system with a multicar, multiload vehicle traveling along a flexible _ Frequency,Hz

guideway, This model is desirable for analyses of vehicle/guideway Fig. 8 PSD values of car-body accelerations for multiear vehicles with
interactions in maglev systems. The mt_lel can be incorporatedinto future
computer codes for nonlinear dynamic analyses of maglev systems; it has eight magnets on each car traveling along guideway at 100 m/s;
alreadybeen incorporatedinto a computercode (to be published) atArgonne UTACV Ride Comfort Criterion shown for comparison
National I_alxwat_wythat contains a six-degree-of-freedom rigid-vehiclebody.
The model should have a bright future with many applications tn _. lo_ _ • , _ • _ , ,-----.---r--.--.----
commercial maglev systems. "g _- _ACVn_,,co_, c,.e.o.

(2) A distributed.load vehicle model is better than aconcentrated-load 1o" .... v 50,,v,
model that may result in largeamplitudes of both gutdeway deflections and

" 1 ' ' -- -- V 7$m/t

vehicle accelerations in simulations. Multicar vehicles have less car.body "_ _ ; _ ! _ .... v ,0oacceleration thandoes a single-car vehicle, because of intercarconstraints. {] ,o e ,, .; :..... v 12s,,v,
This indicates that the multicar vehicle would providebetted"fide comfort. "_ I{ '. ,t , ,,

(3) Maglev systems may become a major transportation mode in the _ /{ ,", { _ ,',', ,'t ._
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