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An  Examination  ofActive  Electromagnetic and  Mechanical

 Suspension Control of  Superconducting Maglev  Vehicles

  Erimitsu SUZUKI*L  (Mem,), Ken  WMANABE'i,  Hironori HOSHINO#t,  and  Masao  NAGAI']  (Meun.)

   ln the  continuing  eflbrts  toward  the comrncrcial  operation  of  the superconducting  magnetica[ly  levitated high
speed  ground  transport (Mag[ev) system.  in which  vehiclcs  travel at high speeds  of  over  SOO kmlh, methods  of

suppressing  vehicle  vjbrations  are  beLng examined  with  respect  to  suitability  for a  public mode  ef  transportation.

Results will  be prcscnted on  methods  for suppressing  vehicle  vibrations  ofa  Maglev train, examining  techniques such
as  control  ot'the  primary suspension  using  eleetromagnctic  forees output  by a bogie-integrated linear generator, and  a

prcview control  ofthe  secondary  suspension  by mechanical  actuators  using  data transniitted from the  front to the rcar
of' the train.

Kby Pfonts.' Magiev,vehiclevibratien,eLectromagnetic suspension,  preview control,  ride comfort.

1. Introduction

   ln initial vehicle  running  tests, vibrations  of  the

superconducting  Maglev vehicle  were  controlled  mainly

focusing on  the secondary  suspension,  and  the control
methods  have been efiective  only  for vibrations  of

relatively  low  frequencies at around  1 to 2 Hz

corresponding  to the natural  car  body vibration  mode.

The lightweight stmcture  of  the car bodies result in
vibrations  at  around  4 to S Hz  eorresponding  to the

natural bogie vibration  mode,  and  at other  relatively

higher frequencies that influence the ride  comfort.

   A  device called  a  linear generator, which  was

developed and  temporarily  integrated into an  existing

bogie of  the  Maglev  system  fbr trial examination,

generated on-board  power  while  also  producing
additional  electromagnetic  fbrces that  could  be used  in

the control  of  the primary suspension.  This device has

previously been demonstrated in fu11-scale vehicle

experiments  to effective]y  apply  electromagnetic

damping directly to the primary  suspension,  and  reduce

vibrations  of  relatively higher frequencies that  are

otherwise  difficutt to reduce  by controlling  only  the

secondary  suspension  [1].
   The Maglev train set  has an  articulated  bogie

arrangement  to provide a  low center  of  gravity and

improved magnetic  shielding  perfbrmance. The  bogies

are  evenly  spaced  along  the  train set.  In addition,

because of  the interactions of  electromagnetic  forces in
the primary suspension,  each  bogie of  the Mag]ev train

set  is subjected  to nearly  the  same  external  disturbanee,
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with  practically equal  time  differences between
consecutive  bogies. Utilizing thes¢  propenies,
techniques for preview eontrol  of  the secondary

suspension  were  previously examined  that measure

external  disturbances at the ftont ofthe  Maglev train set
and  feed the  data to the  rear  of  the  tratn, to enhance  the

vehicle  ability  to eeneiently  minimize  the impact of

deviations in the guideway ground coil alignment  [2].
   The  aforementioned  previous work  of  Reference [1]
reported  results of  controlling  only  the primary
(electromagnetic) suspension.  Reference [2] considered

preview  control  of  onLy  the secondary  (mechanical)
suspension.  A  previous report  did discuss some  results

of  a  study  combining  control  methods  of  primary and

secondary  suspension  components,  but considered  a

linear quadratic (LQ) feedback control  in the  secondaJy

suspension  componcnt,  without  feed for"Jard elements

of  a preview control  method  [3]. This report  presents
results  of  a  new  study  on  a  method  for reducing  vehicle

vibrations  of  the  superconducting  Maglev  train,

examining  the  vibrat[on  control  of  the primary
suspension  using  eleetromagnetic  forces output  by a

bogie-integrated linear generator, combined  with  the

preview control  of  the secondary  suspension,  Effbctive
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Fig. 1: View  ofthe  superconducting  Maglev system.
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Fig. 2: anism  ofadditional  upward  fbrce acting  on  the

generator coils  and  used  fbr vibration  control.
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irnptementatton of  these vibration  reduction  methods  en

Maglev vehicles  are expected  to improve ride comfort,
and  eventually  lead to the reduction  of  construction

costs  by enahling  the relax  ation  of  the lim{ts of  tolerated
irregularities in the  guideway atignment,  and  the
reduction  of  management  costs  by minimizing

guideway maintenance.  Such cost  reductions  are

expectecl  to outweigh  the  increase in vehicle  costs  due

to installatien of  vibration  contrQl  systems.

2. Mechanism  of  the Bogie-Integrated  Linear
   Generator Device  in the Contrel of  the Primary

   Suspension

   As  shown  in the  cross-sectional  view  of  the
superconducting  

'Maglev
 system  in Fig. 1,

levitationlguidance coils and  propulsion coiLs are

installed on  the  sidewalls  of  a  concrete  guideway. The

vehicle  is equipped  with  superconducting  magnet

(SCM) ceiLs  and  linear generator coils attached  to the
outer  vessel  surface  of  the SCM  as  part of  the  Maglev

bogie-integrated linear generator device that generates
power  in the trayeling  vehicle  using  the harmoni ¢

magnetic  fields in the levitationfguidance coils.  This

device can  also  be used  to generate additional

electromagnetic  tbrces in the primary suspension  to be
used  as control  forces in reducing  vehicle  vibrations.
'Ilie

 principles of  additional  electromagnetic  forces
output  by the linear generator are  shown  in Fig. 2 [4].
The  equivalent  contiguration  of  the linear generator coil
fbr the function of  generating additional  forces is

expressed  in Fig. 2(a), Electrical current  ef  amplitudes

much  smaL]er  than that in the  SCM  coil  is run  through
the linear generator coils. The resulting  change  in
magnetic  flux causes  the already  existing  current  in the
levitation7guidance coil to increase slightly,  indicated by
the wide  circular  arrows  in Figs. 2(a) and  2(b). These
additional  currents  generate additionaL  forees indicated

by the sina.11er additional  atrows  in Fig. 2(c), resultjng  in
additional  upward  force acting  on  the bogie. Likewise,
additional  downward  fbrce acting  on  the begie ca"  be

generated by reversing  the  direction of  the current

flowing in the linear generator coll. By  varying  the

amplitude  and  direction of  the eurrent  in the linear

generator coils  according  to the  vertical  motion  of  the

vehicle  bogie, tbis device can  be  used  to control  vertical

vehicie  vibrations.

   ThEs rnethod  has the advantage  of  requiring  no

additional  systems  solely  fbr the  purpose of  generating
electromagnetic  fbrces. Furthermore, because the
magnetic  foree is generated electricallM  this method  has

minimal  delay in response  for high frequency ranges  of

vibration,  in comparison  to conventional  methods  using

hydraulic or  pneurr]atic systems  [1], Full-scale vehicie
running  tests on  the Yhmanashi Maglev Test Line
confirmed  the principles of  magnetic  forces output  by
the  bogie-integrated linear generator device in the

Japanese fiscal year 2001. Vehicle running  tests then
confirmed  the ability of  the linear generator device to
contro] yibrations  using  the generated fbrces in the

fiscal year 2004 [5].

3. AnalysesofVehicleDynamics

3. 1 T'ighicle moclel  used  in the computations

   A  vehicle  model  ofa  three-car train set for vertical
and  pitehing motions  with  a  total of  14 degtees ef

freedom was  used,  as shown  in Fig. 3. The  primary
suspension  between the bogie and  guideway surface

consists  of  electromagnetic  spring  characterlstics

resulting  fi'om interactions between the superconducting
magnets  and  groLmd  coils. The spring  characteristics  of

the vertical  and  pitching motiens  are  eoupled  with  each

other. The magnetic  spring  acts  in equat  distribution
along  the length of  the bogie from  ftont to rear,

   2'iab l.. Carbody e
 Trayelingdirection

 

 
 

 

Fig. 3: Vehicle rnodel  used  in the  cemputations.

(]45)



The Japan Society Applied Electromagnetics and Mechanics

NII-Electronic Library Service

The  JapanSociety  Applied  Electromagnetics  and  Mechanics

H"AEV}gkaslt)L  1 Z No,2 (200sp

However,  for purposes  of  optimizing  computations,

equivalent  spring  characteristics  were  approximated  by
concentrating  the springs  at two  positions, one  on  the

front and  the other  on  the rear  of  the bogie. The

secondary  suspension  between the car body and  bogie
consists  of  air  springs  that were  approximated  using  a

damper and  a spring  connected  in parallel. Actuators for
vibration  control  were  added  to the  secondary

suspension  ofthe  middle  and  rear  cars  (No.2 and  3) and
were  assumed  to have  ideal operating  properties with  no

time de]ay, Tn the primary suspension  control  model,  the

forces output  by the bogie-integrated linear generator
were  used  in all fbur bogies as darnping fbrces in the
vibration  controL.

   The  aforementioned  magnetic  fbrces output  by the

1inear generator were  assumed  to be ideal, and  delays in
response  were  not  considered,  Furtherrnore, these

magnetic  fbrces of  the linear generator are assumed  to
be equaLly  distributed along  the length of  the bogie

surface,  such  that the force at  any  longitudinal position
on  the  bogie surface  is of  the  same  magnitude  and  same

direction at  any  given time. For example,  if an  upward

control  fbrce acts on  the front end  ofa  bogie at a giyen
instance in time,  an  upward  fbrce of  equal  magnitude

simultancously  acts  on  the rear  end.  Therefore, this

foree is assumed  to have no  influence on  the bogie
pitching motion.  In the  cernputatiop  model,  an

equivalent  verticai  contro]  force was  concentrated  on

one  point at  the  center  of  mass  of  each  of  the  four

bogies. Although  the 'fbrce oll]y  controls  the vertical

motion,  the pitching vibrations  are expected  to be much
smaller  than  the  vertical  vibrations  in the  passive case,

making  vertical  control  a  priority. The  vehicle  traveling

speed  was  set to a constant  500 kmh,  which  is a prtority
in this studM  because the superconducting  Maglev

system  is designed to trave] long distances for a

majority  of  the time at this speed.  Furthermore, the
electromagnetic  spring  characteristics  of  the primary
suspension  do not  vary  greatly at high speeds  greater
than  300 kmth  [61.

3,2 vahiclemoctelparametens

    The  vehicle  model  parameters used  in the

computations  are shown  in Table 1. The  values  are

based on  those used  in Reference [3].

Tablc1:Vehiclemodelarameters.

Parameter Value
m,.[k] i4.ox]o3

mb[k 6.0xlo3
Ic[k'm2] 82.0× lo4

Ib[k･m2] ]3.2xlO
k.[Nfm O.4xlo6

kmz[N!M] 4.7× lo6
k.eN･mfrad] 1.0× lo7

c.[N･sfm 1.0xlO

lac[m 8.8
tab[M] 2.03

loo/r

--Jrvr ･･7'

=･.g
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   -

              Frequency  [Hzl

 Fig. 4i Ride  comfort  filter and  frequency shaping

 funetions 2aat), Rato).

4. SuspensionControlSystems

4.1 fueqblenq'-shoped optimalpreview  control  qf'the

   seconclas:ysuspension

   When  the  objective  is to improve  vehicle  ride

comfbrt,  optimai  control  laws usually  include a

evaluation  function based on  the car  body acce]eration.
Because  human  perception of  vibrations  differs
according  to the frequency, vibrations  can  be etTieiently
reduced  by evaluating  acceleration  data modified  by

frequency shaping  techniques, resulting  in a  contro]

method  that takes ride comfbrt  factors into
consideration.  In this studM  a  frequeney shaping

function 2ijto) was  derived, with  gain characteristics

based on  the ride comfbrt  level curve  shown  in Fig. 4,
used  by the fbrrner Japanese National Railways to
define frequency-dependant human  sensitivity  to

vjbrations.  In order  to suppress  the actuator  output  at

high frequencies, a  frequency shaping  function RVa))

was  also  applied  to the control  input. The  shaping  factor

gain increases from around  iO Hz to 30 Hz, where  the

ride  comfbrt  lcvel curve  drops, and  leveLs off  at  around

30 Hz, in eflbct a high pass filter. The state equation  fbr

eUca) ean  be expressed  using  the input L state .\ij, and

coefficient  matrices  Aq, Bg, C:,. and  Dq:

I,=A,X,+B,Y

l2 =
 C,X,  +  D,Y

(1)

   In the same  manner,  the state  equation  for RUtu)
can  be expressed  as:

X  =AX  +B  tt it     r       rr

Y  =C  X  +Du r     rr           /t

(2)

   The state equations  for the vehicle  mode]  shown  in
F]g. 3 can  be expressed  as:
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X=AX+BU+uan

Y=ex+Du+ZS,
(3)

   Here, X  represents  the  state  variables,  Ythe output

used  in Eq. (1), bl the control  input, dr, the rate of

change  of  the external  disturbance xo  with  respect  to
time,  and  A, B, C, D,  and  Z  the  coefficient  matrices.  By

substituting  Y  in Eq, (1) with  the output  of  Eq, (3),
frequency shaping  facters are applied  to the output.

   The  state  equations  are  discretized to construct  an

optimal  preview  contrel  system  [2]. FinallM an

evaluation  fimction J  is used  to derive feedback  and

feed-forward coefficients.  Thjs fimction evaluates

va]ues  tesulting  from frequency shaping  factors added

to the output  Y and  the  input u, and  is expressed  as:

J-: f] lg[Sia(n)y(k-n)
  

k=･-,VR-11  Ln.O

 = ila"(k)+rY.2(k)]
  k.-M"+1

12+r[i,l.,i-/(n)u(k-n)]]l (4)

   Here, g and  r  are  coefficient  weighting  matrices,

and  Mk is the number  of  preview steps.  The  optimal

control  input can  be derived by  solving  the  Riccati

equation  resulting  from  substituting  the  outputs  ofEqs.

(1) and  (2) tnto Eq. (4). Considering real-time

performance and  redundancy  in thi$ study, the
frequency-shaped optima]  preview control  system  was

implemented using  decentralized controllers.  The
vehicle  model  for eomputations  is divided up  as  shown

in Fig. 5, such  that a  reduced-order  sub-model  unit

exists  now  for each  actuator,  with  two  vertical degrees
of  fi'eedom in each  sub-model  unit  consisting  of  one  car

body component  and  ene  bogie cornponent.  A control]er

is designed independently fbr each  sub-model  unit.  For

exarnple,  the state variables  ofControLlerNo.  1 jn Fig. 5
are  the  vertical  velocities  and  relative  displacements of

the car  body and  bogie:

x
 contreilerl=

 [(2e2) (2b2) (Zc2 -Zb2) (Zh2 -Zo2.)]T (5)

   Decentraiizing the  control  system  results  in fbur
state  variables  as shown  in Eq. (5), and  greatly
simplifies  the computations  in comparison  to designing

  tzoiftZalr

  Fig. 5

    Controller Controllers  Controllers
     No.1  No.2  No.3  No.4  No.5

ptag

   : Model  ofdecentralized  controllers.

the controller  using  the fu11 order  of  the entire  model.

For this decentralized eontroller  model,  the control

system  is designed by the methods  described earlier  in
this section.  Here, the  eyaluation  function ofthis  control

model  is based on  Eq, (4) and  expressed  as 
'fbllows:

'=,.t",.,lqi((;.P(n)z,?(k-n))i+(;.2-(n)z

   q,kz.(k)-z.(k))2+<z,,(k)-z,,ck))2+
    (z.,(k)-.,,(k))!+(z..,Ck)-z,,(k))]]+

   "#.,  (il.), n(n)u, (k 
-.))

2

1

.,(k-n))1+  
(6)

   Equation (6) includes frequency shaping  ofvertical

accelerations  of  cars  No. 2 and  3 and  control  inputs, and

coefTicient  weighting  of  relative displacements.
CoetiEicient weighting  of  the  relative  displacements can

prevent venical  physical limit stoppers  from colliding

between  the car  body and  bogie when  the vertical

displacement becomes very  1arge. in this study,  in order
to achieve  the maximum  effect of  vibration  control, a

limit was  set  for the maximum  root-mean-squared

(RMS) value  of  the forees generated by each  actuator,  r

was  set  to a  constant  value, and  qi and  q2 were  varied  to
determine a  combination  of  values  that result  in
maximum  irnprovement of  ride comfbrt,  within  the
defined limits of  the aetuator  eutput. The weighting

coefficients  used  in this sttLdy  are  shown  in Table 2.

Each car body and  bogie was  assumed  to be symmetric
in the longitudinal direction, such  that the effective

masses  on  which  each  controller  acts  consists  of  the

front and  rear  halves of  the bogie mass  mof=  mb.  and  car

body No. 2 mass  mqf  =:  m.,.  The  rear  car  body mass  is

evenly  distributed, such  that mof･=  ne..  
=
 m,f3.

   This decentralized control  method  is advantageous

when  considering  real-tjme  implementation. but does
not  take into consideration  state  variables  of  the bogie
pitching motions.  Consequently, the bogie pitching
motion  is not  directly controlled  using  this method.

However,  the vertical  rnotion  at the ftont and  rear  of

each  bogie are  controlled,  resulting  in the reduction  of

pitching motions  for the frequencies that most  greatly
influence ride  comfort.  Vibrations of  pitching motiolls
increase slightly  at certain  frequencies, and  such  issues
may  need  to be addressed  in future work,  but the
influence of  these vibrations  on  the ride  comfort  are

very  small  and  therefore  considered  not  to be a problem
within  the scopc  ofthis  study.

Table 2: Weighting  coefficients  used  in
freuenc-shaedotimalrevjewcontrol.

Coefficientgi q2 r

Value lo7 lole 1

(147)
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4.2 Meximumforce  control  Qftheprimarp, su,spension

   ttsing  the linear generator  device

   As discussed in Chapter 2, the bogie-integrated
linear generator devicc can  gencrate additional

electromagnetic  fbrces that can  be applied  to the
vibration  control  of  the  prirnary suspension.  Reference

[1] mentions  that the forces output  by this linear

generator device are relatively  small  fbr the
requir ¢ mcnts  vibration  control  of  the  primary
suspension.  In order  to fuily utilize  the forces generated
by the bogie-integrated linear generator device, the
maximum  possible fbrce output  by the  linear generator
device is used  at  all  times, with  the polarity ofthe  force
switched  according  to the  polarity of  the bogie vertical

velocity  as  expressed  in Eq. (7) [1].

F.. =  
-sign(2b

 ) ･ .fL,. (7)

   Here, F;... represents  the  control  fbrce and  f.. the
maximum  possible vertical  force output  by the  linear

generator clevice. The comp'utations  assume  that the
bogie vertical  vetoc{ty  2,, vv'hich is the control

feedback  variable  is derived by using  accelerometers  to

measure  the acceleration  of  the vertical vibration  of  the

bogie, then {ntegrating this acceleration  once  to derive
the absolute  velocity.  Equation  (7) was  added  to the

dynamic equations  of  the vertical motions  of  all four
bogles in Eq. (3). The  coniputations  assume  that  the

control  force of  each  bogie can  be applied

independently of  each  other.

5. Model  Guideway  lrregularities for External

   Disturbance Jnput and  Ride Comfort Leyels

    To  assess  the  efiectiveness  of  the  vibration  control

method,  irregularities in the  vertical  alignmcnt  of

ground coils along  the sidewalls  of  the guideway
(vertical irregularities) were  generated, and  used  as

external  disturbance input in time  domain simulations.  A
transfer function was  formed based on  Reference  [3],
and  a  uniformly  random  number  was  used  to compute

Qenptb"'ts
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the  vertical  irregularities. This transfer function has the
characteristic  of  flattening out  at  low  frequencies in

order  to reduce  the ampi{tude  of  vibrations  in low
frequency ranges.  The  power spectral  density (PSD) of

the vertical  irregularities is shown  in Fig, 6.

    The  ride  comfbrt  [evel, a quantitative index for
passenger comfort  based on  the car  body acceleratfon

response  to vertical  irregularities, was  used  to confirm

the  performance ot' the vibration  control  in this study.
This ride  comfort  level (denoted Li) is based on  ISO

2631 and  was  devised by the former Japanese Nationa[
Railways, To  derive the  Li･ value, ride  comfort  filters
based on  frequency shaping  curves  are applied  to the

vehicle  response  in the fbrm of  the car  body vibration
acceleration,  to account  for human  perception of

vibrations.  Next, the resuiting  value  is divided by a

reference  vibration  acceleration  vaiue  a.of, Final]y, the
logar{thm of  the RMS  of  this value  is derived, and

expressed  in decibels (dB). The  fbllowing equation  was

used  in this study  to compute  the ride  comfort  levels [7].

where

L, =:  2010g,,((x.,/a.,f) [ctB]

ut#  -  jlr pri(f)･R.･of

a..t 
=1O'S

 [mfs¢ c21

(8)

(9)

    Here, PV(f) represents  the ride cornt'ort  filter, and

R.-CD the  car  body  vibration  acceleration  PSD.  Since
there are  no  regulations  defining this filter fbr
f}'equencjes below  O.5 Hz, the weighting  factor fbr O.5
Hz  was  also  used  fbr the  frequency range  below O.5 Hz.

6. Results

    The fbllowing cases  were  studied  as described in
this chapter  in the  sections  to fo11ow:

    Case 1: Frequency-shaped  optimal  preview control

ofsecondary  suspension.

    Case 2: Maximum  force control  of  primary
suspenslon,

    Case 3: Cases 1 and2  combined,

6.J Frequenq7  clomain  computation  iesulis  qfthe
    seeondanysuspensioncontrol

    Time domain simulations  were  perfbrmed  with  the
secondary  suspension  control,  using  the  vertical

irreg"1arities dcscribed in the previous chapter.  V℃rtieal
acceleration  PSD  plots of  car  body No. 2 were  derived
from the  time  domain  response,  and  are  shown  in Fig, 7,
The  quantity of  reduction  of  the  average  ride  comfbrt

level relative  to the referenee  passive case  is displayed
in the legcnd of  this figure. The  car body PSD  peak at
around  1 to 2 Hz  eerresponding  to the vertical  motions

of  the car  body is greatly reduced  in Case 1 while  the

peak  at around  4 to 5 Hz  corresponding  to the  bogie
vertical  motions  is only  slight]y reduced.  While
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previous studies  [3] indicated that an  optimal  preview
control method  without  applying  frequency shaping

ftEnctions (Fig. 4) results  in vibrations  of  frequencies
over  l O Hz  becoming 1arger than in the passive ease,  Fig.
7 shows  that the frequency shaping  ftmctions apptied  in
Case  1 of  this study  was  able  to reduce  these higher
frequency vibrations  to levels equivalent  to those of  the

passive case.  The  resulting  ride  comfort  level in Case  1

is over  3 dB lower than in the passive case.

6.-? freeuencly domain compulation  results  qf  the

   primafy  suspension  control

   N℃rtical acceleration  PSD  plots of  car body No. 2
were  derived from the tirne domain response  fbr the
maximum  force control  of  the primary suspension,  and

are  shown  in Fig. 7. The vertical  generated force th in
Eq. (7) was  set  to 2 kN,  and  app]ied  to each  of  the  four

bogies. As defined at  the beginning of  this chapter,  Case
2 represents  the maximum  force contral  of  the  primary
suspension  control  alone,  and  Case  1 is the

frequcncy-shaped optimal  preview  control  of  the

secondary  suspension  alone.  Again, the  quantity of

reduction  of  the average  ride  comfort  level relative  to

the reference  passive case  is displayed in the legend of

this figure. The  car  body PSD  peak  at  areund  1 to 2 Hz

corresponding  to the vertical  motions  of  the car  body
has been reduced  in Case 1 to about  one-seventh  of  the

passive case,  while  this peak  was  hardly reduced  in
Case 2. The  peal( at around  4 to 5 Hz corresponding  to

the vertical rnotions  ofthe  bogie is slightly  reduced  in
Case  1, while  notably  reduced  in Case 2, te about

one-sixth  of  the passive case. Although the reduction

ratio of  the frequency peak  at  arouiid  4 to 5 Hz  in Case
2 with  respect  to the passive case  is much  smalier  than

the reduction  ratio of  the frequency peak at around  1 to
2 Hz  in Case  1, the resulting  effect  on  the ride  comfbrt

level is of  the same  erder  for both cases, over  3 dB
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lower than  in the passive case.  These  similar  decibel

values  are  a  result  of  the ride  comfort  filter (Fig. 4) used
to apply  ditlbrent weighting  factors for different

frequency ranges  in the  computation  of  the  ride  cornfort

level shown.  Specifically, reduction  of  vibrations  in tbe
4 to 8 Hz  range  is considered  to have the greatest impact

on  human  perception of  vertical  vibrations,  and

consequently  influenees the ride  comfbrt  leyeL inore

than  any  other  frequency range.

6.3 Combined prima"), and  seconcin]y  suspension

   controt

   As  defined at  the  beginning of  this chapter,  Case 3
combines  Case 2, the maximnm  force control  of  the

primary suspensjon,  with  Case 1, the frequency-shaped
optimal  preview  control  of  the secondary  suspension.

Vettical acceleration  PSD  plots of  car body No. 2 fbr
Cases 1 and3  are shown  in Fig. 8. The  PSD  peak of  car

body No. 2 at  around  1 to 2 Hz  has been reduced  in
Case 3 to about  ene-seventh  of  the passive case, the
same  as  that of  Case 1. The  peak  at around  4 to 5 Hz  is
slightly reduced  in Case 1, while  significantly  reduced

in Case 3, to about  one-fifteenth  of  the passive case.
With respect  to the passive case,  the reduction  of  ride

comfort  level in Case 3 is slightly  larger than the sums
of  the  reductions  of  ride  comfbrt  levels in Cases 1 and  2.
The improvement of  the ride comfbrt  level in Case  3 is
considerabiy  large, once  again  because of  the reasons

mentioned  at  the end  of  Section 6.2. Similar results

were  observed  in the car  body No. 3.

7. Conclusions

   A  study  was  conducted  on  the etlbctiveness  of

applying  vibration  control  to the primary and  secondary

suspension  components  in a model  of  the vertical  and

pitching motions  ofthe  superconducting  Magley  vehicle.
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Results confirrr]ed  that a  frequency-shaped optimal

preview control  of  the secondary  suspension  alone  can

improve ride  comfort  ]evels in the  midd]e  car body to
nearly  the same  degree as the case  of  the maximum

force contro]  of  the  primary suspension  alone,  The
vibration  peaks at 1 to 2 Hz  and  at  4 to 5 Hz  were

considerably  reduced  by combining  the primary and

secondary  suspension  control  methods,  and  the

reduction  of  the ride  cemfbrt  level with  respect  to the

passiye case  is ]arger than the sums  of  the reductions  of

ride eomfort  levels of  each  control  method  appLied

alone.
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