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ABSTRACT

The w o rldw ide  s ta tu s  o f  Tracked L e v ita te d  V e h ic le  (T L V ) tec h n o lo g y 
and an assessment o f  i t s  developm ent, sponsored b y the Advanced Technology 
Program  w it h in  th e  O f f ic e  o f  Research and Development in  FRA, i s  p re ­
sented h e re . T h is  re p o r t  a long  w ith  a TLV Technology Workshop sponsored 

'*■< b y  th e  O f f ic e  o f  U n iv e r s it y  Research re p re s e n t a c o n tin u in g  and c o o rd in ­
ated e f f o r t  b y  the Department o f  T ra n s p o rta t io n  to  keep a b re a st o f  th e  
s ta te  o f  w orld w id e  developm ents i n  t h is  te c h n o lo g y. The f i r s t  c h a p te r, 
e n t i t le d  "An O verv iew  o f  W orldw ide Research Programs o f N on con tacting  
Suspensions f o r  Ground T ra n s p o rta t io n  V e h ic le s " ,  d e sc rib e s  v a r io u s  
m aglev and a i r  cush ion  suspension  t e s t  f a c i l i t i e s  in  use th ro u g h o u t the 
w o r ld . The second c h a p te r, e n t i t le d  "T L V  Technology S ta tus  R e p o rt" 
d isc u sse s  the s ta tu s  o f  the o v e r a l l  techn o log y in  the judgment o f  
MITRE/METREK.

The purpose  o f  t h is  re p o rt  i s  to  p la c e  the w orldw ide  re se a rc h  
e f f o r t s  in  p e rs p e c tiv e  as i t  addresses the  o u ts ta n d in g  te c h n ic a l 
problem s as a w hole . T h is  w i l l  p ro v id e  the  re a d e r w ith  a t o o l  f o r  
a s s e s s in g  ta rg e t  areas f o r  fu t u re  re se a rch  w hich  complement the  ongoing 
w o rldw ide  e f f o r t s .

» T h is  re p o r t  uses the S I (m e tr ic )  u n it s .
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CHAPTER I

AN OVERVIEW OF WORLDWIDE RESEARCH PROGRAMS 
ON NONCONTACTING SUSPENSIONS 

FOR GROUND TRANSPORTATION VEHICLES



1 .0  INTRODUCTION

T h is  ch a p te r p re se n ts  a b r ie f  o ve rv ie w  o f  w orldw ide  re s e a rc h  

program s on n on con tactin g  suspensions f o r  ground t r a n s p o r ta t io n  v e h ic le s .  

B a s ic a l ly  h i s t o r ic a l  in  n a tu re , i t  p ro v id e s  an in t r o d u c t io n  to  th e  

le v e l  o f  e f f o r t  expended th roug hou t the w o rld  on n on co n ta c tin g  

suspension  con cepts. The in t e n t  i s  n ot to  c o m p le te ly  document 

such re s e a rc h , but to  i l l u s t r a t e  the  e xte n t o f  the  o v e r a l l ,  w o rldw ide  

re s e a rc h  e f f o r t .

Termed "Tracked  L e v ita te d  V e h ic le s "  (T L V ) in  the  te c h n ic a l 

com m unity, n on co n ta c tin g  suspension  in v o lv e s  those aspects  o f  advanced . 

ground t r a n s p o r ta t io n  concepts whereby the v e h ic le  i s  le v i t a t e d  and . 

gu ided  a lon g  a t ra c k  w ith o u t making p h y s ic a l c o n ta ct w ith  i t .  A p p l i ­

c a t io n s  o f  t h is  typ e  o f suspension  a re  aimed fo r  b oth  h ig h  speed 

( f a s t e r  than 200 km/hr) and low  speed systems (s lo w e r than 200 k m / h r).

T h is  re p o r t  i s  concerned w ith  two m ajor typ e s  o f  n o n co n ta c tin g  

suspensions -  a i r  cu sh io n , where the  v e h ic le  i s  suspended on a 

p re s s u r iz e d  stream  o f  a i r ,  and m aglev, where th e  v e h ic le  i s  suspended 

b y a m agnetic f i e l d .  S e ctio n  2 d isc u sse s  a i r  cu sh ion  suspension  

re s e a rc h  in  England , F rance, Germany and the U n ite d  S t a t e s .  S e ctio n s  

3 and 4 d is c u s s  m aglev suspension  re se a rch  in  Canada, Germany,

Japan and the  U n ite d  S ta tes .  The a t t r a c t io n  m aglev concepts d iscu sse d  

in  S e c tio n  3 concern le v i t a t io n  by means o f  c o n ve n tio n a l e le ctro m a g n e ts , 

where a t t r a c t iv e  m agnetic fo rc e s  a re  employed between an i r o n  c o re  

e lectrom agnet and a r a i l .  The re p u ls io n  maglev concepts d iscu sse d  

in  S e c tio n  4 concern le v i t a t io n  b y means o f supercondu ctin g  c o i l s ,  

where r e p u ls iv e  e le ctro d yn a m ic  fo rc e s  a re  generated b y a c o i l  m oving

1



o ve r a conducting  (u s u a l ly  aluminum) g u idew ay. The scope o f  t h is
- 1

chapter i s  c o n fin e d  to  these concepts f o r  a i r  cu sh ion  and m aglev.

The b ib lio g ra p h y  p ro v id e s  f u r t h e r  d e t a i l s  con cern ing  the  p h y s ic s  

and e n g in e e rin g  background o f  these  concepts and t h e i r  a sso c ia te d  

hardw are.

Emphasis in  t h is  ch a p te r i s  g ive n  to  the  la r g e r  t e s t  f a c i l i t i e s  th a t 

have been c o n s tru c te d ’ to  d a te , a lth o u g h  some re p re s e n ta t iv e  sm a ll s c a le  

experim ents a re  b r i e f l y  m entioned. O m iss io n s , p r im a r i ly  in  some o f  the 

sm a lle r sca le  exp e rim e n ta l o r p u re ly  t h e o r e t ic a l  program s, should  n ot 

be taken to  r e f le c t  on t h e i r  p o t e n t ia l .

I t  should  be noted th a t a lth o u g h  e v e ry  e f f o r t  f o r  accuracy was 

undertaken , the t e s t  program  arid hardw are d e s c r ip t io n s  presented  h ere  

a re  the o p in io n  o f The MITRE C o rp o ra tio n  and do n o t n e c e s s a r ily  r e f le c t  

the  o p in io n s  o f  th e  governm ents o r  f irm s  w h ich  were in v o lv e d  in  

conducting  them.

These c a te g o rie s  a re  n o t a l l - i n c l u s i v e .  Research on o th e r concepts has 
a ls o  been c a r r ie d  o u t ; e . g . ,  the  "m agnetic r i v e r "  concept s tu d ie d  a t 
the Im p e ria l C o lle g e  in  London, England e x h ib it s  re p u ls io n  fo rc e s , y e t  
u t i l i z e s  ir o n  core  e le c tro m a g n e tic s , and the proposed URBA t r a n s i t  
system stu d ie d  a t the Lyons I n s t i t u t e  o f  Tech n o logy in  France uses 
s u c tio n  type  a i r  cushions f o r  su spen sion .
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2.0  A IR  CUSHION

T h is  s e c tio n  p re s e n ts  a b r i e f  d e s c r ip t io n  o f  th e  e x te n t o f  d e ve lo p ­

ment o f  a i r  cush ion  suspension  in  England, F rance, West Germany and 

the  U n ite d  S ta te s .  The re s e a rc h  programs in  both  France and the  U n ite d  

States  le d  to the c o n s tru c t io n  o f  f u l l  s c a le , com m ercial p ro to ty p e  

v e h ic le s .

2 .1  England

In  September 1967, Tracked H o v e rc ra ft  L t d .  (TH L) was formed by th e  

B r i t i s h  N a tio n a l Research Developm ent C o rp o ra tio n  to  conduct re s e a rc h  and 

developm ent o f  the  " h o v e r t r a in "  concept. The RTV 31 shown in  F ig u re  1 

was th e  r e s u l t  o f  t h is  program . T h is  v e h ic le  was te s te d  to  speeds o f 

172 km/hr on i t s  1900 m o f  guideway in  Ja n u a ry  1973. The RTV31 was 

p u r e ly  e xp e rim e n ta l in  n a t u r e - n o t  a com m ercial p ro to ty p e . There  

were no p ro v is io n s  f o r  c a r ry in g  passengers o r  crew ; a l l  c o n t r o l  was 

accom plished from  w a yside .

Suspension o f t h is  22.1 m lo n g , 22 ton  v e h ic le  was o b ta in e d  by 

e ig h t  in d e p e n d e n tly  sprung p e r ip h e ra l  j e t  a i r  cu sh ion s  and a guideway 

o f box beam c ross  s e c t io n . P ro p u ls io n  was b y  a f ix e d  fre q u e n c y  (50 H z) 

s in g le  s ided  l in e a r  in d u c t io n  m otor (SLIM) designed to  re a ch  a speed 

o f  67 m/s i f  th re e  m ile s  o f  guideway had been com pleted.

In  su p p o rt o f  t h is  t e s t  program , the  fo llo w in g  f a c i l i t i e s  were 

a ls o  c o n s tru c te d :

1. RTV 41 (F ig u re  2)
T h is  was a sm all s c a le  l in e a r  t e s t  f a c i l i t y  w ith  85.3 m 
o f  t ra c k  used to  t e s t  sm a ll sca le  LIM d e s ig n s .

2. Suspension System T e s t in g  (F ig u re  3)
F u l l  s iz e  a i r  cu sh ion  "h overpa ds" were te s te d  on t h is  
dynam ic ta b le  to  c o n firm  the th e o r e t ic a l  and p r a c t ic a l  
developm ent o f  the a i r  cush ion  suspen sion .
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FIGURE 1
RTV31 (HOVERTRAIN CONCEPT, THL)
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FIGURE 2
RTV41 QUARTER SCALE LIM TEST VEHICLE (THL)

FIGURE 3
HOVERPAD TEST STAND (THL)
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3. L in e a r  M otor Guidance (F ig u re  4)
The te s t in g  o f  a se rvo  c o n t ro lle d  guidance system  f o r  the 
SLIM was planned to  im prove the  e f f ic ie n c y  o f  the SLIM by 
m a in ta in in g  a con stan t 2 .5  cm c le a ra n c e . T h is  system was 
in tended f o r  use in  th e  second phase o f the  t e s t  program .

T h is  program  expended a p p ro x im a te ly  $12 m i l l io n  in  developm ent 

cost  between September 1967 and i t s  te rm in a tio n  in  F e b ru a ry  1973.

2.2 France

The i n i t i a t i o n  o f  a i r  cush ion  developm ent a t B e r t in  and Co.

began in  1957. I n  1965 the S o c ie te -d e  l 'A d r o t r a in  was formed to

develop  the A e ro tra in  concept. The 01 e xp e rim e n ta l A e ro tra in  began

t e s t s  in  December o f  1965, and reached a speed o f  345 km/hr in

December 1967 on a 6.7 km guideway o f in v e r t e d -T  d e s ig n . T h is

10.4 m long v e h ic le  was o r i g i n a l l y  p ro p e lle d  w ith  a l i g h t  a i r c r a f t

engine and p r o p e l le r  (F ig u re  5 ) ,  then w ith  an a i r c r a f t  tu rb o je t

engine . Both p ro p u ls io n  system s were supplem ented b y  s o l id  f u e l  ro c k e t
2b o o s te rs .  The b o o s te r can be seen in  F ig u re  5A. A l l  cush ions were 

o f the plenum chamber ty p e . A i r  s u p p ly  to  th e  cu sh ion s  was by fans 

d r iv e n  by two 37.3 kw autom otive  e n g in e s .

The 02 exp e rim e n ta l A e ro t ra in  (w ith  a t u r b o je t  e n g in e ), shown in  

F ig u re  6, a tta in e d  an average speed o f  411 km/hr in  Ja n u a ry  1969.

I t  was te s ted  on the same guideway as th e  01 A e ro t ra in  p ro to ty p e .

A p u re ly  exp e rim e n ta l v e h ic le  w ith  no p r o v is io n  f o r  passen g ers,

th e  02 was designed p r im a r i ly  to  t e s t  the  concept o f  "dynam ic fe e d in g "

o f th e  a i r  c u sh io n s .

A com m ercial p ro to ty p e  a i r  cushion  v e h ic le ,  design ated  the 

"S u bu rb an ", was te s te d  i n  1969. T h is  14.3 m lo n g , 12 ton  v e h ic le  was

2 t ̂
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FIGURE 4
LINEAR MOTOR TEST STAND FOR SERVO-GUIDANCE 

EXPERIMENTS (THL)
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FIGURE 5
01 EXPERIMENTAL AEROTRAIN
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FIGURE 6
02 EXPERIMENTAL AEROTRAIN
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designed to  seat 44 people  w ith  a c r u is in g  speed o f  180 km/hr.

P ro p u ls io n  was by means o f  a l in e a r  in d u c t io n  m otor. The a i r  

cushions were powered b y  a se pa ra te  autom obile  e n g in e , hence the 

Suburban was n o t an a l l  e le c t r ic  v e h ic le .

The a e ro t ra in  program  a ls o  le d  to  th e  c o n s tru c t io n  o f  another 

com m ercial p ro to ty p e  in  1969— an 80 passenger in te ru rb a n  v e h ic le  

(desig n ated  1 - 8 0 ) ,  powered by a shrouded tu rb o p ro p  system designed 

f o r  a c r u is in g  speed o f 250 km/hr. The 1-80 (F ig u re  7) was te s te d  

from  September 1969 to  December 1972 on a 18 km lo n g  e le va te d  guideway 

o f in v e r t e d -T  d e s ig n .

In  1973 th e  1-80 was equipped w ith  a new h ig h  speed p ro p u ls io n  

system to  p e rm it s tu d ie s  a t h ig h e r  speeds. In  March 1974, t h is  v e h ic le  

(desig n ated  th e  1-80 h ig h  speed A e r o t r a in )  reached a speed o f 430 km/hr.

T e s t in g  a t a reduced le v e l  has con tin u ed  in  1976.

2.3 West Germany

The company K ra u s s -M a ffe i A .G .  (KM) made a com parison between 

two suspension candidates -  one w ith  an a i r  cu sh ion  suspension  and 

one w ith  a m aglev suspension . Two e x p e rim e n ta l v e h ic le s  were 

co n structed  -  each w ith  p ro p u ls io n  b y an in v e rte r/ L IM  system . Both . 

were designed f o r  te s t in g  on th e  same guideway under id e n t ic a l  

o p e ra tin g  c o n d it io n s . F ig u re  8 d e p ic ts  th e  c ro ss  s e c tio n s  o f each 

v e h ic le .

T e s t in g  o f  th e  a ir -c u s h io n  v e h ic le ,  design ated  the  TR03, began 

in  1972. The 930 m lon g  d u a l purpose  guideway in c lu d e d  a curved  s e c tio n  

w ith  an 800 m ra d iu s  o f  c u rv a tu re . F ig u re  9A shows the TR03 on t h is  

guideway.

10
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FIGURE 7
1NTERURBAN 1-80 AEROTRAIN (80 PASSENGER PROTOTYPE)



G U I D A N C E  C U S H I O N

S U S P E N S I O N  C U S H I O N

FIGURE 8
COMPARISON OF TR03 (AIR CUSHION) AND TR02 

(MAGLEV) CONFIGURATIONS
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T h is  11.7 m lon g  v e h ic le  weighed 9.6 tons and was designed f o r  a 

maximum speed o f  140 km/hr. Suspension and guidance were b y plenum 

type  a i r  cush ions ( s i x  cu sh io n s  f o r  l i f t ,  e ig h t  f o r  g u id a n c e ). Each a i r  

cushion , was d r iv e n  by a sepa ra te  a i r  su p p ly  c o n s is t in g  o f an a x ia l  fa n  

d r iv e n  b y an e le c t r ic  m otor. F ig u re  9B shows th e  c h a s s is  from  below .

F u rth e r developm ent o f  th e  a i r  cu sh ion  te c h n o lo g y  was stopped 

when the  r e s u lt s  o f  the  com parison le d  to  th e  s e le c t io n  o f  a maglev 

suspension .

2.4 U n ite d  S ta tes

In  1970, the  F e d e ra l R a ilro a d  A d m in is tra t io n  (FRA) o f  the U .S .  

Department o f  T ra n s p o rta t io n  awarded c o n tra c ts  to  Grumman Aerospace 

C o rp o ra tio n  f o r  th e  e n g in e e rin g  desig n  and c o n s tru c t io n  o f  a 480 km/hr 

t e s t  v e h ic le  u t i l i z i n g  a i r  cu sh io n  suspen sion . G a r re t t  C o rp o ra tio n  was

chosen to p ro v id e  a LIM p ro p u ls io n  system  and i t s  w ayside  power d i s t r i b u -*
t io n  and c o l le c t io n  systems. T h is  a i r  cu sh ion  v e h ic le ,  design ated  the 

TLRV, was 15.6 m long  and weighed 15.4 tons w ith o u t the  LIM system .

The TLRV, shown in  F ig u re  10, operated  in  a channel shaped guideway 

u s in g  fo u r  a i r  cu sh ion s f o r  le v i t a t io n  and fo u r  f o r  gu idance. A l l  

the  cushions were o f  th e  p e r ip h e ra l  j e t  ty p e . The TLRV had a secondary 

suspension between the  body and c h a s s is  as w e l l  as between the c h a ss is  

and the a i r  cu sh io n s . Three  f u l l y  shrouded, h ig h  bypass r a t io  JT15D-1 

tu rb o fa n  en g in es , mounted a f t ,  were to  be used in  the a e ro p ro p u ls io n  mode 

to  a speed o f  200 km/hr. The LIM system  was planned to  c o n s is t  o f  two 

id e n t ic a l  L IM / in v e rte r systems, as shown in  F ig u re  11.

T ests  o f  the v e h ic le  in  an a e ro p ro p u ls io n  mode began in  May o f 

1973. By the end o f  a e ro p ro p e lle d  te s t in g  in  December 1973, speeds to  

147 km/hr had been a t ta in e d . A lth o u g h  i n i t i a l  p la n s  were f o r  a 35 km 

o v a l shaped t e s t  t ra c k , o n ly  4 .8  km were com pleted , l im i t in g  the 

maximum t e s t  speed.
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FIGURE 10
TLRV (TRACKED LEVITATED RESEARCH VEHICLE)
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I n s t a l la t io n  o f  th e  f i r s t  h a l f  o f  the  LIM p ro p u ls io n  system  Cone 

LIM , one PCU) was com pleted in  1975, The TLRV (w ith  a LIM) was te s te d  

o n ly  a t low  speeds (about 70 km/hr) in  March 1976, l im ite d  by the  

re a c t io n  r a i l  le n g th  o f  500 m e x is t in g  a t th a t  tim e . The second LIM 

was n e ve r fa b r ic a t e d . T h is  te s t  program  was te rm ina ted  in  1976.

In  1973 a f u l l  s c a le  p ro to typ e  o f  an a l l  e le c t r ic  a i r  cu sh ion  

v e h ic le ,  th e  PTACV, was b u i l t  f o r  the  DOT by Rohr In d u s t r ie s ,  In c . 

to  dem onstrate th e  e x is t in g  s ta te  o f  the  a r t  o f  a i r  cu sh ion  and LIM 

te c h n o lo g y. The PTACV, designed to  c a r r y  60 passengers a t  240 km/hr, 

r e l ie d  h e a v i ly  on th e  French A e ro tra in  cu sh ion  de sig n  and LIM a p p lic a ­

t io n s .  T h is  v e h ic le ,  28.6 m lo n g , w ith  a g ro ss  w eight o f  29.6 tons 

i s  shown in  F ig u re  12. The guideway i s  o f  the in v e r t e d -T  d e s ig n . 

A lth oug h  17.1 km o f  te s t  t ra c k  were o r i g i n a l l y  p la n n e d , o n ly  9 .2  km 

were com pleted b e fo re  the  te rm in a tio n  o f  th e  t e s t  program  in  1976.

The PTACV was s u c c e s s fu lly  te s te d  up to  speeds o f  232 km/hr in  1976.

The suspen sion  a i r  cushions f o r  t h is  v e h ic le  fe a tu re  b oth  c lo s e ­

ru n n in g  s e a ls  and a pneum atic secondary su spe n s io n , in te g ra t in g  b o th  

the p rim a ry  and secondary suspension in to  th e  a i r  c u sh io n . P ro p u ls io n  

was by means o f  a f ix e d  freq uen cy (60 H z) doub le  s ided  l in e a r  in d u c t io n  

m otor u t i l i z i n g  a v e r t i c a l  re a c t io n  r a i l .  T h is  r a i l  a ls o  served  as the 

guidance s u rfa c e  f o r  the v e h ic le 's  a i r  c u sh io n s . The LIM is  suspended 

from  two l in e a r  b e a rin g s  mounted l a t e r a l l y  in  th e  v e h ic le  and i s  guided 

on the  re a c t io n  r a i l  b y  p in c h  wheels a t each end o f  th e  m otor.

In  a d d it io n  to  th e  c o n ve n tio n a l a i r  cu sh ion  (plenum  and p e r ip h e ra l  

j e t )  re s e a rc h , sm a ll sca le  la b o ra to ry  experim ents a re  be in g  c a r r ie d  out 

on the  ram a i r  cu sh ion  a t P rin c e to n  U n iv e r s i t y .  F ig u re  13 shows the  

sm all (1 .8  m lo n g ) model te s te d  at P rin c e to n  in  1974. Experim ents w i l l  

co n tin u e  th ro u g h  1977.
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FIGURE 12
PTACV (60 PASSENGER, ALL ELECTRIC, PROTOTYPE 

TRACKED AIR CUSHION VEHICLE)



FIGURE 13
SMALL SCALE RAM AIR CUSHION MODEL

FIGURE 14
LOW SPEED PRT PROTOTYPE (TTI)
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In  a d d it io n  to  the  h ig h e r speed re s e a rc h  m entioned above, work
3

has been pursued on low e r speed v e h ic le s .  F ig u re  14 shows a low  

speed (50 km/hr) v e h ic le  c o n s tru c te d  b y T ra n s p o rta t io n  T e c h n o lo g y, In c . 

( T T I )  f o r  TRANSPO T72 a t D u lle s  A i r p o r t  n ear W ashington, D .C . P ro p u ls io n  

i s  b y  means o f a l in e a r  in d u c t io n  m otor.

Cover P ho to , M a t e r ia l ly  S peaking , V o l .  20, June 1973.
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3 .0  ATTRACTION MAGLEV

The developm ent o f  a t t r a c t io n  m aglev has been most advanced in  

West Germany, fo llo w e d  b y Japan and the U n ite d  S ta te s . These e f f o r t s  

a re  d iscussed  fu r t h e r  in  t h is  s e c tio n .

A t t r a c t io n  m aglev has a ls o  re c e ive d  a t te n t io n  in  Canada, at 

th e  N a tio n a l Research C o u n c il in  Ottawa and the  U n iv e r s i t y  o f  T o ro n to , 

as w e ll  as in  F rance, in  the  USSR, and in  En g la nd .

3.1  Germany

In  May 1971 th e  company o f  M esserschm itt-B U lkow -B lohm  (MBB) 

dem onstrated a b a s ic  v e h ic le  to  the p u b l ic .  T h is  v e h ic le ,  shown in  

F ig u re  15, was le v it a t e d  by 8 e lectrom agnets and l a t e r a l l y  guided by 

4 e lectrom a g n ets. P ro p u ls io n  was by a l in e a r  in d u c t io n  m otor (d o u b le  

s id e d ) u s in g  a v e r t i c a l  re a c t io n  r a i l .  The d e s ig n  speed o f  90 km/hr 

was achieved on the 660 m s t ra ig h t  te s t  t ra c k .

In  1972 o p e ra t io n  o f  a second te s t  v e h ic le  s ta r te d . T h is  3 .6  m 

lo n g  t e s t  v e h ic le ,  w eigh ing  1.3  to n s , c o n s is te d  o f  a p la t fo rm  supported  

and guided by w heels and a c c e le ra te d  by a h o t w ater ro c k e t . T h is  

magnet te s t  v e h ic le  was used to  c a r r y  magnets f o r  te s t in g  a t speeds 

up to  225 km/hr on th e  660 m te s t  tra c k .

In  O cto ber 1971, K ra u s s -M a ffe i dem onstrated to  th e  p u b lic  an

1 1 - t o n  m a g n e t ic a lly  le v it a t e d  exp erim en ta l v e h ic le ,  desig n ated  the  

TR02, shown in  F ig u re  16. T h is  11.7 m lo n g  v e h ic le  was p ro p e lle d  by 

a f ix e d  fre q u e n c y  (50 H z) doub le  sided  l in e a r  in d u c t io n  m otor. I t  

was te s te d  a t  i t s  d e s ig n  speed o f  164 km/hr. T h is  v e h ic le  was le v it a t e d  

and guided a lon g  U -shaped r a i l s  b y  16 e le ctro m a g n e ts . These magnets 

were arranged in  the combined le v ita t io n / g u id a n c e  c o n f ig u ra t io n  (w hereby 

a p a i r  o f  lo n g i t u d in a l ly  ad jacent magnets a re  staggered about the  r a i l  

c e n te r l in e  so as to  ac h ie ve  b oth  le v i t a t io n  and guidance f o r c e s ) .
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FIGURE 15
EXPERIMENTAL VEHICLE (MBB)
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FIGURE 16
TR02 (TRANSRAPID CONCEPT-KM)
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F ig u re  17 shows th e  TR04 c o n s tru c te d  b y K ra u s s -M a ffe i. T h is  

v e h ic le  i s  the la rg e s t  p a s s e n g e r-c a rry in g  m a g n e t ic a lly  le v it a t e d  and 

LlM p ro p e lle d  exp erim en ta l v e h ic le  to  d a te . The v e h ic le  i s  15.0 m 

lon g  and weighs 16.5 to n s . Suspension and guidance a re  b y  e lectrom agnets 

arranged in  the combined le v ita t io n / g u id a n c e  c o n f ig u r a t io n . P ro p u ls io n  

i s  b y  a double  s id e d  l in e a r  in d u c t io n  m otor. The LIM  re a c t io n  r a i l  i s  

mounted h o r iz o n t a l ly  on the guidew ay. The v e h ic le  was designed f o r  a 

maximum te s t  speed o f  250 km/hr, but has n o t been te s te d  a t  th a t  speed 

to  d a te .

The 2.4 km TR04 t e s t - t r a c k  c o n ta in s  cu rve s  w ith  r a d i i  o f  c u rva tu re  

from  800 m to  3,100 m and a maximum grade o f  +11°. T h is  t e s t  in s t a l la t io n  

was in tended to a llo w  t e s t in g  o f  v a r io u s  system  components under r e a l i s t i c  

c o n d it io n s  as a b a s is  fo r  d e ve lo p in g  fu t u re  la rg e  s c a le  t e s t  f a c i l i t i e s .

A te s t  f a c i l i t y ,  desig n ated  LHP, i s  shown in  F ig u re  18. I t  c o n s is ts  

o f  an unmanned, m a g n e t ic a lly  le v i t a t e d  and guided t e s t  v e h ic le  and a

1 .3  km te s t  t ra c k . The v e h ic le ,  design ated  "KOMET", c o n ta in s  a m ounting 

ra ck  fo r  components to  be c a r r ie d  o ve r a t e s t  bed. The KOMET i s  8.5 m 

lo n g  and weighs 8 . 8  tons (e m p ty ). L e v it a t io n  i s  accom plished by 10 

electrom agnets (5 on e a c h .s id e ) ,  guidance i s  o b ta in e d  w ith  4 m agnets, 

one a t each c o rn e r. The magnets a re  used in  a se pa ra te  le v i t a t io n /  

guidance c o n f ig u ra t io n . The t e s t  bed, shown in  F ig u re  19, i s  300 m 

lon g  and l i e s  along th e  t ra c k  c e n te r l in e .

The component c a r r ie r  KOMET i s  a c c e le ra te d  b y  a t h r u s t  s le d  equipped 

w ith  up to  s ix  h o t -w a te r  ro c k e ts  in  o rd e r  to  a c h ie ve  t e s t  speeds up to  

400 km/hr. A f t e r  a c c e le ra t io n , th e  KOMET sepa ra te s  from  th e  th r u s t  s le d  

and coasts th roug h  the t e s t  s e c t io n  u n t i l  b ra k in g  i s  in i t i a t e d .  T h is  

f a c i l i t y  has been in  use s in c e  1974.
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FIGURE 18
LHP TEST FACILITY (MBB)

F IG U RE  19

COMPONENT TEST BED A T  LHP F A C IL IT Y
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In  su p p o rt o f  these  a c t i v i t ie s  s e v e ra l s t a t ic  as w e ll  as dynamic 

te s t  stands and r o t a t in g  wheel f a c i l i t i e s  have been c o n s tru c te d ,

F ig u re  20 shows a DLIM te s t  stan d . The DLIM shown is  2 .5  m lo n g .

F ig u re  21 shows a dynamic te s t  stand f o r  e lectrom a g n ets.

F ig u re  22 shows the TU02 and i t s  te s t  t ra c k  c o n stru cte d  by 

K ra u s s -M a ffe i f o r  i t s  Transurban  program . T h is  12 passenger p ro to ty p e  

was a p a r t  o f  th e  program  f o r  the developm ent o f  a low  speed (80-120 km/hr) 

m a g n e t ic a lly  le v ita te d / L IM  p ro p e lle d  v e h ic le .  The U -shaped t ra c k , shown 

d u rin g  i t s  c o n s tru c t io n  in  F ig u re  22B, i s  designed f o r  the combined 

le v ita t io n / g u id a n c e  magnet c o n f ig u ra t io n . T e s t in g  commenced in  1973.

The e f f o r t s  o f  K ra u s s -M a ffe i and MBB were co o rd in a te d  in  e a r ly  1974 

by the fo rm a tio n  o f  TRANSRAPID-EMS, a j o i n t  concern f o r  the s tu d y  o f  

a t t r a c t io n  m aglev system s.

3.2 Japan

A p ro je c t  f o r  the  developm ent o f  a Low E n viro n m e n ta l P o l lu t io n ,  

R a ilw ay has been undertaken by the M in is t r y  o f  T ra n s p o rt  s in c e  1974.

T h is  p ro je c t  i s  d ire c te d  toward d e ve lo p in g  a low  speed (120 km/hr) 

a t t r a c t io n  m aglev system . The program is  be in g  c a r r ie d  out by >•

Japanese in d u s t r ia l  f irm s  under the d ir e c t io n  o f  U n iv e r s it ie s  and the 

Japanese N a t io n a l R a ilw a ys  (JN R ).

The EML-50 (F ig u re  23) i s  a 2 .8  m lo n g , 1 .8  ton  te s t  v e h ic le  

u t i l i z i n g  se p a ra te  e lectrom agnets f o r  l i f t  and guidance ( fo u r  f o r  

l i f t ,  fo u r  f o r  g u id a n c e ). P ro p u ls io n  i s  by means o f  a f ix e d  fre q u e n cy 

(50 H z) s in g le  s id e d  l in e a r  in d u c t io n  m otor. T h ru s t  c o n t r o l  i s  

accom plished b y u s in g  sw itches to  change th e  LIM w in d in g  co n n e c tio n .

T h is  v e h ic le ,  w h ich  i s  p r im a r i ly  in tended to  te s t  c o n tro l system 

schemes f o r  th e  suspen sion  system , has been te s te d  a t speeds up to  

i t s  maximum o f  40 km/hr on a 165 m s t r a ig h t  and le v e l  t ra c k .
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FIGURE 20
LIM TEST STAND (MBB)

F IG U R E  21

D YN AM IC  M A G N ET  TEST  STAND  (MBB)
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VEHICLE WEIGHT 1,800Kg

B

FIGURE 23 
EML-50 (JNR)
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F o r h ig h e r  speed a p p lic a t io n s , Japan A i r  L in e s  (JA L ) has been 

d e ve lo p in g  a 300 km/hr a t t r a c t io n  m aglev system  f o r  ra p id  a i r p o r t  to  

downtown t r a n s p o r ta t io n .

Work on a H igh  Speed S urface  T ra n s p o rt  (HSST) system  began a t 

JAL in  1971. J A L 's  HSST-01 experim en ta l v e h ic le ,  shown in  F ig u re  24, 

was designed in  1973 and i s  now undergoing te s ts  a t speeds up to  35 km/hr. 

The speed i s  l im it e d  by the 200 m le n g th  o f  t ra c k . The v e h ic le  i s  4 m 

lo n g , weighs 1 .0  to n , and i s  equipped w ith  two s e a ts . Suspension i s  

accom plished by e ig h t  electrom agnets (4 on each s id e )  arranged in  a 

combined le v ita t io n / g u id a n c e  c o n f ig u ra t io n  f o r  a U -shaped t ra c k .

P ro p u ls io n  i s  by a s in g le  s ided  l in e a r  in d u c t io n  m otor.

3.3 U n ite d  S ta te s

Experim ents on h ig h  speed a t t r a c t io n  m aglev systems have been 

on a sm all s c a le . Dynamic te s t  stands such as those  used most re c e n t ly  

(1975) a t th e  M assachusetts In s t i t u t e  o f  Tech n o logy (F ig u re  2 5 ), as 

w e ll  as those used in  1972 a t the Ford M otor Company (F ig u re  2 6 ), and 

in  1973 a t MITRE/METREK (F ig u re  2 7 ), a re  t y p ic a l  o f  the  s c a le  o f  th e  

e xperim en ta l w ork con cern ing  magnet c o n t ro l system s and magnet d e s ig n . 

A n a ly t ic a l  w ork , o f  c o u rs e , has complemented th e  experim en ts.

A l l  these  experim ents were f o r  heave mode m otion  o n ly .  The Ford 

work was th e  la r g e s t  in  s iz e ,  u s in g  a 45 kg magnet mounted on l in e a r  

b e a rin g s . The MITRE/METREK experim ent te s te d  a sm a ll (2 .2  kg) magnet 

u s in g  a con stan t fo rc e  s p rin g  load  to  s im u la te  a s o f t  secondary sus­

p e n s io n . Both th e .M IT  and FORD experim ents used a r i g i d l y  a f f ix e d  

w eight to  s im u la te  a v e h ic le  mass.

R o ta tin g  wheel experim en ts, used to  a s c e r ta in  th e  e f fe c ts  o f  eddy 

c u rre n ts  in  the  t r a c k , were conducted a t F ord  M otor Co. on a sm a ll 

(30 .5  cm d ia m e te r) wheel in  1972 and on a la r g e r  (1 .5  m d ia m e te r) 

wheel in  1974.
31



\ *

1.80m

FIGURE 24 
HSST-01 (JAL)
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FIGURE 25

D YN AM IC  M AG NET TEST STAN D  (M IT)
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FIGURE 26
DYNAMIC MAGNET TEST STAND (FORD)

F IG U RE  27

D YN AM IC  M AG N ET  TEST  STAN D  (M ITRE/M ETREK )
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In  1976, c o o p e ra tio n  between the U .S . DOT and th e  West German 

government le d  to  a j o i n t  experim ent on f l e x i b l e  guidew ays. In  t h is  

experim en t, c a r r ie d  out in  O ctober 1976, the guideway f o r  the KOMET 

at the LHP f a c i l i t y  in  Germany was made more f l e x i b l e  by lo o s e n in g  the 

b o lt s  between the  p ie rs  and r a i l  a t some o f  th e  p ie r s  th roug hou t a 48 m 

te s t  s e c t io n . The LHP f a c i l i t y  was shown in  F ig u re  18. An instrum ented 

s e c tio n  o f  th e  m o d ifie d  guideway used f o r  these  t e s ts  i s  shown in  

F ig u re  28.

. A U .S . DOT program  was in i t ia t e d  in  1976 in  w hich a te s t  program 

is  to  be conducted a t the Canadian In s t i t u t e  f o r  Guided Ground T ra n s p o rt  

(CIGGT) in  Canada. The CIGGT f a c i l i t y  i s  d isc u sse d  in  S e ctio n  4 .1 . The 

purpose o f  t h is  program is . to  study th e  f e a s i b i l i t y  o f  u s in g  a s in g le  

s ided  l in e a r  in d u c t io n  m otor (SLIM) as a combined su sp e n s io n / p ro p u ls io n  

machine f o r  v e h ic le  speeds up to  500 km/hr. In  t h is  con cept, the in h e re n t 

a t t r a c t io n  fo rc e s  in  th e  SLIM w i l l  be u t i l i z e d  to  p ro v id e  le v i t a t io n ,  

la t e r a l  guidance and p ro p u ls io n .

ROHR C o rp o ra tio n  has focused on p ro v id in g  suspension  as w e ll  as 

p ro p u ls io n  from  a SLIM. D esignated ROMAG, two SLIM s, one a long  eaeh 

s id e  o f  the  v e h ic le ,  a re  c o n t ro lle d  to  p ro v id e  th e  suspension  and 

p ro p u ls io n  fo rc e s . Rohr has dem onstrated two low  speed v e h ic le s ,  one 

a t grade and one on an e le va te d  guideway on a s h o rt  te s t  t ra c k . These 

v e h ic le s  a re  shown in  F ig u re  29. The v e h ic le  a t  grade le v e l  a tta in e d  

a speed o f  56 km/hr in  March 1971 on a 381 m lo n g  guidew ay. The 

e le va te d  v e h ic le  a tta in e d  a speed o f  48 km/hr in  June 1973 on a 

457 m lon g  guidew ay.
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FIGURE 28
LHP GUIDEWAY INSTRUMENTATION (MBB)
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FIGURE 29
R O M A G  DEMONSTRATION VEHICLES (ROHR CORP.)



4 .0  REPULSION MAGLEV
Research in  re p u ls io n  m aglev has been the most e x te n s iv e  in  

Japan, where c o n s tru c tio n  o f  a 500 km/hr te s t  v e h ic le  and 7 km o f 

guideway a re  now underway.

The programs in  Canada, West Germany, Japan and th e  US a re  

d iscussed  in  t h is  s e c t io n . A d d it io n a l work is  b e in g  pursued in  

England a t the U n iv e r s it y  o f  W arwick.

4 .1  Canada

Experim enta l re s e a rc h  in  Canada has been conducted a t  th e  Canadian 

In s t i t u t e  o f  Guided Ground T ra n s p o rt  a t  Queenr s U n iv e r s i t y .  E f f o r t s  

have been d ire c te d  tow ards d e ve lo p in g  a v e h ic le  o p e ra t in g  o v e r  a f l a t  

topped e le va te d  guidew ay. The f l a t  topped guideway d e s ig n  was chosen 

to  p re ven t ic e  and show a c cum ula tion , w hich i s  a s e ve re  problem  in  

Canada. F or t h is  concept l e v i t a t io n  w i l l  be o b ta in e d  b y  means o f 

superconducting  c o i ls  (p la c e d  a lon g  the s id e  o f  th e  v e h ic le )  t ra v e rs in g  

aluminum sheet tra c k s  (un der each s ide , o f  th e  v e h i c l e ) . A separate  

a r r a y  o f superconducting  c o i l s  a long  th e  v e h ic le  c e n t e r l in e  i s  used 

f o r  the combined fu n c t io n s  o f  p ro p u ls io n  and g u idan ce . P ro p u ls io n  is  

by m eans.of l in e a r  synchronous m otor (LSM) w in d in g  in  th e  t ra c k , 

w h ile  guidance i s  ob ta in e d  b y  adding d if fe re n c e  f l u x  lo o p s  to  the t ra c k .

Experim ental s tu d ie s  in  Canada have been c a r r ie d  out u s in g  a 

la rg e  (7 .6  m) d iam eter wheel w ith  a maximum p e r ip h e ra l  speed o f 

100 km/hr. T h is  wheel i s  shown in  F ig u re  30. The la r g e  s iz e  o f  the 

wheel has perm itted  s tu d y  o f  a s in g le  f u l l  sca le  supercondu ctin g  

c o i l  w ith  v a r io u s  tra c k  c o n f ig u r a t io n s . Both an LSM w in d in g  as w e ll  

as a sheet tra c k  have been te s te d  to  d a te .
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FIGURE 30
ROTATING WHEEL FACILITY (QUEEN'S UNIVERSITY,CANADA)



4 .2  West Germany

An in v e s t ig a t io n  o f th e  re p u ls io n  m aglev concept c a r r ie d  out 

by a c o lla b o ra t io n  o f th e  companies AEG-TELEFUNKEN, BROWN-BOVERI and 

SIEMENS (AEG-BBC-SIEMENS) commenced in  1972. A c i r c u la r  t e s t  tra c k  

o f  280 m diam eter was c o n s tru c te d  in  E rla n g e n , Germany (F ig u re  3 1 ).

T h is  tra c k , s loped 45° in w a rd s , p e rm its  maximum speeds up to  200 km/hr. 

The v e h ic le ,  12 m lon g  and w eig h ing  12 to n s , i s  shown in  F ig u re  32.

I t  was s u c c e s s fu lly  le v i t a t e d  a t a speed o f  125 km/hr in  March o f  1976.

For suspension , th e re  a re  two magnet c a r r ie r s  -  one f o r e ,  one a f t .  

Each c a r r ie r  co n ta in s  fo u r  supercondu ctin g  m agnets, two f o r  l i f t i n g  

and two f o r  guidance. The c ry o s ta ts  f o r  th e  magnets u t i l i z e  fo rc e d -f lo w  

c o o lin g  to  account f o r  problem s a r is in g  from  th e  steep banking o f th e  

t ra c k  and c e n t r ifu g a l fo rc e s .

P ro p u ls io n  ha.s been by a doub le  s ided  LIM w ith  a v e r t ic a l  aluminum 
re a c t io n  r a i l ,  but p la n s  now in c lu d e  re p la c in g  th e  LIM w ith  a l in e a r  

synchronous m otor f o r  p ro p u ls io n .

Recent work a t Siemens has in c lu d e d  ro t a t in g  wheel s tu d ie s  o f  the 

c o n t ro l o f  the LSM. A la rg e  (5 .8  m d ia m eter) wheel c o n s tru c te d  m o s tly  

o f  wood is  be ing  used.

4 .3  Japan

The Japanese e f f o r t  to  in v e s t ig a te  a ra i lw a y  system  to  succeed 

th e  Shinkansen l in e  s ta r te d  in  1962. B asic  experim ents  were conducted 

concern ing  the LIM , a i r  cu sh ion  su spen sion , and m agnetic le v i t a t io n  

b y  permanent magnets and norm al e lectrom ag n ets. T h is  e a r ly  e f f o r t  

in d ic a te d  th a t l in e a r  m otor p ro p u ls io n  coupled w ith  m agnetic le v i t a t io n  

was a prom ising  com bin ation . In  1970 a sm a ll m a g n e t ic a lly  le v it a t e d  

l in e a r  m otor d r iv e n  v e h ic le  was dem onstrated a t th e  W orld  Expo '70.
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FIGURE 31
ERLANGEN TEST TRACK (AEG-BBC-SIEMENS)



FIGURE 32
EET (ERLANGEN TEST CARRIER)



In January 1970 a repulsion mag lev vehicle: concept using super­

conducting coils for lift and a linear motor for propulsion was given 

serious attention. Since the success of such a railway hinges upon 

the development of a vehicle-mounted superconducting magnet and its 

cryogenic cooling system, research was initiated.

In 1970 a rotational test device, shown in Figure 33A, was built.

The rotating disc, depicted in Figure 33B, was driven by an electric 

motor. The cylindrical cryostat contained two. superconducting coils.

The rotating disc simulated a moving guideway surface, the coils in 

the cryostat simulate the onboard vehicle coils. As a result of these 

experiments track coils, rather than a sheet track, were chosen as the 

preferred guideway conductor configuration. For the next stage of. 

experiments a lighter weight superconducting magnet was developed and 

in 1971 successful levitation was demonstrated. Two full size cryostats 

and a trial lightweight helium compressor were also built in 1971.

Further development of cryostats and refrigerators is still continuing at 

this time.

Two test vehicles were built and operated in 1972 to simulate 

and study the actual levitation and propulsion characteristics of a. 

repulsion maglev system. The first vehicle, depicted in Figure 34, 

was propelled by a single phase LSM utilizing the fringe field of two 

superconducting magnets. The test track contained lift coils at the 

bottom and propulsion windings on the side walls. The actual vehicle 

and track are shown in Figures 35A and B. This vehicle was 4 m  long 

and weighed 2 tons. The 200 m long test track permitted testing up 

to 50 km/hr.

A  second vehicle, called the ML-100 (Magnetic Levitation JNR 

Centenary), was 7 m long and weighed 3.5 tons. This vehicle was 

propelled over a 480 m  long track by a double sided linear induction
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FIGURE 33
ROTATING WHEEL FACILITY (JNR)
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. AUXILIARY DRIVING DEVICE
(LINEAR INDUCTION MOTOR)

FIGURE 34
LSM TEST VEHICLE AND GUIDEWAY (JNR)
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motor with the reaction plate on board. Figure 36 shows the actual 

vehicle. The track coil configuration is shown in the small model 

shown in Figure 37A. Figure 37B depicts a cross-sectional view of the 

vehicle. Note that the LIM reaction plate, attached to the vehicle, 

slides between two guide rails attached to the ground. Lateral 

guidance was by means of sliding shoes. This vehicle was tested at 

speeds up to 60 km/hr in September 1972.

In 1973 a rotating wheel facility (speeds to 150 km/hr) was 

constructed to test a combined propulsion/guidance system using an LSM 

with a null flux track winding. This configuration was chosen for 

further development as a result of these tests.

The ML-100 was then turned into a new experimental unit, called 

the ML-100A, shown in Figure 38. This vehicle is levitated by *■ 

means of superconducting magnets traversing discrete track coils, as 

was the ML-100, but adds a combined propulsion/guidance system 

utilizing an LSM for thrust and a null flux track winding for guidance. 

Power for the LSM is from a cycloconverter. Figure 39 shows construc­

tion along the 151 m  long track. The ML-100A has been tested at speeds 

to 60 km/hr.

Cryogenics is a critical issue for the feasibility of repulsion 

maglev concepts, and the Japanese have aggressively attacked this 

problem. Hardware studies have been directed toward the problems of 

minimizing'cryostat weight and heat losses, while maintaining the 

ability to transmit the necessarily large suspension forces from the 

superconducting coil to the vehicle structure. Figures 40 through 

43 show a few of the cryostats that have been developed in Japan.

The W-l wing type cryostat shown in Figure 40 was developed by Toshiba 

in 1972 for application to.null flux lift or guidance applications.

For these applications it is necessary to have the superconducting
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FIGURE 36 
ML-100 (JNR)
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FIGURE 37 
ML-100 (JNR)
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FIGURE 38 
ML-100A (JNR)
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FIGURE 40
W-1 WING TYPE CRYOSTAT (TOSHIBA)

FIGURE 41
L-1 L-TYPE CRYOSTAT (TOSHIBA)
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FIGURE 42
L-3 L-TYPE CRYOSTAT (TOSHIBA)

FIGURE 43
PCM CRYOSTAT (MITSUBISHI)
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coil project into a thin wing so that the superconducting coil Cinside) 

can be sandwiched between track coils on the outside. The rotating 

wheel used to test this coil is also shown in the figure.

Cryostats designated L-l and L-3, shown in Figures 41 and 42, are 

designed to hold superconducting coils in both the horizontal and 

vertical planes. As can be seen from Figures 38 and 39, the horizontal 

coil is used for lift, the vertical coil for propulsion/guidance.

Magnets of this general type were used on the ML-100A.

Figure 43 shows the cryostat designated PCM. This cryostat was 

designed to contain a single coil in the vertical plane for use 

in a propulsion/guidance configuration.

These research efforts have culminated in the design of a 7 km 

test facility that is now under construction in Miyazaki, Japan.

Initial running tests began in July 1977 after the first 1.3 km of 

test track was completed. Due to the present length of the track, 

initial tests will be limited to 200 km/hr. The vehicle, intended to 

be a half-scale prototype, will eventually be tested at speeds of 500 km/hr 

when the track is completed. Designed after the ML-100A, the vehicle will 

be levitated over discrete track coils and will obtain both propulsion and 

guidance from an LSM with a null flux track winding connection.

Figure 44 depicts the planned vehicle configuration. The test 

track construction progress to date is shown in Figures 45A and 45B.

The elevated guideway will be almost straight and level, 7 km long. 

Although a inverted-T structure is shown in Figure 45B, the mid 

portion of the inverted-T is demountable so that other structures 

can be tested. ' Both single and double piers are being tested, as 

can be seen in Figure 45A.
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TRACK WINDING (FOR PROPULSION 
AND GUIDANCE)
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FIGURE 44
PLANNED CONFIGURATION FOR MIYAZAKI TEST TRACK
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The tests at Miyazaki are critical to the magley effort in Japan.

If the results are promising, a 25 km test line will be constructed 

for full-scale operational testa.

4.4 United States

A  small test sled that was levitated and guided by four super­

conducting magnets was constructed and tested at Stanford Research 

Institute from 1971-1973 under contract to DOT. This sled, shown in 

Figure 46, was moved by means of a cable from a glider towing winch.

The SRI sled, 4.25 m long and weighing 296 kg, was tested to speeds of 

42 km/hr on a 152 m  long guideway.

Since 1970, members of the Scientific Research Staff of Ford Motor 

Company were also involved in the study of magnetic levitation for DOT. 

Calculations for the characteristics of coils moving over conducting 

plates were followed by a series of experiments using small rotating 

wheels of various diameters. The experimental setup for a 30.5 cm 

diameter wheel is shown in Figures 47 and 48. Figure 47 shows a small 

model vehicle utilizing permanent ceramic magnets levitated 6 mm over 

a rotating solid aluminum wheel. Figure 48 shows the experimental setup 

used to study a small cryostat containing a 5 cm by 10 cm superconducting 

coil. The cryostat is attached to force transducers for the measurements. 

Additional experiments were carried out with 61 cm and 1.5 m  diameter 

wheels through April 1974. These studies were concerned with the 

performance characteristics of coils moving over conducting sheet and 

ladder tracks in channel guideway configurations.

These small scale theoretical and experimental studies led to the 

start of a program to test a maglev sled accelerated by a rocket 

pusher. Although this rocket sled test program was terminated in 

January 1975 before the hardware was designed, a study of conceptual 

designs for revenue vehicles was completed. This study identified the
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FIGURE 46 
TEST SLED (SRI)



FIGURE 47
LEVITATION OF CERAMIC MAGNETS (FORD)

FIGURE 48
TESTS ON A SUPERCONDUCTING COIL (FORD)
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fluid propelled repulsion maglev concept shown in Figure 49A for near 

term implementation, and the LSM propelled scheme depicted in Figure 49B 

for longer term potential.

Efforts at the Massachusetts Institute of Technology (MIT), funded 

by the National Science Foundation, were directed towards investigating 

the magneplane concept. A small scale model, shown in Figure 50, was 

constructed and tested. In this concept, cylindrical vehicles travel 

in an aluminum trough, levitated and guided by superconducting magnets 

which extend under most of the lower vehicle surface. Propulsion is 

by means of an LSM track winding at the bottom of the guideway trough, 

levitation is by means of aluminum conductors on the sides of the guideway 

trough.
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FIGURE 49
CONCEPTUAL VEHICLES (FORD)
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CHAPTER II

TLV TECHNOLOGY STATUS REPORT



1.0 INTRODUCTION

There are two purposes to this status report on the technology 

of noncontacting suspension schemes. The first is to briefly assess 

the status of the overall worldwide research efforts; the second is 

to identify the most critical areas of the respective technologies 

which require research. The object of this chapter is to tie the 

overall research into a framework which will serve to identify 

areas for further research. As such an assessment relies both 

on the information available in the published literature as well 

as that obtained during discussions with various members of the 

research teams involved, it solely reflects the opinion of 

MITRE/METREK.

This chapter is not intended to be a catalogue of the numerous 

research programs studied worldwide. On the contrary, various research 

programs have been discussed together whenever the basic physics and 

engineering required for their development were substantially the same. 

For example, rather than discuss the individual characteristics of 

the numerous coil/track geometries studied throughout the world for 

repulsion maglev, these concepts have been lumped together under the 

classification of normal, null, and difference flux methods. These 

three classifications were chosen since they each reflect system 

characteristics that are distinct from each other.

Comparisons between various components are usually easily 

accomplished, comparisons between systems seldom are. Since the 

application of ground transportation requires a complex integration 

of numerous components in an overall system, a comparison of components 

alone is academic. For example, the evaluation of the technology for 

an EDS system requires an evaluation of the overall cryogenic design.
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However, an EDS vehicle with LSM propulsion requires a significantly 

more extensive cryogenic system than an EDS vehicle driven by a gas 

turbine/QFAN.

It.is readily apparent that we wish to compare systems, not 

components. On the other hand, the technology tends to progress from 

components to systems, postponing an evaluation. For the case of 

EMS and air cushion suspension systems, the technology has been 

developed to the point where the systems are well understood. On the 

other hand, development of the component technology for the EDS 

system, delayed by virtue of the cryogenics required, is just now 

nearing the system level.

The intent of this assessment is not to make comparisons between 

systems or to choose one, but to provide the reader with a 

perspective of the overall development of the component technology, 

and the system implications of the component technology. This 

requires an evaluation of whether or not a conceptual design, made 

for a specific route, can be considered reasonably validated, or 

should be considered speculative. Future research can then be directed 

towards lessening the speculative nature in critical technical areas.

It is important to note that characterization in this report of a 

specific design as "speculative" or "optimistic" reflects only the 

status of todayfe technology, and is not intended as an adverse 

criticism of the concept. Such characterizations are only intended 

to identify features of existing conceptual designs which cannot be 

considered validated at this time.
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2.0 AIR CUSHION

The air cushion suspension was the first noncontacting suspension 

to be developed to a practical level for a HSGT system, primarily as a 

result of the simplicity of its hardware. Several revenue vehicle 

prototypes have been demonstrated, the two most significant being the 

all electric DLIM propelled PTACV developed by the U.S. DOT, and the 

fluid propelled (gas turbine) High Speed Aerotrain developed by the 

Societe-de 1' Aerotrain in France. This technology is substantially 

validated for considerations of conceptual designs, hence will only be 

very briefly addressed here.

The most advanced suspension hardware developed to date, used on 

the PTACV and the High Speed Aerotrain, is the hinged lip plenum with 

an integrated flexible bag secondary. This suspension efficiently 

integrates a lightweight primary mass (for good tracking) and a secondary 

suspension (for good ride quality) in the hardware design. Demonstra­

tions of the suspension to speeds of 430 km/hr have been carried out on 

the High Speed Aerotrain.

2.1 Static Air Cushion

The plenum chamber air cushion suspension has superseded the 

peripheral jet type, which had been the object of early work in Great 

Britain (RTV31) and in the U.S. (TLRV). It had originally been thought 

that the peripheral jet would lead to a lower power consumption design 

than the plenum chamber, but just the opposite proved to be the case. 

There is now wide agreement in the technical community on this point.

For a given air gap, the peripheral jet will require less power 

consumption than the plenum for lift and guidance (at standstill). 

However, for a given dynamic tracking performance the peripheral 

jet requires an air gap of 12-18 mm to protect the nozzle, whereas the
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gap can be lowered to 3 mm for the plenum chamber by using the hinged 

lip plenum. By reducing the air gap the air flow decreases substantially, 

which leads to a considerable reduction of both the compressor power and 

the captation drag. Small scale testing of both concepts carried out at 

KM verified these conclusions [1].

In terms of the analysis, good agreement between theory and 

experiment has been found. Analytical work at MIT is typical of the 

state-of-the-art in this area.

2.2 Dynamic Air Cushion

Small scale research on the tracked ram air cushion concept is 

being carried out by TSC in the U.S. A conceptual design jstudy has 

also been carried out [2]. A  significant development effort, however, 

would be required to prove the performance of this scheme in a HSGT 

system.
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3.0 ATTRACTION MA.GLEV

Attraction maglev research to date can be placed into two major 

categories, these are:

a. separate suspension/propulsion (EMS +  LEM)

b. integrated suspension/propulsion (uses only a LEM)

Separate suspension/propulsion refers to systems using conventional 

DC electromagnets for lift and guidance and a linear electric motor for 

propulsion. This is referred to as EMS suspension and LEM propulsion.

Integrated suspension/propulsion systems (ISPS) are a "second genera­

tion" development of the propulsion motor. They require the control of 

inherent motor forces for simultaneous suspension and propulsion in the 

same machine. They do not use separate DC electromagnets.

The following sections will briefly discuss the status of these 

systems to date.

3.1 Separate Suspension Systems (EMS)

There are two major types of EMS suspension systems. These 

utilize:

• separate lift/guidance magnets, or

• combined lift/guidance magnets.

Separate L/G magnet systems have been demonstrated by MBB in the 

FRG (Magnetmobil, KOMET, KOMET M) and by the MOT in Japan (EML-50).

These systems utilize an L-shaped iron track on each side of the vehicle. 

Lift and guidance are obtained from separate U-shaped magnets whose poles 

face the horizontal and vertical sections of the L, respectively. The 

magnets used are of the transverse flux type. The two primary charac­

teristics of this system are:
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a. it allows high guidance forces to be developed (to 1 g 
for unsprung magnets), and

b. it allows independent control of lift and guidance.

An alternative scheme, using combined lift/guidance magnets, has 

been demonstrated by KM in the FRG (TU-02, TR-02, TR-04) and by JAL 

in Japan (HSST-01). In this configuration a pair of transverse flux 

U-shaped magnets are staggered laterally with respect to the 

longitudinal centerline of a U-shaped iron track, each magnet providing 

both lift and guidance forces. For small nominal guidance forces, this 

system has an advantage in weight compared to the separate L/G system.

The crossover point, above which the combined system has a weight penalty, 

depends on the overall magnet design^ i . e ^ t h e  gap chosen and vehicle 

loading, and cannot be absolutely determined. However, a general estimate 

can be obtained by noting that for unsprung magnets, a Ford study [3] shows 

the crossover to be about .3 g, while a Transrapid-EMS study [4] reportedly 

places it between .3 to .5 g's. In either case, it is generally acknow­

ledged that the lateral tracking ability of the combined system is 

somewhat limited compared to the separate L/G system.

An additional characteristic of the combined system is that the 

lift and guidance are inherently coupled, providing a limited region of 

control. The lift limits the guidance. For example, if such a suspension 

were to traverse a steep downward incline, the control system would cause 

all the magnet currents to decrease, thus reducing the lift. This 

allows the vehicle to fall, hence it can follow the guideway. This in 

turn limits the lateral force, hence a tight turn could not be negotiated 

simultaneously with a downward grade. It should be noted that this 

limit merely illustrates a lower tracking ability in general, it does 

not imply that this system is not the better choice for a given application.
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The d e s ig n , perform ance and t ra d e o ffs  o f  independent suspen sion  

f o r  a t t r a c t io n  m aglev system s have been advanced to  a h ig h  degree. 

Conceptual designs u s in g  th e  r e s u lt s  o f  t h is  re se a rc h  can be con s id ered  

v a lid a te d  i n  th e  fo llo w in g  c r i t i c a l  a re a s : . L

• l i f t  to  w e ight r a t io  o f  magnets (a i r -c o o le d )

• c u rre n t/ fo rc e  c h a r a c te r is t ic s  (b o th  DC and AC)

These r e la t e  to  d e fin in g  th e  l im i t s  on l i f t / w e ig h t  p laced  b y magnet 

s a tu ra t io n  e f fe c ts  and l im i t s  on c o n t r o la b i l i t y  p la c e d  by the  

n o n lin e a r  magnet fo rc e  law  and magnet eddy c u r re n ts . These c r i t i c a l  

a reas p roved  to  re q u ire  e x te n s iv e  experim en ta l v e r i f i c a t io n  o f  the 

a n a ly s is .

In  summary, b o th  the sepa ra te  and combined L/G systems have been 

e x te n s iv e ly  in v e s t ig a te d  a n a ly t ic a l l y  and e x p e r im e n ta lly , and 

r e l ia b le  con ceptua l design s have been deve loped .

3 .1 .1  C o n tro l Systems

The a rea  o f  m agnet/vehicle  c o n tro l i s  a ls o  w e l l  u n d e rs to o d , b u t 

i t  tends to  be ve h ic le / g u id e w a y s p e c if ic  and must be e va lu a te d  f o r  

each case in  p ra c t ic e . The area o f  c o n tro ls , how ever, i s  h ig h ly  

advanced and a lth o u g h  developm ent can be a rduous, good r e s u lt s  can 

be a n t ic ip a te d .

I t  i s  im p orta n t to  n ote  -that th e re  a re  w e l l  d e fin e d  p h y s ic a l 

l im i t s  to  th e  tra c k in g  a b i l i t y  o f  an EMS m aglev system , and 

a lth o u g h  these l im i t s  can be s t e a d i ly  approached b y advanced c o n t ro l 

system  te c h n iq u e s , th ey cannot be exceeded. These l im i t s  on the 

tra c k in g  a b i l i t y  a re  imposed by th e :

• magnet fo rc e  law s, and the

• sprung to unsprung mass r a t io  o f the su spen sion .
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The magnet fo rc e  law  l im i t s  the tra c k in g  a b i l i t y  because magnet 

f lu x  leakage and s a tu ra t io n  e f fe c ts  l i m i t  the  fo rc e  w hich can be 

developed. The maximum fo rc e  o b ta in a b le  ( f o r  a g ive n  magnet a t  a g ive n  

gap) is  l im ite d  b y  magnet s a tu ra t io n , and t h is  fo rc e  decreases as the  

gap in cre a se s  (due to  f l u x  le a k a g e ). Magnets a re  u s u a l ly  ro u g h ly  designed 

to  p ro v id e  a maximum o f  tw ice  the nom inal l i f t  a t  nom inal gap, and o n ly  

the nom inal l i f t  a t  tw ice  th e  nom inal gap.

The sprung to  unsprung mass r a t io  l im i t s  th e  tra c k in g  a b i l i t y

because i t  l im i t s  th e  .magnet a c c e le ra t io n s  o b ta in a b le . I f  the magnets
2

are  n ot sprung th e y  cannot t ra c k  a t  more than  1 g (9 .8  m/sec ) .  I f  

th e  magnets a re  in d e p e n d e n tly  sprung th e y  can t ra c k  w ith  h ig h e r 

a c c e le ra t io n s , a llo w in g  rou gh er guidew ays.

Once th e  magnet fo rc e  laws a re  known, as th e y  now a re , upper 

l im i t s  to  the tra c k in g  a b i l i t y  can be r e l i a b l y  im posed. C o n tro l system  

d e sig n , though n e ce ssa ry  f o r  im p le m e n ta tio n , i s  th e re fo re  o n ly  im p o rta n t 

in  th e  v e in  o f  r e a l iz a t io n  and o p t im iz a t io n . The c r i t i c a l  area  f o r  

v a l id  p re d ic t io n s  o f a con ceptua l d e s ig n  i s  th a t  o f  m ag n etics , n o t c o n t r o l .

The de sig n  o f  the  c o n tro l system  i s  c r u c ia l ,o f  c o u rs e , to  th e  design  

o f  the v e h ic le ,  b u t i t s  success can be a n t ic ip a te d . F o r t h is  

rea son , the d e t a i ls  o f  c o n tro l system  p ro g re s s  a re  o f  a p r a c t ic a lb u t  n ot 

c r i t i c a l  n a tu re . S u f f ic e  i t  to  say th a t  numerous c o n t r o l  system  

schemes a re  be in g  s tu d ie d  and developed in  o rd e r  to  v e r i f y  and 

o p tim ize  th e  tra c k in g  a b i l i t y  o f  the v e h ic le .  The a re a s  s tu d ie d  in c lu d e  

c o n tro l problem s a r is in g  from

• f le x i b l e  v e h ic le s

• f le x ib le  guideways

• t ra in e d  v e h ic le s

• sepa ra te  and combined L/G magnet c o n f ig u ra t io n s
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• c o n tro l In  tu rn s , grades

• number and typ e  o f motion/gap sensors

• Independent magnet (d e c e n tra liz e d )  v s .  m u lt ip le  
magnet (c e n t r a l iz e d )  c o n tro l

• h ie ra rc h y  o f  c o n t ro l lo g ic  ( f o r  s a fe ty  and system  
checkout)

T h is  work has been done p r im a r i ly  in  the FRG a lth o u g h  s u b s ta n t ia l 

work has a ls o  been done in  o th e r c o u n tr ie s .

S in g le  magnet c o n t ro l i s  being  pursued b y  T ra nsra p id -E M S  in  

th e  FRG and by MOT in  Japa n , where each magnet i s  c o n t r o l le d  

p r im a r i l y  b y  i t s  own se n so rs . M u lt ip le  magnet c o n t r o l  has a ls o  

been s tu d ie d  in  the FRG, where the o b s e rva tio n s  o f  s e v e ra l v e h ic le  

sensors a re  re s o lv e d  b y th e  c o n tro l lo g ic  in to  in d iv id u a l  degrees 

o f  freedom . In  m u lt ip le  magnet c o n t r o l ,  the c o n t r o l  system  employs 

banks o f  magnets (a t  a p p ro p r ia te  v e h ic le  lo c a t io n s )  to  c o n t r o l  the 

modes. E it h e r  o f  these techn iques w i l l  w ork.

An e x te n s iv e  b re a dth  o f  knowledge is  b u i ld in g  i n  the  area  o f  

c o n t r o ls ,  y e t  f u r t h e r  s tu d ie s  a re  s t i l l  n ecessa ry  b e fo re  an optimum 

system  is  r e a l iz e d .

An a d d it io n a l typ e  o f  the  EMS suspension  th a t  has re c e iv e d  re c e n t 

a t te n t io n  i s  th a t  o f  in d e p e n d e n tly  sprung m agnets. The advantage o f  

t h is  scheme i s  to  im prove th e  sprung to  unsprung mass r a t i o ,  a llo w in g  

in c re a se d  tra c k in g  a b i l i t y .  T h is  scheme is  a planned m o d if ic a t io n  

o f the  l i f t  magnets on MBBs' KOMET in  the FRG. The m o d if ie d  v e h ic le ,  

d e sig n a ted  the  KOMET M, w i l l  be te s te d  in  la t e  1977. I f  the  design  o f 

t h is  c o n f ig u ra t io n  p ro ve s  to  be w orkable , r e l ia b le  and com patib le  w ith  

th e  p ro p u ls io n  LEM, i t  w i l l  u n doub ted ly o u tp e rfo rm  the  e a r l i e r  approaches. 

A b r i e f  d e s c r ip t io n  o f  t h is  system  fo l lo w s :
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3 .1 .2  KOMET M

The KOMET M I s  based on a m odular magnet s t ru c tu re  w ith  d e c e n tra liz e d  

c o n t ro l system  lo g ic  1 5 ]. The le v i t a t io n  and guidance magnets a re  

m o d u la rly  arranged in  b o g ie s . The magnets a re  suspended from  the  bog ies 

b y  b oth  p la t e -s p r in g s  and pneum atic s p r in g s . The b o g ie s  a re  coupled  b y 

h inges and a ttached  to  th e  ca b in  b y  a secondary su spe n s io n . F o r t h is  

typ e  o f  suspension  th e  number o f  magnets p e r b o g le  and number o f  bog ies 

p e r ca b in  can be determ ined to  o p t im a lly  t ra c k  the guideway a n t ic ip a te d .

The d e c e n tra liz e d  c o n tro l system  lo g ic  i s  based on two le v e ls :

-  L e v e l 1 c o n s is ts  o f  th e  s in g le  m agnets, each u t i l i z i n g  
in fo rm a tio n  from  i t s  own gap se n so r, a c ce le rom eter and 
c u rre n t measurement.

-  L e v e l 2 c o n s is ts  o f  autonomous fu n c t io n s  a s :

• banking o f  the ca b in  in  curves

• accommodation to  s t a t ic  lo a d  changes

• c o n t ro l o f "ta k e  o f f "  and " la n d in g " , o f  the  v e h ic le

• m o n ito rin g

• f a i l u r e  id e n t i f ic a t io n

• check out

L e v e l 2 lo g ic  r e l ie s  on c e n t r a l iz e d  p ro c e ss in g  o f  in fo rm a tio n  

from  s e v e ra l se n so rs . A l l  c o n t r o l  and m o n ito rin g  w i l l  be r e a l iz e d  by 

m ic ro p ro c e sso rs . The advantages o f . t h e  KOMET M c o n f ig u r a t io n , as 

re g a rd s  magnet c o n t ro l,c a n  be s ta te d  b r i e f l y  as fo l lo w s :

• The low  secondary suspension  fre q u e n cy p ro v id e s  s u f f ic ie n t  
decoupling  between the magnets and the  body to  m it ig a te  problem s 
a sso c ia te d  w ith  s t r u c t u r a l  e l a s t i c i t y .

• Im proved r id e  q u a l i t y .

• In d e pe n d e n tly  sprung magnets can tra c k  in  a more n e a r ly  
optimum manner, as th e y  a llo w  more f l e x i b i l i t y  in  the d e s ig n .
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3 .1 .3  R a i l  Eddy C u rre n ts

The Is s u e  o f  th e  amount o f  m agnetic drag and lo s s  o f  l i f t  f o r  

tra n s v e rs e  f l u x  magnets due to  r a i l  eddy c u rre n ts  has re c e iv e d  a 

c o n s id e ra b le  degree o f  a n a ly t ic a l  and exp erim en ta l a t t e n t io n , as a 

r e s u lt  o f  th e  a n a ly t ic a l  d i f f i c u l t i e s  in v o lv e d . The problem  has 

a p p a re n tly  le d  to  a com plete , n o n lin e a r  s o lu t io n  o f  M a x w e ll's  equations 

b y n u m e ric a l methods a t Transrapid -EM S in  th e  FRG.

I t  i s  im p o rta n t to  r e a l iz e  th a t these eddy c u rre n ts  can be preven ted  

b y u s in g  a la m in a te d  r a i l .  (Whereas the EDS suspen sion  re q u ire s  tra c k  

eddy c u rre n ts  f o r  l i f t ,  th e  EMS system does n o t , hence the a sso c ia te d  

problem  can be e lim in a te d  f o r  the EMS s yste m .) The is s u e  o f  c o st o f  . m 

la m in a tio n  has n o t y e t  been re s o lv e d , but th e re  i s  no s tro n g  evidence 

to  in d ic a te  th a t a lam in ated  r a i l  i s  s ig n i f i c a n t l y ,  i f  a t  a ll,.m o re  

c o s t ly .  In  any ca se , i f  eddy c u rre n ts  are  s ig n if ic a n t ,  f o r  a g ive n  

a p p lic a t io n , th e y  can alw ays be e lim in a te d  by u s in g  a lam in ated  r a i l .  

A lth oug h  v e r i f i c a t i o n  o f  the e x te n t o f  the  prob lem  i s  e s s e n t ia l  b e fo re  

a system  i s  in s t a l le d ,  i t  i s  n ot a c r i t i c a l  is s u e  a t t h is  tim e . T h is  

m atter can w a it to  be re s o lv e d  u n t i l  o v e r a l l  o p t im iz a t io n  i s  n e c e s sa ry .

The EMS schemes discussed, p re v io u s ly  (MBB, KM, MOT, JA L , e t c . )  were 

o f  th e  tra n s v e rs e  f l u x  ty p e . T ra n sve rse  f lu x  magnets (w ith  eq u a l e x c ita ­

t io n s )  can be made to  have a long  " e f f e c t iv e "  le n g th , hence le s s  d ra g , 

m ere ly  b y  p la c in g  them end to end (s e p a ra t io n s  o f  up to  a few c e n tim e te rs  

a re  a llo w e d ) . The long  e f f e c t iv e  le n g th  w i l l  l i k e l y  reduce th e  drag to 

th e  e x te n t th a t t ra c k  la m in a tio n  w i l l  n o t be r e q u ir e d , b u t t h is  w i l l  

have to  be fu r t h e r  v e r i f i e d  in  the f i e l d  as th e re  the  c u rre n t  in  ad ja c e n t 

magnets can v a r y  s u b s t a n t ia l l y .

I t  i s  in t e r e s t in g  to  n ote  th a t use of a lam in ated  t ra c k  i s  be in g  

proposed a t D erby [6 ] in  England f o r  an EMS a t t r a c t io n  m aglev scheme
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b e in g  s tu d ie d  th e re . T h is  scheme uses lo n g it u d in a l  f l u x  magnets w hich  

in h e re n t ly  re q u ire  a lam in ated  t ra c k  to  reduce d ra g . (L o n g itu d in a l f l u x  

magnets, as those proposed a t D e rb y , cannot have an e f f e c t iv e  le n g th  

g re a te r  than a s in g le  magnet le n g th . F u rth erm ore , s in c e  t h e i r  le n g th  is  

p ro p o r t io n a l to  r a i l  th ic k n e s s , th e y  must be kept s h o r t ,  hence a lam inated 

t ra c k  i s  re q u ir e d .)

3 .1 .4  M isce llan eous Magnet C o n fig u ra tio n s

The most w e li  known magnet c o n f ig u ra t io n  i s  th e  t ra n s v e rs e  f l u x  

U -shaped magnet, w orking  a g a in s t a f l a t  o r  a U -shaped r a i l .  O ther 

geom etries b r i e f l y  co n s id e re d  b y some w orkers a re  the lo n g it u d in a l  and 

tra n s v e rs e  E -shaped DC suspension  magnets.

The lo n g it u d in a l f lu x  E -shaped DC suspension  magnet was s tu d ie d  

b o th  in  B r i t a in  ( B r i t i s h  R a i ls  Research Department a t  D e rb y) [6 ] 

and in  Canada (a t  the U n iv e r s it y  o f  T o ro n to ) [ 7 ] .  The" tra n s v e rs e  

f l u x  magnet was s tu d ie d  i n  th e  FRG [8 ] .

3.2 LEM P ro p u ls io n  f o r  EMS Systems

A lthoug h  t h is  re p o r t  i s  p r im a r i l y  concerned w ith  suspension  

system s, a conceptual desig n  must p ro v id e  f o r  the  d e s ig n  o f  a com patib le  

p ro p u ls io n  system . In  a d d it io n , th e  second g e n e ra tio n  developm ent o f  

LEMs has le d  to  the in t e g r a t io n  o f  p ro p u ls io n  and su spen sion  in to  one 

m achine. F o r these reasons i t  i s  im p o rta n t to  c o n s id e r th e  e x is t in g  

p ro p u ls io n  system  re se a rc h  as in te g ra te d  w ith  th e  suspen sion  re s e a rc h .

The purpose o f  t h is  s e c t io n  i s  to  d e s c rib e  the  s ta tu s  o f  th e  p ro p u ls io n  

system  developm ent f o r  those LEMs w hich a ls o  have p o t e n t ia l  f o r  a p p lic a ­

t io n  in  an in te g ra te d  s u s p e n s io n / p ro p u ls io ri system  (IS P S ) mode.
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LEMs a re  c a te g o rize d  here  f i r s t  as to  t h e i r  means o f power c o l le c t io n  

(power c o l le c t o r  o r  a c t iv e  t r a c k ) ,  as t h is  has th e  la rg e s t  o v e r a l l  system  

im p lic a t io n . The m ajor c a te g o rie s  a re  th e re fo re :

• p a s s iv e  t ra c k  (p rim a ry  w in d in g  i s  on th e  v e h ic le ,  hence i t  
uses a se pa ra te  power c o l le c t o r ) ,  and

• a c t iv e  t ra c k  (p rim a ry  w in d in g  i s  in  the t ra c k , hence i t  has 
n o n co n ta c tin g  power c o l le c t io n ) .

W ith in  these  c a te g o rie s  both  l in e a r  in d u c t io n  and l in e a r  synchronous 

m otors a re  p o s s ib le .  The p a s s iv e  t ra c k  m otors con sidered  to  date  a re  

th e :

• LIM (SLIM  and D LIM ), and

• LSM (c la w  p o le  and homopolar in d u c to r ) .

The o n ly  a c t iv e  t ra c k  m otor con sidered  i s  the

• I r o n  Core LSM.

B efo re  tu rn in g  to  the LIM and LSM, th e  system  im p lic a t io n s  in v o lv e d  

in  th e  ch o ic e  o f  an a c t iv e  tra c k  v s .  a p a s s iv e  t ra c k  m otor w i l l  be 

d isc u sse d .

3 .2 .1  Power D is t r ib u t io n / C o lle c t io n : A c t iv e  T ra ck  v s .  P a s s iv e  T ra ck

There  a re  th re e  m ajor im p lic a t io n s  f o r  the o v e r a l l  system  th a t  r e f le c t

the ch o ice  o f  p a s s iv e  v s .  a c t iv e  t ra c k . They a re :

• construction/m aintenance  co sts

• typ e  o f  power d is t r ib u t io n  (AC o r  DC)

• typ e  o f  power c o n d it io n in g  ( in v e r t e r ,  e t c . )

A d is c u s s io n  o f  th ese  fo llo w s .

3 .2 .1 .1  Construction/M aintenance

The is s u e  o f  r e la t i v e  co st o f  an a c t iv e  t ra c k  compared to  a 

p a s s iv e  tra c k  power c o l le c t o r  i s  f a r  from  re s o lv e d .

A lth o u g h  not y e t  f u l l y  deve loped , i t  i s  re a so n a b le  to  assume th a t 

a b ru s h / r a il  type  o f power c o l le c t o r  can s u c c e s s fu lly  be used a t  speeds
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to  500 km/hr, b u t i t s  cost w i l l  u n doub ted ly be s u b s t a n t ia l .  T h is  c o st 

r e f le c t s  the  power f a i l s  w hich must be in s t a l le d  in  a manner 

com patib le  w ith  su p p o rtin g  a h ig h  speed b ru sh  tra c k in g  assem bly.

A case f o r  the a c t iv e  t ra c k  i s  made b y  v i r t u e  o f  th e  fa c t  th a t  the 

tra c k  w in d in gs may not u t i l i z e  any more conductor than the power r a i l s  

f o r  a p a s s iv e  tra c k , and t h e i r  in s t a l la t io n  may n ot p ro ve  to  be s ig ­

n i f i c a n t l y  more complex. T h is  has n o t y e t  been shown, s in c e  a w orkable 

a c t iv e  t ra c k  system  w ith  an e x c it a t io n  v o lta g e  low enough f o r  c o n ve n tio n a l 

cab les must be b e t te r  d e fin e d . In  a d d it io n , the c o n s t r u c t io n / in s t a l la t io n  

c o s ts  o f  such a system  are  n o t w e l l  known. F urth erm ore , these  co sts  a re  

n o t d i r e c t l y  comparable to  the: co s ts  o f  a p a s s iv e  tra c k  s in c e  th e  is su e  

o f  AC v s .  DC power d is t r ib u t io n  a ls o  e n te rs  the p ic t u r e .  A c t iv e  'track  

system s re q u ire  low  freq u en cy AC d is t r ib u t io n ,  p a s s iv e  t ra c k  systems 

appear b e st w ith  DC d is t r ib u t io n .

3 .2 .1 .2  Type o f  Power D is t r ib u t io n

E it h e r  p a s s iv e  tra c k  o r  a c t iv e  tra c k  LEM's can u t i l i z e  AC d is t r ib u ­

t io n .  A c t iv e  tra c k  schemes re q u ire  AC d is t r ib u t io n  to  e lim in a te  an 

onboard power c o n v e rte r . P a s s iv e  tra c k  system s, how ever; pay a sub­

s t a n t ia l  onboard w eight p e n a lty  i f  AC d is t r ib u t io n  i s  re q u ire d . The 

n a tu re  o f  t h is  p e n a lty  i s  a re q u irem ent f o r  an onboard r e c t i f i e r  to  

c o n ve rt th e  AC from  the  mains to  DC f o r  the in ve rte r/ L E M .

A t the p re se n t tim e o n ly  AC d is t r ib u t io n  i s  f e a s ib le  a t  the v o lta g e  

le v e ls  optimum f o r  an HSGT system . DC system s, how ever, a re  expected 

to  be developed w it h in  the n e x t decade. F o r purposes o f p la n n in g , 

th e re fo re , the e v o lu t io n  o f  h ig h  power DC d is t r ib u t io n  must be s t ro n g ly  

c o n s id e re d . In  fa c t ,  con ceptua l d e s ig n  component w e ig h ts  f o r  p a s s iv e  

tra c k  in ve rte r/ LE M  systems cannot be f a i r l y  e va lu a te d  w ith o u t checking 

'w hether AC o r  DC d is t r ib u t io n  was assumed;
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In  a n t ic ip a t io n  o f  the developm ent o f  h ig h  power DC d is t r ib u t io n  by 

in d u s t r y ,  p a s s iv e  tra c k  LEM systems can be con sidered  w ith  the assum ption 

o f  DC d is t r ib u t io n ,  a c t iv e  tra c k  LEM's w ith  AC d is t r ib u t io n .  S ince  the 

techn iq ues and co sts  o f  AC and DC d is t r ib u t io n  can be d i f f e r e n t ,  t h is  

com plicates  an a b s o lu te  com parison between a c t iv e  and p a s s iv e  tra c k  

i n s t a l la t io n  c o s ts .

D e ta ile d  designs fo r  a c t iv e  tra ck s  are n o t y e t  w e l l  e s ta b lis h e d ; 

the  c o s ts , th e re fo re , a re  n ot w e ll  known. There  i s  s t i l l  some u n c e rta in ty  

as to  th e  v o lta g e  le v e ls  and fre q u e n c ie s  th a t must be accommodated by the 

d is t r ib u t io n  system . F u rth e r systems s tu d ie s  w i l l  be re q u ire d  b e fo re  

b lo c k  le n g th s , v o lta g e  le v e ls  and fre q u e n c ie s  can be o p tim ize d  in  terms 

o f o v e r a l l  system  costs  f o r  an a c t iv e  tra c k  system .

The c o s ts  f o r  DC d is t r ib u t io n  f o r  p a s s iv e  t ra c k  system s a re  n o t 

w e ll  known e i t h e r .  The te c h n o lo g ic a l components f o r  a DC d is t r ib u t io n  

system  a t  th e  v o lta g e  le v e ls  optimum f o r  an HS6T system  a re  n ot y e t  

d e ve lo p e d .

A n o th e r im p o rta n t aspect i s  the method o f  power c o n ve rs io n  used 

f o r  co n ce p tu a l d e s ig n s . To in s u re  h ig h  system e f f ic ie n c y  b oth  p a s s iv e  

and a c t iv e  t ra c k  systems re q u ire  v a r ia b le  v o lta g e , v a r ia b le  fre q u e n cy 

(V W F ) e x c it a t io n .  T h is  re q u ire s  some s o r t  o f  power c o n v e rs io n , o r  

power c o n d it io n in g  u n it  (PCU ). T h is  a ls o  has im portan t system  

consequences, as d iscussed  n e x t.

3 .2 .1 .3  Power C o n d it io n in g

The power c o n d it io n in g  f o r  p a s s iv e  tra c k  LEMs i s  done onboard w ith  

an in v e r t e r  as fre q u e n c ie s  re q u ire d  b y a VW F  e x c ite d  LEM (100-400 H z) 

a re  too h ig h  f o r  AC d is t r ib u t io n  tech n iq u es .

77



P re v io u s ly  c o n stru cte d  LEMs u t i l i z i n g  50-60 Hz AC d is t r ib u t io n  

re q u ire d  h ea vy, onboard r e c t i f i e r s ,  as d iscu sse d  in  the p re v io u s  s e c t io n . 

Even assuming th a t DC d is t r ib u t io n  becomes a v a i la b le ,  e lim in a t in g  the 

r e c t i f i e r ,  the in v e r t e r  w i l l  s t i l l  be a m ajor source o f onboard w e ig h t. 

P resent tre n d s  in  in v e r t e r  d e s ig n  may, how ever, be expected to  le a d  to  

fu r t h e r  in v e r t e r  w eight re d u c t io n . As an example, one can c o n s id e r the 

means o f  commutation used to  s w itc h  o f f  th e  t h y r is t o r s  in  a t h y r i s t o r  

in v e r t e r .  E ith e r

• fo rc e d  commutated o r

• load  commutated

designs a re  p o s s ib le . The TLRV f o r  exam ple, used a h e a vy , loa d  

commutated in v e r t e r  because s u it a b le  power c a p a c ito rs  a t th e  re q u ire d  

power le v e l  were not a v a ila b le  a t  th e  tim e . Such c a p a c ito rs  a re  now 

being  made a v a ila b le  b y  in d u s t r y ,  hence fu tu re  low er w eig h t design s  o f  

the fo rc e d  commutated typ e  a re  now fe a s ib le .

A nother p o s s i b i l i t y  f o r  in v e r t e r  w eight re d u c tio n  may deve lop  in  

the next decade. T h is  i s  the  developm ent o f  t r a n s is t o r  in v e r t e r s  a t  

the power le v e ls  re q u ire d  f o r  an HS6T v e h ic le .  Such a developm ent may 

o cc u r, and would s ig n i f ic a n t l y  reduce the  PCU w eig h t (b y  e lim in a t in g  

th e  need f o r  the commutation c a p a c ito rs  re q u ire d  by t h y r i s t o r  i n v e r t e r s ) .

I t  shou ld  be noted th a t  a l i g h t  w e ig h t t r a n s is t o r  In v e r t e r  i s  used 

on the ROMAG low  speed combined s u s p e n s io n / p ro p u ls io n  SLIM a t  Rohr 

C o rp o ra tio n . However, even though t h is  t r a n s is t o r  in v e r t e r  i s  w it h in  

the s t a t e -o f - t h e -a r t  a t  th e  power le v e ls  necessa ry f o r  low  speed, 

e x tra p o la t io n  o f t h is  in v e r t e r  to  a h ig h  speed con ceptua l de s ig n  i s  

o p t im is t ic  a t  t h is  tim e.

In  c o n tra s t to  th e  onboard PCU re q u ire d  b y a p a s s iv e  tra c k  LEM, 

an a c t iv e  tra c k  LEM re q u ire s  w a yside  power c o n d it io n in g . A v a r ia b le  

v o lta g e , v a r ia b le  fre q u e n cy power c o n d it io n e r  must e x c ite  the tra c k
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w in d in g s  In  such a manner as to  p ro v id e  c losed  loop  c o n t r o l  o f  the 

v e h ic le  m otion . T h is  re q u ire s  a c o n tro l communication l in k  between the 

v e h ic le  and th e  power c o n d it io n in g  s u b s ta tio n . S tu d ie s  concern ing  the 

c o n t r o l  and power c o n d it io n in g  a re  underway, y e t  a re  f a r  from  com plete.

In  summary, p re se n t day s t a t e -o f - t h e -a r t  hardw are le a d s  to  p e s s i­

m is t ic a l l y  heavy onboard PCUs f o r  p a s s ive  tra c k  LEM con ceptua l d e s ig n s . 

Techniques such as w ater c o o lin g , use o f  fo rc e d  commutated t h y r is t o r  o r  

developm ent o f  h ig h  power t r a n s is t o r  in v e r t e r s ,  and developm ent o f  h ig h  

power DC d is t r ib u t io n  hardware may w e ll  be expected to  a l le v ia t e  t h is  

problem . Much rem ains to  be s tu d ie d , how ever, b e fo re  r e l ia b le  estim ates 

o f  cost/perform ance t ra d e o ffs  can be made f o r  e it h e r  p a s s iv e  t ra c k  o r  

a c t iv e  tra c k  LEM 's.

A d is c u s s io n  o f p ro p u ls io n  LEMs o f in t e r e s t  fo l lo w s . P a s s ive  tra c k  

LEMs a re  d iscu sse d  in  S e c tio n  3 . 2 . 2 ,  and a c t iv e  tra c k  LEMs w i l l  be 

c o n s id e re d  in  S e c tio n  3 . 2 . 3 .  LEMs used f o r  combined p ro p u ls io n  and 

suspen sion  a re  d iscussed  in  S e ctio n  3.3.

3 .2 .2  P a s s ive  T ra ck  P ro p u ls io n  Machines

Both LIM and LSM design s a re  b e in g  s tu d ie d  f o r  p a s s iv e  tra c k  

a p p lic a t io n s . S e c tio n  3 . 2 . 2 .1  d iscusses  th e  LIM , S e c tio n  3 . 2 . 2 .2  

d isc u sse s  the  LSM.

3 . 2 . 2 . 1  L in e a r  In d u c t io n  Motors

Two c o n f ig u ra t io n s  f o r  the lo n g it u d in a l f lu x  LIM have been s tu d ie d , 

th e  double  s id e d , o r  DLIM, and s in g le  s id e d , o r SLIM. The d e sig n  o f the 

a i r  co o le d  LIM i s  now w e ll  u n d erstood , and can be con s id ered  th o ro u g h ly  

v a l id a t e d . P re d ic t io n s  o f  perform ance can be made w ith  good co n fid e n c e . 

Some degree o f  u n c e r ta in ty , how ever, a p p a re n tly  s t i l l  e x is t s  in  the  

te c h n ic a l community concern ing  the choice  between a SLIM and a DLIM.

A t t h is  tim e , the  SLIM appears to  be the b e t te r  c h o ic e , the b a s ic
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argument b e in g  th a t  the  DLIM re a c t io n  r a i l  p re s e n ts  m echanical problem s 

as i t  re q u ire s  a r e l a t i v e l y  t h in  aluminum r a i l  to  be edge mounted on 

o n ly  one s id e . I t  i s  a ls o  s u b je c t to  th erm a l e x p a n sio n / co n tra c tio n  

problem s. The SLIM re a c t io n  r a i l  overcomes th ese  prob lem s. The 

d isadvantages o f the SLIM, how ever, a re  as fo l lo w s :

• h ig h e r cost  f o r  re a c t io n  r a i l  m a te r ia ls

• s l ig h t  perform ance d e g ra d a tio n

In  e it h e r  case, r e l ia b le  conceptua l design s  f o r  the  perform ance 

O f a LIM can be c o n s tru c te d . The o u tsta n d in g  u n c e r ta in ty  f o r  th e  system  

l i e s  in  the a sso c ia te d  in v e r t e r  w e ig h t, as d isc u sse d  in  S e c tio n  3 . 2 . 1 . 3 .

A lthough  n o t o f a c r i t i c a l  n a tu re , an im p o rta n t aspect o f  LIM 

o p t im iz a t io n  l i e s  in  th e  a rea  o f  l i q u id  c o o lin g . S ince  the e le c t r ic a l ,  

magnetic and therm al lo a d in g  a re  a l l  r e la t e d , l i q u i d  c o o lin g  opens up 

another area o f  LIM d e sig n  f l e x i b i l i t y .  Such s tu d ie s  in  t h is  area  a re  

a p p ro p ria te  f o r  a l l  LEM 's.

3 .2 . 2 .2  L in e a r  Synchronous M otors

The p rim a ry  advantage o f  synchronous m otors compared to  in d u c t io n  

m otors i s  t h e i r  in h e re n t ly  good power f a c t o r .  F or the  HSGT a p p l ic a t io n , 

where v e h ic le  power le v e ls  can be as h ig h  as 10 m egawatts, t h is  i s  a 

s ig n if ic a n t  advantage and has le d  to  c o n s id e ra b le  developm ent o f  the 

LSM in  re c e n t y e a rs .

The claw p o le  and hom opolar in d u c to r  ( i r o n  core  l in e a r  synchronous 

m otors) a re  the s u b je c t o f  an exp e rim e n ta l re s e a rc h  program  now be in g  

conducted a t GE, sponsored b y  the  FRA. A f t e r  p re l im in a r y  com parative 

s tu d ie s , the  GE work was focused on the  hom opolar In d u c to r . The
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r e s u lt s  o f  t h is  s tu d y  shou ld  be a v a ila b le  in  la t e  1978 a t w hich tim e 

fu r t h e r  e v a lu a t io n  can be conducted. Siemens re c e n t ly  s tu d ie d  the 

hom opolar in d u c to r  f o r  a p p lic a t io n  in  the  ISPS mode, b u t i t  was 

dropped in  fa v o r  o f  an a c t iv e  guideway LEM.

3 .2 .3  A c t iv e  T ra c k  P ro p u ls io n  Machines

The u n c e r ta in ty  as to  the  p r a c t ic a l i t y  o f  h ig h  speed (>  300 km/hr) 

power c o l le c t io n  has c o n tr ib u te d  to  the  in t e r e s t  i n  a c t iv e  tra c k  

m achines. The most e x te n s iv e  developm ent o f an a c t iv e  tra c k  machine 

fo r  a t t r a c t io n  m aglev has been conducted a t  Transrapid -EM S where the 

i r o n  co re  LSM i s  be in g  s tu d ie d . The r e s u lt  o f  t h is  re se a rc h  i s  ju s t  

becoming a v a ila b le  a t  the tim e o f t h is  w r i t in g .

3 .3  In te g ra te d  S uspen sion /P ropu ls ion  Systems

The use o f  a LEM in  the ISPS mode i s  a second g e n e ra tio n  a p p lic a t io n  

o f th e  m otor, hence r e f le c t s  im proved p rog ress  i n  m otor d e s ig n  and a n a ly s is .  

O n ly  re c e n t ly  have such systems come under c lo s e  exam ination  fo r .  the HSGT 

a p p lic a t io n . The a c t iv e  tra c k  ir o n  core  LSM i s  b e in g  s tu d ie d  in  th e  FRG, 

the lo n g it u d in a l  f lu x  SLIM is  being  s tu d ie d  in  the U .S .  b y  th e  DOT. The 

FRG s tu d y  shou ld  be a v a ila b le  in  1977, the DOT s tu d y  in  1978. E v a lu a t io n  

o f  th e  s ta tu s  o f  these  systems must aw ait these re p o r t s .

In  the  FRG, a sm a ll s c a le  (2 .5  t ,  5 m  lo n g ) low  speed (30 km/hr) 

dem onstration  v e h ic le  has been shown b y Thyssen H enschel in  K a s s e l, and 

a sm a ll sc a le  model has been dem onstrated a t th e  U n iv e r s i t y  o f  Braunsw eig, 

b o th  u t i l i z i n g  th e  a c t iv e  t ra c k  i r o n  cote  LSM. Use o f  the SLIM a t  low  

speeds has p r e v io u s ly  been dem onstrated b y  Rohr C o rp o ra tio n  in  the  U .S .

Th ere  a re  th re e  m ajor aspects to  be con sidered  in  e v a lu a tin g  the 

p o te n t ia l  o f a LEM f o r  ISPS a p p lic a t io n . They a re :
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• v e r i f ic a t io n  o f  a v a i l a b i l i t y  o f  adequate a t t r a c t iv e  fo rc e s

• system  costs  o f ISPS mode

• c o n t r o la b i l i t y  o f  th e  fo rc e s .

The p re se n t d ir e c t io n  o f the  re s e a rc h  i s  in  e s ta b lis h in g  th a t 

adequate suspension fo rc e s  e x is t ,  and d e fin in g  th e  o v e r a l l  system  

cost o f  desig n in g  the LEM under the c o n s tra in ts  th a t  adequate l i f t  and 

guidance be m a in ta in ed . F o r exam ple, i t  i s  known th a t  th e  ISPS SLIM 

pays a h ig h  system  c o st in  re a c t iv e  power, (a f fe c t in g  th e  PCU s iz e )  

to  in te g ra te  suspension  in t o  th e  m otor. The purpose o f  the DOT e x p e r i­

ment i s  to  v e r i f y 't h e  a v a i l a b i l i t y  o f  adequate suspen sion  fo rc e s  and to  

d e fin e  th e  re a c t iv e  power " c o s t " .

I t  i s  a lso  n ecessa ry  to  s tu d y  c o n t ro l schemes w hich  a llo w  the 

suspension fo rc e s  to  be. decoupled from  the  p ro p u ls io n  fo rc e s . The 

re se a rc h  a t Rohr in  the U .S .  has addressed t h is  f o r  an ISPS SLIM, work 

a t the U n iv e r s it y  o f  Brauiisweig and Tra n sra p id -E M S ' in  the  FRG has 

addressed t h is  f o r  th e  i r o n  core  LSM.

In  a d d it io n  to  th ese  m achines, o th e rs  have been c o n s id e re d . As 

an exam ple, the  "m agnetic r i v e r "  w i l l  be d is c u s se d .

3 .3 .1  Magnetic R iv e r

The "m agnetic r i v e r "  concept has been prom oted b y P ro fe s s o r  L a ith w a ite  

a t  the  Im p e ria l C o lle g e  in  London f o r  ISPS o p e ra t io n . I t  i s  e s s e n t ia l ly  

a tra n s v e rs e  f lu x  LIM o p e ra t in g  in  th e  h ig h  s l i p  mode. S in ce  the LIM 

deve lops la rg e  re p u ls io n  fo rc e s  a t  such s l ip s  i t  can be used f o r  sus­

pen sion  as w e ll  as p ro p u ls io n . C r i t ic s  o f  t h is  scheme p o in t  out th a t 

the m otor e f f ic ie n c y  n i s  g iv e n  a p p ro x im a te ly  by the r e la t io n s h ip

'n  ( 1 - s l i p )  )

hence a t h ig h  s l ip s  th e  e f f ic ie n c y  i s  in h e re n t ly  lo w . F or t h is  reason
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i t  does n o t appear th a t developm ent o f  t h is  scheme i s  p r a c t ic a l  a t  

the  h ig h  power le v e ls  th a t would be re q u ire d  f o r  an HSGT system .

The a n a ly s is  o f  the "m agnetic r i v e r "  concept i s  s t i l l  in  i t s  

e a r ly  stages [ 9 ] .

3.4 Power C o l le c t io n

The power c o l le c t o r  i s  a c r i t i c a l  subsystem  f o r  a p a s s iv e  t r a c k , 

h ig h  speed system . To d a te , power c o l le c t io n  u s in g  pantographs has 

been dem onstrated a t  low speeds, and i t  i s  a n t ic ip a te d  th a t  a m u lt is ta g e  

pantograph system  w i l l  a llo w  DC power c o l le c t io n  a t speeds to  300 km/hr 

w it h in  the n e xt few y e a rs .

A lo n g  endurance, h ig h  speed power c o l le c t io n  system  has y e t  to  

be d e ve lo p e d , a lth o u g h  re se a rc h  has le d  to  th e  id e n t i f ic a t io n  o f  s e v e ra l 

p ro m is in g  schemes. Most p ro m is in g  is  the b r u s h / r a i l  scheme, b u t the 

problem  o f  b ru sh  wear in  the h o s t i le  environm ent o f  a HSGT v e h ic le  has 

y e t  to  be s o lv e d . B r ie f  d e s c r ip t io n s  o f  examples o f re se a rch  in  power 

c o l le c t io n  tech n iq u es  fo l lo w .

3 .4 . 1  B ru s h / R a il

An e x p e rim e n ta l s tu d y  o f  power c o l le c t io n  b y s l id in g  con ta ct was 

undertaken b y  th e  A iR esearch M anufacturing  Company f o r  the DOT in  1971. 

U sing c a p t iv e  c o n ta c ts  in  a th re e  r a i l  w a yside  c o n f ig u r a t io n , s a t is ­

fa c t o r y  perform ance was dem onstrated a t speeds up to  503 km/hr. The 

th re e  r a i l  d i s t r ib u t o r ,  457 m lo n g , w ith  a. 3 .8  m spacing  o f  th e  su p p o rt 

in s u la t o r s ,  was designed f o r  th re e  phase (AC) d is t r ib u t io n .

Work in  th e  FRG has been c a r r ie d  o u t b y  PM and T ra n sra p id -E M S .

In  the p a st the  EET, shown on page 42, u t i l i z e d  th re e  phase 

power a t  3 kV and 1 kA fo r  p ro p u ls io n  v ia  DLIM. T h is  power
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was c o lle c te d  b y a b ru sh  c a rr ia g e  from  th re e  c u rre n t  r a i l s .  The 

b ru sh  c a rr ia g e  i s  guided b y a i r  cu sh ion s and p u lle d  fo rw a rd  b y  a 

tow arm f ix e d  to  the EET b o d y , s u b s t a n t ia l l y  d e cou p lin g  th e  c o l le c t o r  

from  th e  v e h ic le  body dynam ics. The c u rre n t  r a i l s  were p ro v id e d  

w ith  exchangeable con ta ct s u rfa c e  p la te s  to  s tu d y  power r a i l  e ro s io n . 

R e su lts  w ith  copper p la te s  were good, whereas r e s u lt s  w it h  aluminum 

a l lo y s  were seen to  v a ry  w ith  the  s p e c if ic  b ru sh  m a te r ia l used .

The p rim a ry  o u ts ta n d in g  prob lem  f o r  the  b r u s h / r a i l  typ e  o f  power 

c o l le c t o r  i s  th a t o f  b ru sh  w ear. F u rth e r  in v e s t ig a t io n  o f  t h is  problem  

w i l l  re q u ire  lo n g  d u ra t io n  t e s t in g  under a c tu a l f i e l d  c o n d it io n s .

3 .4 .2  E le c t r ic  A rc

Power c o l le c t io n  v i a - e l e c t r i c  a rc  i s  a n on con tactin g  scheme. 

A lth o u g h  some l im ite d  work has been c a r r ie d  o u t , t h is  approach must be 

con sidered  s p e c u la t iv e  a t  t h is  t im e . The p o t e n t ia l  o f  t h is  scheme 

hinges, on reducin g  e le c tro d e  wear to  an ac ce p ta b le  le v e l  b y  keep ing  

the  a rc  in  con sta n t m o tio n . The e le c tro d e  wear on th e  w a ysid e  power 

r a i l  shou ld  be low  due to  th e  h ig h  v e h ic le  speeds in v o lv e d , b u t the  

wear o f  the  onboard e le c tro d e  p re s e n ts  an a d d it io n a l p rob lem . Techniques 

f o r  re d u c in g  onboard e le c tro d e  w ear a re  b e in g  in v e s t ig a te d  [1 0 ] .

The e le c tro d e  wear problem  i s  d i f f i c u l t ,  i f  n o t im p o s s ib le ,.to  

hand le  a n a ly t ic a l l y ,  and a s ig n i f ic a n t  developm ent e f f o r t  w i l l  be 

re q u ire d  to  p ro v id e  the e m p ir ic a l data n ecessa ry  to  e v a lu a te  f e a s i b i l i t y  

f o r  HSGT a p p lic a t io n s .

A d d it io n a l problem s such as th a t  o f  sup p re ssin g  a rc  e x t in c t io n  

b y  w ind g u s ts ,  w i l l  a l l  re q u ire  e x te n s iv e  exp e rim e n ta l s tu d ie s  

and f i e l d  t e s t s .  '
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4.0 REPULSION MAGLEV

Hardware s tu d ie s  o f  re p u ls io n  m aglev system s are  ju s t  now coming to  

a s c a le  w hich  a llo w s  the e v a lu a tio n  o f  a system , ra th e r  than ju s t  

components. These hardware e f f o r t s  a re  be in g  in i t ia t e d  by the Japanese 

N a tio n a l R a ilro a d  in  Japan where a 7 km te s t  tra c k  a t M iya za k i i s  b e in g  

c o n s tru c te d  f o r  a 500 km/hr v e h ic le ,  and to  a le s s e r  degree b y  PM in  the 

FRG a t  E rla n g e n  where a 200 km/hr v e h ic le  t r a v e ls  a 280 m c i r c u la r ,  

banked, t e s t  t ra c k . The JNR v e h ic le  w i l l  be th e  f i r s t  and o n ly  re p u ls io n  

m aglev v e h ic le  to  be com p lete ly  le v it a t e d  and p ro p e lle d  w ith  EDS suspension  

and LSM combined p ro p u ls io n / g u id a n c e . The LSM tra c k  w in d in g  f o r  th e  FRG 

v e h ic le ,  now b e in g  in s t a l le d ,  w i l l  be used o n ly  f o r  p ro p u ls io n .

A lth o u g h  con ceptua l v e h ic le s  abound on paper ( i n  the U . S . ,  Canada,

FRG, F ra n c e , B r i t a in ) ,  the  assum ptions used c a l l  f o r  e x te n s iv e  v e r i f i c a t i o n .  

There  a re  th re e  m ajor areas in  w h ich  v e r i f i c a t i o n  i s  re q u ir e d ; th e y  a r e :

a . developm ent o f  c ryo g en ic  hardware

b . developm ent o f  LSM

c . c o n t r o l  o f  v e h ic le  dynam ics.

F o r the most p a r t ,  the e x is t in g  con ceptua l desig n s  r e l y  h e a v i ly  

on s p e c u la t io n  in  these th re e  a re a s , hence th e  e x te n t o f  v a l i d i t y  o f  

these d e sig n s  i s  open to  q u e s tio n . Due to  th e  e x te n s iv e  im pact on system  

desig n  o f  th ese  ite m s , i t  i s  more im p o rta n t to  assess the  o v e r a l l  

p ro g re s s  tow ards t h e i r  s o lu t io n  than to  s c r u t in iz e  the  e x is t in g  con­

c e p tu a l design s  on a one by one b a s is . S e ctio n s  4 .1  to  4 .6  w i l l  

th e re fo re  address the  p rog ress  o f  w orldw ide  re se a rc h  in  these c r i t i c a l  

a re a s , r a t h e r  than  compare o r  e va lu a te  v a r io u s  con ceptua l d e s ig n s .

There  i s  too much u n c e r ta in ty  in  o v e r a l l  d e sig n s  to  a llo w  d e ta ile d  

* com parisons. T h is  is  an im p orta n t p o in t ,  and i t  a ls o  p re c lu d e s  com parison
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between EMS and EDS systems somewhat, because EDS hardw are d e sig n s  (EDS + LSM) 

have n ot y e t  been v a lid a te d  to  th e  degree EMS systems (EMS + LIM ) have .

4 .1  Suspension System

Suspension f o r  the v e h ic le  i s  o b ta in e d  b y  means o f  th e  re p u ls io n  

fo rc e  induced on onboard SCMs as th e y  a re  p ro p e lle d  a long  a conducting  

guidew ay. T h is  is  termed the EDS suspe n s io n ; schemes in v e s t ig a te d  to  

date  f a l l  in to  th re e  c a te g o rie s

• norm al f lu x  (uses a s in g le  magnet)

• n u l l  f lu x  (uses two m agnets, one on each s id e  o f the t ra c k )

• d if fe re n c e  f lu x  (uses a n u l l  f l u x  tra c k  lo o p  c o n n e ctio n )

E it h e r  sheet o r  c o i l  tra c k s  can be used f o r  the norm al and n u l l  

f l u x  c o n f ig u ra t io n s , but the d if fe re n c e  f l u x  c o n f ig u ra t io n  re q u ire s  an 

in v e rs e  p a i r  arrangem ent o f  t ra c k  lo o p s  o r  v e h ic le  c o i l s .  The d if fe re n c e  

f l u x  scheme i s  a typ e  o f n u l l  f l u x  c o n f ig u r a t io n , th e  d is t in c t io n  i s  

emphasized h e re in  because the a n a ly s is ,  perform ance and hardw are 

im plem entation  o f  these two schemes i s  somewhat d is t in c t .

A lth oug h  the  norm al f l u x  c o n f ig u r a t io n  i s  e a s ie r  to  im plem ent in  

th e  hardw are sense, n u l l  f l u x  and d if fe re n c e  f l u x  methods gained a t te n t io n  

due to  t h e i r  prom ise o f  decreased m agnetic d ra g . A n a ly s is  has confirm ed  

th a t  the n u l l  f lu x  and d if fe re n c e  f l u x  system s do o f f e r  reduced d ra g , but 

has a ls o  id e n t i f ie d  the fo l lo w in g  t r a d e o f fs  compared to  the  norm al f lu x  

system ;

a . For b oth  n u l l  and d if fe re n c e  f lu x  schemes the SCM e x c it a t io n  
c u rre n ts  must be h ig h e r , hence the  magnet d e s ig n  i s  com plicated  
and the s iz e  and w e ig h t o f  each SCM c o i l  in c re a s e s . ( In  
a d d it io n  to  the la r g e r  c o i l  c ro ss  s e c tio n  re q u ire d , in t e r n a l  
c o i l  fo rc e s  r i s e  w ith  th e  square  o f  the o p e ra tin g  MMF
(a m p -tu rn s ) ,  r e q u ir in g  a d d it io n a l  m echanical s u p p o rt .)

b . Tw ice as many onboard SCMs a re  re q u ire d  f o r  the n u l l  f lu x  
scheme. Twice the  number o f  t ra c k  c o i ls  a re  re q u ire d  f o r  the 
d if fe re n c e  f l u x  system . T h is  p re s e n ts  a ve h ic le / g u id e w a y 
hardware t r a d e o f f .

86



c . The suspension  system  s t i f f n e s s  i s  c h a r a c t e r is t ic a l l y  h ig h e r , 
w h ich  can be e it h e r  advantageous o r  n o t , depending on th e  
c ircum sta nces.

In  g e n e ra l i t  i s  necessary to  op e ra te  the n u l l  and d if fe re n c e  f lu x  

systems about a ze ro  b ia s  to  take p r a c t ic a l  advantage o f  the reduced d ra g . 

T h is  i s  most com patib le  w ith  the l a t e r a l  guidance fu n c t io n , ra th e r  than 

v e r t i c a l  l i f t ,  s in c e  th e  l i f t  system  must s u p p ly  the  la rg e  b ia s  o f  the  

g r a v i t y  lo a d . T h is  has a p p a re n tly  le d  to th e  re c e n t emphasis (1975-1977) 

on " h y d r id "  systems u t i l i z i n g  norm al f lu x  f o r  l i f t  and d if fe re n c e  f lu x  

f o r  g u idan ce .

As re g a rd s  choosing  one c o n f ig u ra t io n  o ve r a n o th e r , each system  has 

i t s  own c h a r a c t e r is t ic  advantages and d isa d va n ta g es . The im p o rta n t p o in t  

i s  to  be f a m i l ia r  w ith  the s ta tu s  o f  th e  e x is t in g  knowledge about each 

system  so th a t  v a l i d  com parisons can be made f o r  a s p e c if ic  con ceptua l 

d e s ig n  and a p p lic a t io n . The th e o ry  f o r  a l l  these c o n f ig u ra t io n s  i s  

w e l l  advanced, as w i l l  be d iscu ssed  in  the fo llo w in g  s e c t io n s . F u rth e r 

developm ent o f  the cryo g en ic  hardw are, how ever, w i l l  be re q u ire d  b e fo re  

c le a r  c u t ch o ices  can be made f o r  a s p e c if ic  a p p l ic a t io n .

S p e c if ic  perform ance com parisons and s e le c t io n s  between these  

th re e  system s (n o rm a l, n u l l ,  d i f fe re n c e )  a re  f re q u e n t ly  made, b u t such 

com parisons must be c r i t i c a l l y  exam ined. One must keep the  t r a d e o ffs  

in  m ind. Th ere  i s  a b a s ic  v e h ic le / t ra c k  t ra d e o ff  between th e :

• in s t a l le d  c o s t  o f  t ra c k  c o n d u c to r, and the

• c o s t  o f  the onboard SCMs and a sso c ia te d  c ry o g e n ic s .

T h is  t r a d e o f f  in v o lv e s  the  com plete system , w hich  cannot be d e fin e d  

w ith o u t  knowing the  s p e c if ic  a p p l ic a t io n . F o r exam ple, the  d e c is io n  

as to  w hether o r  n o t i t  i s  cost  e f f e c t iv e  to  In c re a se  the  onboard SCM 

c o s ts  to  decrease th e  guideway conductor costs  w i l l  depend on th e  number 

o f  v e h ic le s ,  hence the t r a f f i c  d e n s it y  in v o lv e d .
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R ath er than id e n t i f y  c h o ic e s , param eter s tu d ie s  o f v a r io u s  schemes 

can o n ly  he used to  d e fin e  the  t r a d e o f fs  as b e s t p o s s ib le . A system  

can o n ly  be chosen when the a p p lic a t io n  ( r o u t e / t r a f f ic  d e n s it y ,  e t c . )  

i s  co m p le te ly  d e fin e d . Com parisons, f re q u e n t ly  made f o r  f ix e d  drag 

r a t io  o r  f ix e d  guideway co n d u c to r, a re  n o t s u f f ic ie n t  s in c e  any o f 

the  fo llo w in g  v a r ia b le s

• c o i l  e x c ita t io n  (su p erco n d u c to r w e ig h t)

• tra c k  w eig h t (guidew ay co n d u c to r c o s t )

• c o i l  to p o lo g y  (c ry o s t a t  hardw are prob lem s)

• c le a ra n ce  ( s a f e t y / r e l i a b i l i t y )

can be used to  v a ry  the fo llo w in g  perform ance param eters

• l i f t

• drag

• o v e r a l l  c ryo g e n ic  req u irem ents

In  g e n e ra l, com parisons between system s based on a g ive n  l i f t  to  drag 

r a t io  w i l l  y ie ld  d i f f e r e n t  c o i l  e x c ita t io n s  and tra c k  w e ig h ts , and 

m ere ly  d e fin e  a SCM h ardw are/track  c o s t  t r a d e o f f ;  b u t these com parisons 

do not e x p l i c i t l y  id e n t i f y  a c h o ic e . C le a r -c u t  d e c is io n s  a re  d i f f i c u l t  

to  make u n le s s  th e  perform ance c o s t s  o f  th e  com plete system  can be c le a r l y  

d e fin e d . T h e re fo re , th e  in t e n t  o f  the  fo l lo w in g  s e c tio n s  w i l l  n o t be to  

compare these  system s, b u t to  address th e  e x te n t o f  v a l id a t io n  o f  the  

a n a ly t ic a l  models used in  the d e s ig n  o f  a con ceptua l system .

4 .1 .1  Norm al F lu x

Suspension fo rc e s  fo r  a norm al f l u x  m aglev c o n f ig u ra t io n  are  

obta ined  as the onboard SCMs t ra v e rs e  a con ductin g  guideway and r e p u l­

s io n  fo rc e s  a re  se t up by the induced eddy c u rre n ts . The guideway 

conductor can be e it h e r  a con tin u ous s h e e t, a la d d e r , o r  an a r ra y  o f 

c o i l s .  Numerous norm al f lu x  SCM/ t ra c k  geom etries have been s tu d ie d , b u t
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th e y  can be d iv id e d  in t o  th re e  m ajor c a te g o rie s , depending on the 

t ra c k  c o n f ig u ra t io n . These a re  th e

• s in g le  tra c k

• co rn e r guideway

• double  tra c k  ( s p l i t  guidew ay)

In  the s in g le  tra c k  system  th e  v e h ic le  c o i l  t ra v e rs e s  a f l a t  g u id e ­

way c o n d u c to r. O n ly  th e  norm al fo rc e  i s  u s e fu l f o r  su sp e n s io n , s in c e  

the t ra n s v e rs e  fo rc e  (due to  the f i n i t e  guideway w id th ) i s  d e s t a b i l i z in g .

The u s u a l arrangem ent c o n s is ts  o f  2 rows o f v e h ic le  c o i l s ,  one on each 

s id e  o f  th e  v e h ic le ,  and two p a r a l le l  guideway c o n d u c to rs , one under 

each s id e  o f  the  v e h ic le .  T h is  scheme, used to  p ro v id e  l i f t  o n ly ,  i s  

b e in g  developed in  Canada, the FR6, and Japan. The Canadian I n s t i t u t e  

o f  G uided Ground T ra n s p o rt  and th e  PM a re  s tu d y in g  the sheet t ra c k  ca se , 

whereas JNR i s  s tu d y in g  the c o i l  t ra c k  case . T h is  s in g le  t ra c k  c o n fig u ra ­

t io n  has been e x te n s iv e ly  in v e s t ig a te d , b oth  a n a ly t ic a l l y  and e x p e r im e n ta lly , 

and i s  w e l l  understood  [11 -13] .

A scheme f o r  o b ta in in g  b o th  l i f t  and guidance from  a s in g le  

SCM i s  th e  use o f  a c o m e r , o r  "L  shaped" guideway s u rfa c e . T h is  scheme 

has been in v e s t ig a te d  b oth  a n a ly t ic a l l y  and e x p e rim e n ta lly  b y  F o rd , 

where a h a t-sh a p e d  guideway p ro v id e s  c o m e rs  a t each s id e  o f th e  v e h ic le  

f o r  l i f t  and guidance [14] .  A lth o u g h  developm ent o f  t h is  scheme ended in  

Ja n u a ry  1975 w ith  the  te rm in a tio n  o f  th e  Ford  w ork , i t  was shown to  be a 

fe a s ib le  o p t io n .

The do u b le  t ra c k , o r  " s p l i t  g u idew ay", c o n s is ts  o f  two guideway 

tra c k s  f o r  each v e h ic le  c o i l .  The guideway tra c k s  a re  p a r a l l e l ,  w ith  

t h e i r  l i n e  o f  s e p a ra tio n  ru n n in g  under the c e n te r l in e  o f  the  v e h ic le  

c o i l  i n  the  lo n g it u d in a l  d i r e c t io n .  T h is  guideway p ro v id e s  a s t a b i l i z in g  

l a t e r a l  fo rc e , in  c o n tra s t to  th e  s in g le  tra c k  guidew ay, hence i t  can be
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used f o r  b o th  l i f t  and g u idan ce . T h is  scheme has been in v e s t ig a te d  

in  th e  US a t  MIT ("M agneplane") [ 1 5 ] ,  and i n  England a t  th e  U n iv e r s it y  o f  

Warwick (W olfson  P r o j e c t )  [16] in  sm a ll s c a le  hardw are s tu d ie s , and in  

Canada a t the CI6GT [17] in  a con ceptua l d e s ig n  s tu d y .

The magneplane v a r ia t io n  uses a s p l i t  trou g h -sh a p ed  guideway w ith  

a s in g le  row o f  la rg e  sadd le -sh aped  SCMs a lo n g  th e  u n d e rs id e  o f  the  

v e h ic le  body. The U n iv e r s it y  o f  Warwick d e s ig n  uses two p a r a l le l  f l a t  

tra c k s  and a f l a t  v e h ic le  c o i l .

In  c o n tra s t  to the MIT and U n iv e r s i t y  o f  W arwick d e s ig n s , the C1GGT 

d id  n ot s tu d y  t h is  c o n f ig u ra t io n  f o r  p rim a ry  means o f suspe n s io n , b u t 

an a lyze d  i t  as a backup means o f  o b ta in in g  a d d it io n a l  gu idance . In  

th e  CIGGT d e s ig n , the  l i f t  tra c k s  a re  un der th e  two s id e s  o f  the  v e h ic le ,  

and the LSM p ro p u ls io n  c o l ls  a re  under the  c e n te r o f  th e  v e h ic le .  F o r 

la rg e  la t e r a l  d isplacem ents th e  LSM c o i ls  re a c t  a g a in s t the l i f t  tra c k s  

to  p ro v id e  guidance fo rc e s  in  a manner analogous to  th e  s p l i t  guidew ay 

case.

4 .1 .2  N u l l  F lu x

N u l l  f l u x  schemes a re  n o t b e in g  a c t i v e ly  pursued a t  t h is  tim e f o r  l i f t ,  

a lth o u g h  th e y  have been v ig o r o u s ly  In v e s t ig a te d  from  an a n a ly t ic a l  and 

exp e rim e n ta l s ta n d p o in t [1 1 -1 2 ] .  E xp e rim e n ta l work has been done a t  

Siemens on a ro t a t in g  wheel ( f o r  sheet t ra c k s ) [ 1 3 ] ,  and in  Japan [18] .

F or the  purposes o f  e v a lu a tin g  c o n ce p tu a l d e s ig n s , the e x is t in g  

e le ctro m a g n e tic  models can be co n s id e re d  v a l id a t e d .  The d e c is io n  as to  

whether o r  not the in c re a se  in  SCM c o m p le x ity  a s s o c ia te d  w ith  n u l l  

f l u x  schemes i s  c o s t  e f f e c t iv e  f o r  the  drag  power s a v in g s  must depend 

on o v e r a l l  system  c o n s id e ra t io n s , hence i s  a p p lic a t io n  s p e c i f ic .

A t t h is  tim e , i t  appears th a t  the n e ce ssa ry  d o u b lin g  o f  onboard SCM 

requirem ents w i l l  o f f s e t  the g a in  in  lo w e rin g  the  drag power.
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4 .1 . 3  D if fe re n c e  F lu x

D if fe re n c e  f l u x  schemes have re c e n t ly  re c e iv e d  w ide a t t e n t io n .

They a re  now be in g  a p p lie d  to  th e  problem  o f  l a t e r a l  guidance [1 7 ,1 9 ] .

In  the  e a r ly  1970’ s JNR conducted c o n s id e ra b le  re s e a rc h  In to  

u s in g  a d if fe re n c e  f l u x  scheme f o r  l i f t i n g  p u rp o se s . T h is  re se a rch  

c o n s is te d  o f  a n a ly t ic a l  and ro t a t in g  wheel s tu d ie s  as w e l l  as the  

developm ent o f  a l i g h t  w e ig h t, low  lo s s  c ry o s ta t  s p e c i f i c a l l y  f o r  t h is  

a p p l ic a t io n . T h is  c ry o s ta t  was dubbed the W -l ,  o r  w ing typ e  c r y o s t a t .  

T h is  developm ent has te rm in a te d , as JNR i s  no lo n g e r d e ve lo p in g  t h is  

concept f o r  a p p lic a t io n  to  l i f t .

The CIG6T, Siemens and JNR a re  now a c t iv e ly  c o n s id e rin g  v a r io u s  

d if fe re n c e  f l u x  schemes f o r  la t e r a l  gu idance, making use o f  the onboard 

LSM SCMs f o r  combined p ro p u ls io n / g u id a n c e .

In  th e  case o f  CIGGT, t h is  scheme i s  c o n s id e re d  f o r  a p p lic a t io n  in  

p ro v id in g  guidance f o r  the f l a t  t ra c k . The CIGGT fe e ls  a f l a t  t ra c k  

i s  a n e c e s s ity  due to the  w in te r  snow and ic e  c o n d it io n s  in  Canada.

The scheme, w hich was proposed by A th e rto n  and Eastham a t  th e  CIGGT 

in  1974, uses p a s s iv e  f ig u r e  8 lo o p s  p laced  in  the  guidew ay (on top 

o f  th e  a c t iv e  LSM p ro p u ls io n  w in d in g ) . The guidance fo rc e s  a re  ob ta in ed  

b y  a d if fe re n c e  f l u x  in t e r a c t io n  between the LSM SCMs- and th e  f ig u r e  8 

lo o p s . T h is  scheme has now drawn the a t te n t io n  o f  th e  EDS group a t 

Siem ens, in  the  FRG. The a n a ly t ic a l  and e xp e rim e n ta l w ork done by 

CIGGT is  now b e in g  p ick ed  up a t Siemens, where a d d it io n a l  a n a ly t ic a l  work 

has been done, and r o t a t in g  wheel experim ents a re  p lanned f o r  1977.

In  MlTRE’ s o p in io n , the s t a t e  o f  a n a ly t ic a l  w o rk , w ith  some 

e x p e rim e n ta l s u p p o rt , i s  adequate to  show th a t re a so n a b le  guidance 

fo rc e s  can be g e n e ra te d . However, the an a lyses  conducted to  date  

have n o t f u l l y  c o n s id e re d  the  o v e r a l l  v e h ic le  dynam ics. I t  w i l l  be
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JNR i s  in v e s t ig a t in g  another typ e  o f  d if fe re n c e  f l u x  c o n f ig u ra t io n , 

one w hich makes use o f  a d if fe re n c e  f l u x  con n e ctio n  between the LSM 

tra c k  w in d in gs [20 ] .  I t s  in v e s t ig a t io n  i s  b e in g  purused on the in v e r t e d -T  

t ra c k  a t M iya sa k i. In  t h is  scheme th e  LSM i s  d iv id e d  in to , 2 p a r a l le l  

m achines, one along  each s id e  o f  the  v e h ic le .  Whereas the CIGGT and Siemens 

design s use t ra c k  lo o p s  ( f ig u r e  8 lo o p s ) in  a d d it io n  to  an LSM w in d in g  

f o r  th e  g e n e ra tio n  O f guidance fo rc e s , th e  JNR d e s ig n  connects the two 

LSM w ind ings in to  a d if fe re n c e  f lu x  c o n f ig u r a t io n , p ro v id in g  guidance 

fo rc e s  w ith o u t r e q u ir in g  a d d it io n a l  t ra c k  lo o p s . The r e s u lt s  o f  the 

t e s t s  a t  the  M iya za k i t e s t  t ra c k  w i l l  be a v a lu a b le  means fo r  e v a lu a tin g  

t h is  scheme.

T h is  re c e n t tre n d  tow ards in t e g ra t in g  p ro p u ls io n  and guidance, appears 

p ro m is in g  f o r  two re a so n s :

• low e r m agnetic d rag  power

• s im p le r o v e r a l l  ve h ic le / g u id e w a y d e sig n

The d if fe re n c e  f lu x  l a t e r a l  guidance scheme reduces the m agnetic 

drag  power compared to  a norm al f l u x  c o n f ig u r a t io n . The in te g ra t io n  

o f  p ro p u ls io n  and guidance a llo w s  b oth  fo rc e s  to  be developed on th e  same 

guideway s u rfa c e , s im p li f y in g  th e  v e h ic le  as w e l l  as the .guidew ay.

4 . 1 . 4  Sheet T ra ck  v s .  C o i l  T ra ck

The conducting  t ra c k  f o r  norm al o r  n u l l  f l u x  schemes may be implemented 

u s in g  e it h e r  a s h e e t, a la d d e r , o r  a l in e a r  a r ra y  o f  c o i l s .  Th ere  i s  s t i l l  

some u n c e rta in ty  as to  w hich i s  p re fe r a b le ,  b u t t h is  i s  n ot a v i t a l  is s u e  

f o r  EDS system s, as th e  replacem ent o f  one t ra c k  b y th e  o th e r  i s  r e l a t i v e l y  

easy— o n ly  m inor guidew ay.m o d if ic a t io n s  w ould need to  be done. The 

proponents o f  th e  c o i l  t ra c k  f e e l  i t  has th e  advantage o f  g re a te r design

necessary to conduct additional vehicle dynamical modeling and experiments

to confirm.the potential and safety of the flat track configuration.
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f l e x i b i l i t y ,  s in c e  th e re  a re  more param eters to  v a r y .  The c r i t i c s  o f  the 

c o i l  t ra c k  th in k  no o v e r a l l  improvement can be r e a l iz e d  b y v a ry in g  these 

param eters.

F or the purpose o f  an assessm ent, e it h e r  o f  th e  schemes w i l l  w ork , 

and a l l  a re  com patib le  w it h  e s s e n t ia l ly  Id e n t ic a l  v e h ic le  and guideway 

to p o lo g y . T h e re fo re , th e  f i n a l  d e c is io n  can be postponed pending a 

f i n a l  system  o p t im iz a t io n . F or th e  tim e b e in g , th e  more c r i t i c a l  is s u e  

i s  th a t o f th e  to p o lo g y  o f  the suspension c o n f ig u ra t io n  chosen, as b o th  

the v e h ic le  and guideway desig n  a re  s e n s it iv e  to  i t .

An assessment o f th e  perform ance o f each scheme shou ld  aw ait the 

com pletion  o f th e  con ceptua l design  system  s tu d ie s  now underway in  

Japan. For th e  tim e b e in g , i t  i s  o n ly  im p orta n t to  be cog n iza n t o f  th e  

d i f f e r e n t  o p tio n s  th a t .h a v e  been proposed, and th e  le v e l  o f a n a ly t ic a l  

and exp erim en ta l work th a t  has been accom plished.

4.2  P ro p u ls io n  System

The QFAN has been in v e s t ig a te d  by F ord  as a p ro p u ls io n  o p tio n  

f o r  the EDS system . F o r n ear term  system  im p le m e n ta tio n , Ford  suggested 

d r iv in g  the  fa n  w ith  a gas tu rb in e . The s t a t e  o f  knowledge f o r  t h is  

scheme i s  w e ll  e s ta b lis h e d  by the  a i r c r a f t  in d u s t r y ,  w ith  the e xce p tio n  

th a t fu r t h e r  developm ent o f n o is e  su p p ression  tech n iq u es  a re  b e in g  

con s id ered  f o r  th e  HSGT a p p lic a t io n . A t t h is  tim e , how ever, o n ly  the 

a i r  co re  LSM is  b e in g  a c t iv e ly  pursued as a p ro p u ls io n  system  f o r  the  

EDS system . E a r l ie r  s tu d ie s  o f  the LIM f e l l  b y  the  w ayside  as a r e s u l t  

o f  the b a s ic  in c o m p a t ib i l i t y  o f  the sm a ll gap n e c e s s ita te d  f o r  the LIM 

compared to  the la rg e  gap t y p ic a l  fo r  EDS suspension  schemes. Both the 

s ta tu s  o f  the-QFAN and the LSM w i l l  be addressed in  t h is  s e c t io n .
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4 .2 .1  QFAN

Ford Issu e d  a su b c o n tra c t to  H am ilton  Standard to  address the 

Is su e s  o f n o ise  and p o l lu t io n  f o r  a QFAN, The r e s u lt  o f  t h is  stu d y 

in d ic a te d  th a t i t  i s  l i k e l y  th a t  a QFAN d r iv e n  EDS v e h ic le  w i l l  be 

n o is ie r  than an LSM d r iv e n  v e h ic le ,  b u t the  aerodynam ic n o is e  o f the 

v e h ic le  s h e l l  I t s e l f  m oving a t  h ig h  speed i s  so g re a t th a t  the  QFAN 

n o is e  may n ot be s ig n i f ic a n t  a t  c r u is e . E stim ates v a r y  from  80-100 dBA 

(a t  15 m) f o r  th e  b a re -b o d y  aerodynam ic n o is e  whereas p re d ic t io n s  f o r  

th e  n o is e  o f th e  QFAN i t s e l f  ( t o  d r iv e  a s in g le  450 kN v e h ic le  a t  135 m/s) 

a re  86 dBA (o r  le s s  w ith  fu r t h e r  developm ent).^1 More d e f in i t i v e  w ork, 

how ever, i s  re q u ire d  b e fo re  c o n c lu s io n s  can be drawn as to  the o v e r a l l  

n o is e  o f  these HSGT v e h ic le s .  . . v •

The petro leum  fu e l  powered QFAN has an in h e re n t  w ayside  p o l lu t io n  

problem — one e n v is io n s  the  om issions o f  a stream  o f  a i r c r a f t - t y p e  

engines a t  s h o rt  headways c o n s ta n t ly  p o l lu t in g  th e  HSGT r ig h t  o f  way.

The h ig h  t r a f f i c  d e n s it ie s  re q u ire d  to  j u s t i f y  HSGT system s in s u re  

heavy le v e ls  o f  e m iss io n s . The o v e r a l l  p o l lu t io n  p rob lem , o f  c o u rs e , i s  

s u b je c t iv e  in  th a t th e  f o s s i l  f u e l/ e le c t r ic  p ro p u ls io n  o p tio n  tra d e s  

w ayside p o l lu t io n  (a lo n g  th e  t ra c k )  f o r  c e n t r a l iz e d  p o l lu t io n  (a t  the 

g e n e ra tin g  p l a n t ) .

F ord  con sidered  a r o t a r y  e le c t r ic  m otor (REM) d r iv e n  fa n  to  s o lv e  the 

problem s o f  w ayside p o l lu t io n .  (A  w ayside  power c o l le c t o r  would be 

r e q u ir e d .)  T h is  scheme, how ever, cannot be co n s id e re d  w e l l  developed a t 

t h is  tim e. C o n ven tio n a l REMs a re  too b u lk y  and h e a vy f o r  the  power le v e ls  

re q u ire d  f o r  such a system . I n  fa c t ,  the Ford  re p o r t  ru le d  them out and 

used p re d ic te d  w eights  f o r  supercondu ctin g  REMs. Developm ent o f  l ig h tw e ig h t  

superconducting  REMs a t  th e  a p p ro p r ia te  power l e v e l ,  f o r  a m obile  a p p lic a ­

t io n ,  would e n t a i l  a m ajor developm ent e f f o r t ,  as w i l l  be d iscu sse d  in  

S e c tio n  5 . 1 . 1 . 2 .  In  M ITR E's o p in io n , the p o s s ib le  b e n e f i t s  o f  such a system  

do n ot appear to  j u s t i f y  such a m ajor developm ent program  a t  t h is  tim e .

e n o ise  can be low ered  a t  the cost  o f  m otor e f f ic ie n c y .
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In  any case ,  advanced p ro p u ls io n  systems a re  g e n e r a lly  promoted f o r  

t h e i r  p o t e n t ia l  to  reduce the  n e g a tive  o v e r a l l  e n viro n m e n ta l im pact o f  

a l t e r n a t iv e  form s o f  t ra n s p o r ta t io n , and the  gas tu rb in e  has n o t drawn 

fu r t h e r  a t te n t io n  to  d a te .

4 .2 .2  LSM

A lth o u g h  th e  emphasis o f  th is  re p o r t  i s  on su spe n s io n , n ot p ro p u ls io n  

system s, th e  in t e g r a t io n  o f  la t e r a l  guidance and p ro p u ls io n  in  the  LSM 

makes the p ro p u ls io n  system  an in t e g r a l  p a r t  o f  the suspension  system .

In  a d d it io n , th e  c o n s id e ra b le  s iz e  and w eight o f  th e  p ro p u ls io n  system  

make i t  a m ajor p a r t  o f the o v e r a l l  con ceptua l d e s ig n .

A t p re s e n t, s e v e ra l in te g ra te d  la t e r a l  g u id a n c e / p ro p u ls io n  systems 

have been p roposed , b u t o n ly  the d if fe re n c e  f l u x  method u t i l i z i n g  two 

p a r a l le l  LSM v e h ic le  c o i l  a rra y s  and a d if fe re n c e  f l u x  LSM tra c k  w in d in g  

con n ection  has been te s te d  on a v e h ic le .  T h is  concept has been s tu d ie d  

by JNR s in c e  1973 w ith  ro t a t in g  wheel t e s t s .  I t  has a ls o  been t e s te d  on 

JN R 's  ML-100A to  speeds o f  60 km/hr, and w i l l  be in c o rp o ra te d  in  the 

M iya za k i t e s t  v e h ic le ,  the ML-500.

The LSM p ro p u ls io n / g u id a n c e  system  a f f e c t s  the  o v e r a l l  v e h ic le  

desig n  c o n s id e ra b ly , s in c e  the onboard v e h ic le  SCM c o n f ig u ra t io n  and 

c ryo g e n ic  req u ire m e n ts  as w e ll  as th e  guideway geom etry a re  s e n s it iv e  

to  the c o n f ig u r a t io n  chosen. In  c o n tra s t to  the EMS system , the EDS 

system guidew ay shape i s  s t i l l  open to  c o n s id e ra b le  changes. F o r exam ple, 

the C16GT and Siemens a re  p roposin g  f l a t  topped guideways whereas JNR is  

s tu d y in g  in v e r t e d -t e e  and U -channel shapes. Q d .1  th re e  a re  u s in g  v a r ia t io n s  

o f an LSM w ith  a d if fe re n c e  f lu x  t ra c k  w in d in g  con n e ctio n  f o r  combined 

p ro p u ls io n / g u id a n c e . )
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U n t i l  the  p ro p u ls io n / g u id a n c e  c o n f ig u ra t io n  i s  more c le a r l y  determ ined, 

re p u ls io n  maglev conceptual d e sig n s  w i l l  r e f le c t  a w ide  degree o f v a r ia ­

b i l i t y  and s p e c u la t io n .

I t  i s  u s e fu l to  note  th a t  th e  v e r t i c a l  member o f  th e  in v e r t e d -t e e  

tra c k  a t M iyazak i was planned to  be dem ountable, so th a t  o th e r  guideway 

and v e h ic le  shapes can be t e s t e d .  T h is  r e f le c t s  th e  v a r i a b i l i t y  in  

guideway c o n f ig u ra t io n  th a t  pervades th e  w orldw ide  re s e a rc h .

In  a d d it io n , s h ie ld in g  the passengers from  the LSM m agnetic 

f i e l d s ,  i f  found to  be n e c e s s a ry , w i l l  have; s tro n g  v e h ic le  d e s ig n  

im p lic a t io n s , adding  more u n c e r ta in ty  to  the  con ceptua l desig n s  p resen ted  

to  d a te . M agnetic s h ie ld in g  i s  d iscu sse d  in  fu r t h e r  d e t a i l  in  S e c tio n  5 .0 ,  

as i t  i s  con sidered  more a system  problem  than a component prob lem .

A t the  p re se n t tim e, LSM a n a ly s is  i s  a t  the p o in t  where th e  b a s ic  

p ro p u ls io n  system  t ra d e o ffs  a re  w e l l  u n d e rs to o d , and con firm ed  b y 

experim en t. These a re :

• power fa c to r

• e f f ic ie n c y

• s iz e  o f  t ra c k  w indings

• stage  le n g th

• t h r u s t

• e x c it a t io n  freq u en cy

System s tu d ie s  have been com pleted f o r  s in g le  v e h ic le  system s, b u t 

a p p a re n tly  none as y e t  f o r  t ra in e d  v e h ic le s .  System s tu d ie s  o f 

t ra in e d  v e h ic le s  a re  now underway a t  JNR.

The e lectrom ag n etic  p ro p e r t ie s  o f  such systems have been q u ite  

th o ro u g h ly  in v e s t ig a te d , and e x p e rim e n ta lly  v e r i f i e d  f o r  c ru is e
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c o n d i t i o n s .  T h e  c r i t i c a l  a r e a s  w h i c h  n e e d  f u r t h e r  a n a l y t i c a l  w o r k  b e f o r e  

t h e  L S M  c a n  b e  c o n s i d e r e d  a d e q u a t e l y  d e s c r i b e d  f o r  c o n c e p t u a l  d e s i g n  

p u r p o s e s  a r e :

•  c o n t r o l  o f  t h e  L S M  ( i n c l u d i n g  v e h i c l e  d y n a m i c s  a n d  p e r f o r m a n c e  

o v e r  f a u l t s )

•  d y n a m ic  ( a c c e l e r a t i o n  a n d  b r a k i n g )  p e r f o r m a n c e

•  c o n s i d e r a t i o n s  o f  v e h i c l e  m o t i o n  o n  L S M  p e r f o r m a n c e

S i n c e  t h e  L S M  c o n s i s t s  o f  a  p a s s i v e  v e h i c l e  ( w i t h  a n  a r r a y  o f  

S C M s )  t h a t  a r e  " p u l l e d "  a l o n g  b y  t h e  t r a v e l i n g  w a v e  o h  t h e  p o w e r e d  

t r a c k ,  w a y s i d e  c o n t r o l  o f  t h e  c l o s e d  l o o p  r e s p o n s e  i s  a  c r i t i c a l  i s s u e .  

T h i s  w o r k  i s  b e i n g  p u r s u e d  I n  1 9 7 7  b o t h  b y  J N R  [ 2 1 ]  a n d  S i e m e n s  [ 2 2 ] ,  

a n d  d e s e r v e s  c l o s e  a t t e n t i o n .  A n  a s p e c t  o f  L S M  c o n t r o l  w h i c h  M IT R E  

b e l i e v e s  n e e d s  r e s e a r c h  I n v o l v e s  t h e  L S M  p e r f o r m a n c e  w h e n  t h e  v e h i c l e  

t r a v e r s e s  a n  e l e c t r i c a l  f a u l t  i n  t h e  t r a c k  w i n d i n g .  S i e m e n s  h a s  

r e p o r t e d l y  d o n e  a n  a n a l y s i s  o f  t h e  t r a n s i e n t  f o r c e s  i n  o r d e r  t o  i n s u r e  

s a f e  L S M  o p e r a t i o n  o v e r  f a u l t s .  E x p e r i m e n t s  h a v e  y e t  t o  b e  c o n d u c t e d .

T h e  d y n a m ic  p e r f o r m a n c e  o f  t h e  L S M  c o n c e r n i n g  a c c e l e r a t i o n  a n d  

b r a k i n g  p e r f o r m a n c e  i s  n o t  w e l l  u n d e r s t o o d  a t  t h i s  t i m e .  F u r t h e r  

r e s e a r c h  i n  t h i s  a r e a  i s  a l s o  c a l l e d  f o r .

I n  a d d i t i o n  t o  t h e  a b o v e ,  f u r t h e r  w o r k  n e e d s  t o  b e  d o n e  c o n c e r n i n g  

t h e  p e r f o r m a n c e  ( t h r u s t ,  p o w e r  f a c t o r ,  e t c . )  o f  t h e  L S M  a s  i t  u n d e r g o e s  

h e a v e ,  r o l l ,  p i t c h ,  y a w ,  a n d  s w a y  m o t i o n s  w i t h  t h e  v e h i c l e ,  a s  t h i s  

w i l l  a f f e c t  i t s  c o n t r o l .  A s  o f  t h i s  d a t e ,  i n s u f f i c i e n t  a n a l y t i c a l  w o r k  

h a s  b e e n  d o n e  i n  t h i s  a r e a .

O n  t h e  w h o l e ,  t h e  a n a l y s i s  o f  t h e  L S M  h a s  m a d e  s i g n i f i c a n t  s t r i d e s  

d u r i n g  t h e  l a s t  f e w  y e a r s ,  w i t h  e x p e r i m e n t a l  c o n f i r m a t i o n  c a r r i e d  o u t  

a t  t h e  C 1 G G T ,  F M  a n d  J N R .  M u c h  r e m a i n s  t o  b e  d o n e ,  h o w e v e r ,  p r i m a r i l y  

i n  t h e  a r e a  o f  L S M  c o n t r o l .
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I

T h e  o n b o a r d  h a r d w a r e  a s p e c t  o f  t h e  L S M  i s  a l s o  c r i t i c a l ,  s i n c e  t h e  

S C M s  r e q u i r e  c r y o s t a t s  a n d  a  c r y o g e n i c  s u p p l y  s y s t e m .  T h e  d e s i g n  o f  

c r y o s t a t s  f o r  t h e  L S M ,  a s  w e l l  a s  t h e i r  i n c o r p o r a t i o n  i n t o  t h e  v e h i c l e  

c r y o g e n i c  d e s i g n  a s  a  w h o l e ,  c a n n o t  b e  r e s o l v e d  i n d e p e n d e n t  o f  t h e  

s e l e c t i o n  o f  g u i d e w a y  g e o m e t r y ,  s i n c e  t h e  L S M  i s  n o w  a l s o  u s e d  f o r  

g u i d a n c e .  T h e  d e s i g n  o f  t h e  L S M  r e q u i r e s  a n  u n d e r s t a n d i n g  o f  t h e  

e n t i r e  v e h i c l e  s y s t e m .  F o r  t h i s  r e a s o n ,  t h e  h a r d w a r e  d e s i g n  o f  t h e  

L S M  i s  s t i l l  e v o l v i n g ,  a n d  w i l l  c o n t i n u e  t o  d o  s o  f o r  t h e  n e x t  f e w  y e a r s .

4 . 2 . 3  P a d d l e w h e e l

A  p r o p o s e d  I S P S  s c h e m e  i s  t h e  " p a d d l e w h e e l "  c o n c e p t  d e v e l o p e d  a t  

F o r d  [ 1 4 ] .  T h i s  s c h e m e  d o e s  n o t  a p p e a r  t o  m e r i t  f u r t h e r  d e v e l o p m e n t ,  

i n  t h e  o p i n i o n  o f  M I T R E ,  f o r  t h e  f o l l o w i n g  r e a s o n s :

•  i t  d o e s  n o t  h a v e  a  s i g n i f i c a n t  a d v a n t a g e  c o m p a r e d  t o  E D S  

s u s p e n s i o n  ( l . e . ,  i t  d o e s  n o t  r e d u c e  t h e  m a g n e t i c  d r a g  

p o w e r  f o r  t h e  s a m e  g u i d e w a y  t h i c k n e s s  a t  a  g i v e n  v e h i c l e  

l i f t  r e q u i r e m e n t )

•  i t  w i l l  l i k e l y  r e q u i r e  a  s i g n i f i c a n t  d e v e l o p m e n t  e f f o r t  i n  t h e  

a r e a  o f  r o t a t i n g  s u p e r c o n d u c t i n g  m a c h i n e s .

T h e  p a d d l e w h e e l  i s  a n  a l t e r n a t i v e ,  t h e o r e t i c a l l y  w o r k a b l e  s c h e m e  

t h a t  w o u l d  r e q u i r e  a  m a j o r  h a r d w a r e  d e v e l o p m e n t  p r o g r a m .  I t s  p r i m a r y  

p o t e n t i a l  a d v a n t a g e  i s  t h a t ,  f o r  v e h i c l e s  w i t h  o n b o a r d  f u e l ,  t h e  

g a s  t u r b i n e  d r i v e n  p a d d l e w h e e l  m a y  b e  m o r e  e f f i c i e n t  t h a n  a  g a s  t u r b i n e  

d r i v e n  Q F A N  w i t h  E D S  s u s p e n s i o n .  I t  t r a d e s  c o n s i d e r a b l e  t e c h n o l o g i c a l  

c o m p l e x i t y  f o r  t h i s  p o s s i b l e  g a i n  i n  e f f i c i e n c y .  T h e  p a d d l e w h e e l  I t s e l f  

r e q u i r e s  a  p r im e  m o v e r ,  a s  d o e s  t h e  Q F A N ,  h e n c e  r e q u i r e s  e i t h e r  a  g a s  

t u r b i n e  o r  a  p o w e r  c o l l e c t o r / R E M .  I f  s u c h  a  R E M  I s  u s e d ,  i t  w i l l  m o s t  

l i k e l y  r e q u i r e  t h e  d e v e l o p m e n t  o f  a  s u p e r c o n d u c t i n g  R E M .  A s  w i l l  b e  

d i s c u s s e d  i n  S e c t i o n  5 . 1 . 1 , 2 ,  d e v e l o p m e n t  o f  a  s u p e r c o n d u c t i n g  R E M  

w i l l  r e q u i r e  a  m a j o r  r e s e a r c h  e f f o r t .
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4 . 3  C r y o g e n i c  H a r d w a r e  D e v e lo p m e n t

T h e  c r y o g e n i c  h a r d w a r e  h a s  s i g n i f i c a n t  im p a c t  o n  t h e  o v e r a l l  

d e s i g n  f o r  tw o  r e a s o n s .  F i r s t ,  t h e  s i z e  a n d  w e i g h t  o f  t h e  c r y o g e n i c  

e q u i p m e n t  i s  a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  t o t a l  v e h i c l e  w e i g h t ,  

s i n c e  c r y o g e n i c s  a r e  r e q u i r e d  f o r  t h e  l e v i t a t i o n  a s  w e l l  a s  t h e  L S M  

S C M s .  F o r  e x a m p le ,  i n  a  J N R  c o n c e p t u a l  d e s i g n ,  t h e r e  a r e  1 6  S C M s  ( 8  

f o r  l i f t ,  8  f o r  t h r u s t / g u i d a n c e ) . I n  a  C IG G T  d e s i g n ,  t h e r e  a r e  5 8  S C M s  

( 8  f o r  l i f t ,  5 0  f o r  t h r u s t / g u i d a n c e ) .  T h e  v a r i a t i o n s  i n , d e s i g n  t h a t  a r e  

r e q u i r e d  t o  a c c o m m o d a t e  s i g n i f i c a n t l y  d i f f e r e n t  n u m b e r s  o f  S C M s ,  a s  w e l l  

a s  t h e i r  p h y s i c a l  p l a c e m e n t ,  i s  s i g n i f i c a n t .  S e c o n d ,  t h e  m e t h o d  o f  s t o r i n g  

a n d / o r  s u p p l y i n g  a n  a d e q u a t e  q u a n t i t y  o f  l i q u i d  h e l i u m  f o r  t h e s e  S C M s  

p r e s e n t s  a n o t h e r  u n c e r t a i n t y .

T h e  p r i m a r y  c h a l l e n g e  f o r  r e p u l s i o n  m a g l e v  i s  c r y o g e n i c  d e v e l o p m e n t ,  

a n d  l i e s  i n  m a i n t a i n i n g  L H e  i n  t h e  c r y o s t a t s .  Tw o a p p r o a c h e s  a r e  n o w  

r e c e i v i n g  a t t e n t i o n ,  t h e y  a r e :

•  u s e  o f  a  h e l i u m  r e f r i g e r a t o r  i n  a  c l o s e d  c y c l e  s y s t e m

•  u s e  o f  s e a l e d  c r y o s t a t s

T o  d a t e ,  a  r e f r i g e r a t o r  o f  r e a s o n a b l e  s i z e ,  w e i g h t  a n d  r e l i a b i l i t y  

d o e s  n o t  e x i s t  f o r  t h e  H S G T  a p p l i c a t i o n .  T h e y  a r e ,  h o w e v e r ,  u n d e r  

d e v e l o p m e n t .  N e v e r t h e l e s s ,  a t  t h i s  t i m e  i t  a p p e a r s  t h a t  a n  o n b o a r d  

r e f r i g e r a t o r  i s  t h e  m o s t  l i k e l y  c a n d i d a t e  f o r  a  r e p u l s i o n  m a g l e v  v e h i c l e  

i n  t h e  f u t u r e .

A s  a n  a l t e r n a t i v e  t o  u s i n g  a  r e f r i g e r a t o r ,  u s e  o f  a  s e a l e d  s y s t e m  

i s  b e i n g  s t u d i e d .  I n  s u c h  a  s y s t e m ,  t h e  d e w a r  i s  p a r t l y  f i l l e d  w i t h  

l i q u i d  h e l i u m  a n d  t h e n  s e a l e d .  A s  t i m e  p a s s e s ,  t h e  h e a t  l o a d  r a i s e s  

t h e  t e m p e r a t u r e  a n d  p r e s s u r e  w i t h i n  t h e  d £ w a r .  T h e  S C M  c o i l s  m u s t  b e  

d e r a t e d  ( o v e r s i z e d )  t o  o p e r a t e  a t  t h e  n o m i n a l  d e s i g n  t e m p e r a t u r e ,  w h i c h  

w i l l  b e  g r e a t e r  t h a n  t h e  b o i l i n g  p o i n t  o f  L H e  a t  1  a t m  ( 4 . 2  K ) .  I n  

f a c t ,  h i g h e r  c r i t i c a l  t e m p e r a t u r e  s u p e r c o n d u c t o r s  t h a n  a r e  n o w  r e a d i l y
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a v a i l a b l e  m a y  w e l l  b e  r e q u i r e d .  S u c h  a  s y s t e m  i s  s e r v i c e d  a t  a  d e s i g n  

i n t e r v a l  o f  s e v e r a l  h o u r s  t o  a  d a y ,  d e t e r m i n e d  w h e n  t h e  c r y o s t a t  t e m p e r a t u r e /  

p r e s s u r e  r e a c h e s  t h e  d e s i g n  l i m i t .  D u r i n g  s e r v i c i n g  t h e  p r e s s u r i z e d  H e  

g a s  i s  w i t h d r a w n  a n d  t h e  d e w a r  i s  r e f i l l e d  w i t h  L H e .  S i n c e  s u c h  s y s t e m s  

t e n d  t o w a r d s  h i g h  t e m p e r a t u r e s  ( 1 0 - 1 5  K )  a n d  p r e s s u r e s  ( 2 0  a t m )  a f t e r  

o n l y  t e n s  o f  h o u r s  o f  o p e r a t i o n  u n d e r  m o d e r a t e  h e a t  l o a d s  ( 3 - 6  w a t t s ) ,  

t h e  d e m o n s t r a t i o n  o f  a  v i a b l e  s y s t e m  w i l l  i n v o l v e  c o n s i d e r a b l e  d e v e l o p m e n t  

o f  l o w  h e a t  l e a k  S C M s .  A n y  p r e d i c t i o n  o f  t h e i r  p e r f o r m a n c e  a t  t h i s  t im e  

i n v o l v e s  c o n s i d e r a b l e  s p e c u l a t i o n ,  s i n c e  t h e  t e m p e r a t u r e / p r e s s u r e  r i s e  

i s  a  s t r o n g  f u n c t i o n  o f  t h e  h e a t  l o a d ,  a n d  t h e  h e a t  l o a d  i s  d i f f i c u l t  

t o  a s s e s s  b y  a n a l y s i s .  H e a t  l o a d s  m u s t  b e  v e r i f i e d  b y  a c t u a l  d e w a r  

c o n s t r u c t i o n ,  a n d  a r e  s e n s i t i v e  t o  t h e  m e c h a n i c a l  d e s i g n  o f  t h e  c r y o s t a t .

I n  a d d i t i o n ,  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  m a y  r i s e  i n  a  v i b r a t i n g  e n v i r o n ­

m e n t ,  a s  e x p e r i e n c e d  o n b o a r d  a  v e h i c l e ,  a d d i n g  c o n s i d e r a b l e  a d d i t i o n a l  

u n c e r t a i n t y  t o  s p e c u l a t i o n s  o n  t h e  p e r f o r m a n c e  o f  s u c h  s y s t e m s  i n  t h e  

f i e l d .  F o r  t h e s e  r e a s o n s ,  t h e  s e a l e d  s y s t e m  m u s t  b e  c o n s i d e r e d  a  

s p e c u l a t i v e  s o l u t i o n  a t  t h i s  t i m e .

T h u s  t h e  f e a s i b i l i t y  o f  t h e  E D S  s y s t e m  r e l i e s  o n  t h e  d e v e l o p m e n t  

o f  c r y o g e n i c  h a r d w a r e ,  a s  b o t h  t h e  s u s p e n s i o n  a n d  p r o p u l s i o n  s y s t e m s  u s e  

c r y o g e n i c  t e c h n o l o g y .  T o  d a t e ,  t h e  m o s t  e x t e n s i v e  d e v e l o p m e n t  o n  S C M s  

h a s  b e e n  d o n e  i n  J a p a n ,  w h e r e  s e v e r a l  c r y o s t a t  d e s i g n s  h a v e  b e e n  b u i l t  

a n d  t e s t e d .  I n  o t h e r  c o u n t r i e s ,  S C M  h a r d w a r e  e f f o r t s  h a v e  b e e n  c o n d u c t e d  

o n  a  m u c h  s m a l l e r  s c a l e .

S i m p l y  p u t ,  c r y o s t a t  d e s i g n  m u s t  c o m p r o m i s e  t h e  f o l l o w i n g  

c o n f l i c t i n g  r e q u i r e m e n t s :

•  t r a n s m i t  t h e  s u s p e n s i o n  f o r c e s  t o  t h e  v e h i c l e  f r o m  t h e  

s u p e r c o n d u c t i n g  c o i l  w i t h  a  l i g h t w e i g h t  s t r u c t u r e

•  m a i n t a i n  g o o d  t h e r m a l  i n s u l a t i o n  b e t w e e n  t h e  c o l l  a n d  v e h i c l e .
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S i n c e  s t r o n g  l i g h t w e i g h t  s t r u c t u r a l  m e m b e r s  r e q u i r e d  f o r  f o r c e  t r a n s m i s s i o n  

t e n d  t o  b e  g o o d  t h e r m a l  c o n d u c t o r s , c r e a t i v e  d e s i g n  t e c h n i q u e s  a r e  r e q u i r e d  

t o  d e s i g n  a  c r y o s t a t  u n d e r  t h e  a b o v e  c o n s t r a i n t s .  I n  a d d i t i o n ,  t h e  c r y o s t a t  

m u s t  p r o v i d e  f o r  l a r g e  i n t e r n a l  s t r e s s e s  i n  t h e  c o i l  i t s e l f ,  a s  w e l l  a s  

b e t w e e n  c o i l s  i n  a  m u l t i c o i l  c r y o s t a t .

T h e  w e i g h t  o f  a  s u p e r c o n d u c t i n g  c o i l  i n c r e a s e s  a s  i t  i s  s t a b i l i z e d  

a g a i n s t  q u e n c h i n g ,  a s  t h e  s t a b i l i z a t i o n  e n t a i l s  i m b e d d i n g  t h e  s u p e r ­

c o n d u c t o r  i n  a  c o p p e r  m a t r i x .  I n c r e a s i n g  t h e  c o p p e r  i n c r e a s e s  t h e  

s t a b i l i t y  a t  t h e  e x p e n s e  o f  c o i l  w e i g h t .

T h e s e  p r o b l e m s  h a v e  b e e n  p r i m a r i l y  t a c k l e d  i n  c o n c e p t u a l  d e s i g n s  

i n  C a n a d a ,  a n d  i n  t h e  U . S .  I n  t h e  F R G  a n d  J a p a n ,  h a r d w a r e  h a s  b e e n  

c o n s t r u c t e d  a n d  t e s t e d .  T h i s  c r y o s t a t  r e s e a r c h  w i l l  n o w  b e  d i s c u s s e d .

4 . 3 . 1  U S A

I n  1 9 7 1 ,  s m a l l  s c a l e  e x p e r i m e n t a l  S C M s  w e r e  c o n s t r u c t e d  a n d  t e s t e d  

o n  a  l o w  s p e e d  ( 5 0  k m / h r )  t e s t  s l e d  a t  S t a n f o r d  R e s e a r c h  I n s t i t u t e .  A t  

F o r d  M o t o r  C o . ,  c o n c e p t u a l  d e s i g n  s t u d i e s  i n  c o n j u n c t i o n  w i t h  t h e  M a g n e t i c s  

C o r p o r a t i o n  o f  A m e r i c a  (M C A )  w e r e  c o n d u c t e d  [ 1 4 ] .  N o  f u l l  s c a l e  c r y o s t a t s  

w e r e  c o n s t r u c t e d ,  h o w e v e r .  T h e  p r i m a r y  f e a t u r e  o f  t h e  F o r d  d e s i g n  i s  

t h e  u s e  o f  " f o l d e d "  G - 1 0  e p o x y  f i b e r g l a s s  s u p p o r t  c o l u m n s  l o a d e d  i n  

c o m p r e s s i o n  t o  s u p p o r t  t h e  c o i l s .  A s  r e p o r t e d  b y  F o r d ,  D r .  Y .  I s h i z a k i  

o f  t h e  U n i v e r s i t y  o f  T o k y o  h a s  n o t i c e d  a  " s i g n i f i c a n t "  i n c r e a s e  i n  t h e  

t h e r m a l  c o n d u c t i o n  o f  G - 1 0  i n  a  " l o a d e d " ,  c o n d i t i o n .  F u r t h e r  e x p e r i m e n t s  

a r e  t h e r e f o r e  n e c e s s a r y  t o  d e t e r m in e  t h e  s u i t a b i l i t y  o f  t h e  d e s i g n .
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A  s e c o n d  f e a t u r e  o f  t h e  F o r d  d e s i g n  I s  t h e  p r o p o s a l  t o  u s e  o n l y  

s u p e r i n s u l a t i o n ^  a n d  e l i m i n a t e  t h e  I n t e r m e d i a t e  t e m p e r a t u r e  r a d i a t i o n  

s h i e l d .  D e s i g n s  i n  J a p a n ,  C a n a d a ,  a n d  t h e  F R G  u s e  I n t e r m e d i a t e  

t e m p e r a t u r e  r a d i a t i o n  s h i e l d s .

4 . 3 . 2  C a n a d a

T h e  C 1 6 6 T  g r o u p  c o n s t r u c t e d  a n  e x p e r i m e n t a l  S C M  f o r  t e s t i n g  o n  t h e i r  

r o t a t i n g  w h e e l  f a c i l i t y .  T h i s  l a r g e ,  h e a v y  c r y o s t a t  w a s  n e i t h e r  s u i t e d  

n o r  i n t e n d e d  t o  b e  a  p r o t o t y p e  f o r  a  v e h i c l e  c r y o s t a t .  F o r  t h e  C IG G T  

c o n c e p t u a l  d e s i g n ,  a n  i s o c h o r i c  ( s e a l e d )  d e w a r  s y s t e m  h a s  b e e n  p r o p o s e d .  

I n  t h i s  s e a l e d  s y s t e m ,  t h e  d e w a r s  a r e  p a r t l y  f i l l e d  w i t h  l i q u i d  h e l i u m  

( a t  a t m o s p h e r i c  p r e s s u r e )  a n d  t h e n  s e a l e d .  T h e  d e w a r  i s  s e r v i c e d  d a i l y  

b y  e x c h a n g i n g  t h e  p r e s s u r i z e d  H e  g a s  f o r  L H e .  T h e  s e r v i c e  i n t e r v a l  i s  

c h o s e n  t o  l i m i t  t h e  p r e s s u r e  r i s e  t o  a  m a x im u m  o f  2 0  a t m  a n d  t h e  H e

t e m p e r a t u r e  t o  a  m a x im u m  o f  1 0 - 1 5  K  t o  a l l o w  o p e r a t i o n  f o r  a  2 2  h o u r6
d a y .  I n  a d d i t i o n ,  t h e  d e v e l o p m e n t  o f  c o m m e r c i a l l y  s u i t a b l e  N b ^ S n  ( o r  

h i g h e r  T c )  s u p e r c o n d u c t o r s  i s  a s s u m e d ,  a s  t h e y  a r e  r e q u i r e d  t o  a l l o w  

o p e r a t i o n  a t  t h i s  t e m p e r a t u r e .  T h i s  i s  a  c r u c i a l  p o i n t  f o r  t h e  f e a s i ­

b i l i t y  o f  t h i s  C IG G T  d e s i g n .

I t  s h o u l d  b e  n o t e d  t h a t  a s  t h e  f e a s i b i l i t y  o f  s u c h  d e s i g n s  i s  q u i t e  

d e p e n d e n t  u p o n  t h e  a c t u a l  h e a t  l o a d ,  i t  i s  s p e c u l a t i v e  a t  t h i s  t im e .  T h e  

C IG G T  d e s i g n  a s s u m e s  a  t o t a l  v e h i c l e  h e a t  l o a d  o f  a b o u t  5 0  W a t  4 . 2  K .  

T h i s  h e a t  l o a d  i s  o p t i m i s t i c  i n  l i g h t  of:: t h e  l a r g e  n u m b e r  o f  S C M s  

r e q u i r e d  a n d  t h e  d e m o n s t r a t e d  s t a t e - o f - t h e - a r t .  T h e  s e a l e d  s y s t e m  

r e q u i r e s  a  l o w  h e a t  l o a d ,  o t h e r w i s e  t h e  p r e s s u r e  a n d  t e m p e r a t u r e  w o u l d  

i n c r e a s e  b e y o n d  d e s i g n  l i m i t s . I f  h e a t  l o a d s  c a n n o t  b e  r e d u c e d  t o  t h e  

a n t i c i p a t e d  l e v e l s ,  t h i s  s e a l e d  s y s t e m  m a y  n o t  b e  f e a s i b l e .

S u p e r i n s u l a t i o n  i s  a  w e l l  k n o w n  m e t h o d  u t i l i z i n g  a  l a r g e  n u m b e r  o f  

h i g h l y  r e f l e c t i n g  l a y e r s  t o  r e d u c e  t h e  h e a t  l o a d  c a u s e d  b y  r a d i a t i o n  
f r o m  t h e  w a rm  ( r o o m  t e m p e r a t u r e )  s u r f a c e s  o f  a  c r y o s t a t .
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T h e  l e v i t a t i o n  f o r c e s  w i t h i n  t h e  c r y o s t a t  a r e  t o  b e  t r a n s m i t t e d  

b y  c o m p r e s s e d  s u p e r i n s u l a t i o n  p a d s .  T h i s  t e h n i q u e  h a s  b e e n  d e m o n s t r a t e d  

i n  o t h e r  a p p l i c a t i o n s .

T h i s  c o n c e p t u a l  d e s i g n  i s  s i g n i f i c a n t l y  b e y o n d  t o d a y ’ s  c o m m e r c i a l l y  

d e m o n s t r a t e d  s t a t e - o f - t h e - a r t ,  a n d  m u s t  b e  c o n s i d e r e d  s p e c u l a t i v e  a t  

t h i s  t i m e ;  T h e  p r i m a r y  u n c e r t a i n t i e s  a r e  i n  t h e  f o l l o w i n g  a r e a s :

•  v e r i f i c a t i o n  o f  f e a s i b i l i t y  o f  i s o c h o r i c  o p e r a t i o n  u p  

t o  2 0  a t m  i n  a  v i b r a t o r y  e n v i r o n m e n t

•  m e c h a n i c a l / c r y o g e n i c  d e w a r  d e s i g n  h e a t  l e a k  a s s u m p t i o n s  

m u s t  b e  v e r i f i e d

•  d e v e l o p m e n t  o f  s u i t a b l e  h i g h e r  T c  s u p e r c o n d u c t o r s  ( N b ~ S n  o r

N b G e )  J

4 . 3 . 3  F R G

S ie m e n s  h a s  d e s i g n e d  a n d  f a b r i c a t e d  c r y o s t a t s  f o r  i t s  t e s t  

v e h i c l e ,  t h e  E E T  [ 2 2 ] .  A  p r i m a r y  f e a t u r e  o f  t h e i r  d e s i g n  i n v o l v e s  tw o  

i n t e r m e d i a t e  c o p p e r  r a d i a t i o n  s h i e l d s  ( 4 . 5  K  a n d  5 0  K ) . S t r u c t u r a l  

m e m b e r s  f o r  t r a n s m i t t i n g  t h e  f o r c e s  a r e  o f  t h e  H e im  c o l u m n  t y p e .  L i q u i d  

H e  i s  f o r c e d  f r o m  a  c o n t r o l  c h a m b e r  t h r o u g h  t h e  c o i l  w i n d i n g .  P a r t  o f  

t h i s  s t r e a m  i s  s p l i t  o f f  a n d  e x p a n d e d  i n  t w o - p h a s e  f l o w  f o r  c o o l i n g  t h e  

f i r s t  ( 4 . 5  K )  c o p p e r  s h i e l d  a n d  t h e  s e c o n d  c o p p e r  s h i e l d  ( 5 0  K )  w i t h  

g a s e o u s  h e l i u m .  T h e  r e s t  o f  t h e  L H e  s t r e a m  i s  c o n d u c t e d  t o  t h e  L H e  

c h a m b e r  o f  t h e  n e x t  m a g n e t .  N o  i s  u s e d .

A  c o o l e d  a lu m in u m  r i n g  i s  u s e d  a s  a  s h o r t e d  s e c o n d a r y  t o  h e l p  

r e t a r d  t h e  f i e l d  d e c a y  i n  a n  e m e r g e n c y  a s  w e l l  a s  t o . s h i e l d  t h e  S C M  

f r o m  A . C .  f i e l d s  c a u s e d  b y  v e h i c l e  m o t i o n s .

■ I t  s h o u l d  b e  n o t e d  t h a t  t h e  f o r c e d  f l o w  L H e  d e s i g n  u s e d  a t  S i e m e n s  

w a s  n e c e s s i t a t e d  b y  t h e  c o n f i g u r a t i o n  o f  t h e  E r l a n g e n  t e s t  t r a c k .  T h e  

2 3 0  m d i a m e t e r  c i r c u l a r  t e s t  t r a c k  w a s  b a n k e d  a t  4 5 ° ;  h e n c e  s o m e  m a g n e t s  

a r e  a t  d i f f e r e n t  h e i g h t s  a b o v e  g r o u n d  t h a n  o t h e r s ,  a n d  l i q u i d  l e v e l
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p r o b l e m s  a r i s e  w i t h  c e n t r i f u g a l  f o r c e s  a s  t h e  v e h i c l e  s p e e d  v a r i e s .

F o r c e d  f l o w  c o o l i n g  m a k e s  t h e  m a g n e t s  i n d e p e n d e n t  o f  t h e i r  p o s i t i o n  s o  

t h a t  t h e y  c a n  b e  s t a n d a r d i z e d  f o r  f a b r i c a t i o n .  F o r c e d - f l o w  d e s i g n  i s  

n o t  l i k e l y  t o  b e  u s e d  i n  a  r e v e n u e  v e h i c l e ,  w h e r e  a  s i m p l e  L H e  b a t h  i s  . 

j u d g e d  a d e q u a t e . ^

S ie m e n s  h a s  c o n s t r u c t e d  e i g h t  p r o t o t y p e  c r y o s t a t s ,  a l l  o f  i d e n t i c a l  

d e s i g n ,  f o r  t h e  E E T  v e h i c l e .  I n  c o n t r a s t ,  t h e  J a p a n e s e  h a v e  c o n s t r u c t e d  

c r y o s t a t s  u s i n g  n u m e r o u s  d e s i g n  t e c h n i q u e s .

4 . 3 . 4  J a p a n

T h e  J N R  h a s  c o n d u c t e d  a  v i g o r o u s  d e v e l o p m e n t  p r o g r a m  f o r  t h e  s u p e r ­

c o n d u c t i n g  c o i l  a n d  c r y o s t a t  [ 2 3 - 3 0 ] .  F i g u r e  5 1  l i s t s  t h e  f u l l  s c a l e  

c r y o s t a t s  c o n s t r u c t e d  f o r  J N R  t o  d a t e  b y  v a r i o u s  J a p a n e s e  i n d u s t r i a l  

f i r m s ,  a n d  c o m p a r e s  t h e m  t o  t h e  S i e m e n s  c r y o s t a t .  T h e  s i g n i f i c a n t  f e a t u r e  

i s  t h e  w id e  v a r i e t y  o f  p r o b l e m s  a d d r e s s e d  b y  t h i s  r e s e a r c h .  S e v e r a l  

t y p e s  o f  s u p e r c o n d u c t i n g  w i r e  ( N b T i ,  N b T iT a ,  N b T i Z r )  w i t h  a  w i d e  r a n g e

o f  c o p p e r  s t a b i l i z a t i o n  ( c o p p e r  r a t i o s  f r o m  1 2 : 1  t o  2 : 1 ) ,  a n d  o p e r a t i n g

2
c u r r e n t  d e n s i t i e s  ( 2 5  t o  3 0 0  A/m m  ) w e r e  i n v e s t i g a t e d .  C o l l s  f r o m  1 . 0  m 

t o  4 . 0  m l o n g  w e r e  c o n s t r u c t e d ,  a n d  n u m e r o u s  a p p r o a c h e s  t o  f o r c e  t r a n s ­

m i s s i o n  s t r u c t u r a l  m e m b e rs  w e r e  s t u d i e d .  T h e s e  p o i n t s  o f  i n v e s t i g a t i o n  

c a n  b e  p l a c e d  i n  p e r s p e c t i v e  a s  f o l l o w s :

4 . 3 . 4 . 1  S u p e r c o n d u c t i n g  M a t e r i a l s

T h e  v a r i o u s  s u p e r c o n d u c t o r s  u s e d  r e f l e c t s  t h e  d e v e l o p m e n t  o f  

im p r o v e d  s u p e r c o n d u c t i n g  w i r e s .  T h e s e  m a t e r i a l s  a r e  n o w  r e a d i l y  

a v a i l a b l e .  T h e  c o p p e r  r a t i o  a n d  c u r r e n t  d e n s i t y  c h o s e n  w i l l  u l t i m a t e l y  

b e  d i c t a t e d  b y  a  w e i g h t / r e l i a b i l i t y  t r a d e o f f  t o  b e  d e t e r m in e d  i n  t h e  

f i e l d .

A n  e x c e p t i o n  i s  t h e  m a g n e p l a n e  s y s t e m ,  w h i c h  d u e  t o  t h e  l a r g e  s i z e  o f  

t h e  o n b o a r d  c o i l  m a y  r e q u i r e  t h e  p e r f e c t i o n  o f  a  s u p e r c r i t i c a l  h e l i u m  

c i r c u l a t i o n  s y s t e m .
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C O M P A N Y S I E M E N S T O S H I B A H I T A C H I M I T S U B I S H I

C R Y O S T A T W - 1 L - 1 L - 3 M - 1 M - 3 " V E R T I C A L " " T U B E  T Y P E " M  L - 1 0 0 P C M H C M - a H C M - b H C M - c  ( M L - 1 0 0 A ) H C M - e

C O I L  O R I E N T A T I O N H O R I Z O N T A L H O R I Z O N T A L H O R I Z O N T A L V E R T I C A L H O R I Z O N T A L  ( 2 ) V E R T I C A L  ( 2 ) H O R I Z O N T A L H O R I Z O N T A L V E R T I C A L H O R I Z O N T A L H O R I Z O N T A L V E R T I C A L V E R T I C A L H O R I Z O N T A L H O R I Z O N T A L V E R T I C A L H O R I Z O N T A L

S U P E R C O N D U C T O R

T Y P E N b T i N b T i N b T i N b T i N b T i N b T i N b T i Z r N b T i Z r N b T i T a N b T i T a N b T i T a N t T i

C U  R A T I O 5 : 1 6 . 3 : 1 1 2 : 1 / 2 : 1 5 : 1 8 . 5 : 1 4 . 5 : 1 2 . 5 : 1

F I L A M E N T S 3 0 0  x  5 0  p m 3 6 1  x  5 0  p m 3 6 1 3 6 1 8 / 3 6 1 1 0 3 9 7  X  4 3  p m 2 7 1  x  5 4  M m 3 0 5 3 0 5 1 2 1

T W I S T  P I T C H  ( C M ) 5 2 . 2 6 2 . 2 6 3 . 2 3 . 2 2

C O I L

L  x  W  ( M ) 1 X  . 3 1 . 2  X . 4 4  X  . 4 4  X  . 6 2  X ? 2  X  ? 1 . 2  X  .3 1 . 2  X . 4 1 . 6  X . 5 1 . 5  X . 6 1 . 5 5  X . 3  ( 2 ) 1 . 5 5  X  . 3 1 . 5 5  X . 5 1 . 5 5  X . 3 1 . 5  X  .5 1 . 5  X . 5

M M F  ( K A T ) 5 1 5 3 2 0 2 5 0 5 0 0 2 0 0 3 2 0 5 0 0 3 0 0 2 5 0 2 5 0 4 5 0 2 5 0 1 5 0 4 5 0 2 5 0

C U R R E N T  D E N S I T Y  ( A / m m 1 2 ) 8 1 2 5 / 5 0 1 4 7 1 3 5 1 3 5 3 0 0 1 3 0 2

C R Y O S T A T

M A S S  ( K G ) 5 4 0 5 2 0 1 5 0 0 1 5 0 0 6 2 5 / 5 5 5 1 1 2 0 0 3 6 0 2 7 5 1 0 0 0 1 8 5 2 2 5 8 0 ? ,  1 4 5 ? 3 i : ! 0

S T O R A G E  ( 1 ) 7 2 5 0 7 7 7 7 7 2 2 7 7 7

H E A T  L O A D

W A T T S 4 1 5  ( C A L C . ) 5 1 . 5 < 1 . 5 3 . 6 9 . 7 3

B O I L  O F F  ( 1 / h )
5 - 8

1 3 . 2 3 - 5 3 1 - 2

C O I L  S U P P O R T H E I M  C O L U M N F R A M E C O N C E N T R I C A L L Y  L A Y E R E D  

S T A I N L E S S  S T E E L  P I P E S ;  

S T A I N L E S S W I R E S

H E I M  C O L U M N S 4  M E T A L  

C O L U M N S

F R P F R P C S I P H I P H I P H I P H I  &  C S I

1 W I T H  A L U M I N U M  A L L O Y  O U T E R  D E W A R  W A L L  

( 7 4 8 / 6 7 5  W I T H  S T A I N L E S S ) .

2 O R I G I N A L L Y  D E S I G N E D  F O R  3 0 0  A / m m 2 

B U T  I N S T A B I L I T I E S  W E R E  E N C O U N T E R E D .

3 8 0  K G  R E P O R T E D  I N  A D V A N C E  L I T E R A T U R E  

1 4 5  K G  R E P O R T E D  V E R B A L L Y

FIGURE 51
CRYOSTATS FOR SUPERCONDUCTING COILS
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4 . 3 . 4 . 2  C o i l  L e n g t h s  f r o m  1 . 0  m t o  4 . 0  m

T h e  s t r u c t u r a l  p r o b l e m s  o f  c o i l s  v a r y  w i t h  t h e i r  l e n g t h ,  h e n c e  

t h e  s t u d y  o f  v a r i o u s  l e n g t h  c o i l s  i s  i m p o r t a n t  t o  d e v e l o p  k n o w l e d g e  

o f  t h e  h a r d w a r e  t r a d e o f f s  b e t w e e n  l e n g t h  o p t im u m s  f o r  c o n s t r u c t i o n  

p u r p o s e s  v s .  l e n g t h  o p t im u m s  f o r  p e r f o r m a n c e  p u r p o s e s .

4 . 3 . 4 . 3  C r y o s t a t  C o n f i g u r a t i o n

S e v e r a l  c o n f i g u r a t i o n s  h a v e  b e e n  c o n s t r u c t e d .

•  h o r i z o n t a l  a n d  v e r t i c a l  t y p e s

•  w i n g  t y p e  ( W - l )

•  t u b e  t y p e  ( c o a x i a l  c y l i n d e r s ,  " d o u g h n u t "  s h a p e d )

•  L - t y p e

•  s i n g l e  c o i l  a n d  m u l t i p l e  c o i l  c r y o s t a t s

T h e  v a r i e t y  o f  c o n f i g u r a t i o n s  s t u d i e d  h a v e  p r o v i d e d  a  b r o a d  s p e c t r u m  

o f  c r y o s t a t  m e c h a n i c a l  d e s i g n  e x p e r i e n c e  t o  t h e  J N R .

4 . 3 . 4 . 4  F o r c e  T r a n s m i s s i o n

V a r i o u s  s t r u c t u r a l  d e s i g n s  h a v e  b e e n  e v a l u a t e d  f o r  t r a n s m i t t i n g  

s u s p e n s i o n  f o r c e s  w h i l e  r e t a i n i n g  l o w  t h e r m a l  l o s s e s ,  t h e s e  a r e

•  F R P  ( f i b e r g l a s s  r e i n f o r c e d  p l a s t i c )

•  C S I  ( c o m p r e s s e d  s u p e r i n s u l a t i o n )

•  P H I  ( p l a s t i c  h o n e y c o m b  i n s u l a t i o n )

•  H e im  c o l u m n s

T h e  e v a l u a t i o n  o f  h e a t  l e a k  a t  l o w  t e m p e r a t u r e s  f o r  l o a d e d  

s t r u c t u r a l  m e m b e r s  r e q u i r e s  a n  e x p e r i m e n t a l  a p p r o a c h .  A  v a r i e t y  o f  

s t r u c t u r a l  d e s i g n s  h a v e  b e e n  e x p e r i m e n t a l l y  i n v e s t i g a t e d .

4 . 3 . 4 . 5  M i s c e l l a n e o u s

V a r i o u s  n e c e s s a r y  c r y o s t a t  f e a t u r e s  s u c h  a s  p e r s i s t e n t  s w i t c h e s  a n d  

r e m o v a b l e  c u r r e n t  l e a d s  h a v e  a l s o  r e c e i v e d  a t t e n t i o n .
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V a r i o u s  g a s e o u s  H e  a n d  L N ^  c o o l e d  i n t e r m e d i a t e  t e m p e r a t u r e  r a d i a t i o n  

s h i e l d  d e s i g n s  h a v e  b e e n  s t u d i e d .

T e c h n i q u e s  f o r  d e v e l o p i n g  a  c r y o s t a t  w i t h  a  m e c h a n i c a l  r e l i a b i l i t y  

s u i t a b l e  f o r  t h e  H S G T  a p p l i c a t i o n  h a v e  b e e n  u n d e r t a k e n .  I n  o r d e r  t o  

r e d u c e  t h e  p o s s i b i l i t y  o f  v a c u u m  l e a k s  d e v e l o p i n g  f r o m  w e l d i n g  f a u l t s ,  

d e s i g n s  w i t h  a  m in im u m  n u m b e r  o f  s e a m s  a r e  b e i n g  c o n s i d e r e d .

T a k e n  a s  a  w h o l e ,  t h i s  d e v e l o p m e n t  p r o g r a m  i s  b r o a d  i n  s c o p e ,  y e t  

f u r t h e r  d e v e l o p m e n t  s t i l l  n e e d s  t o  b e  c a r r i e d  o u t  f o r  a n  o p t im u m  

c r y o s t a t / r e f r i g e r a t o r  s y s t e m .

4 . 4  R e f r i g e r a t o r s

I f  s e a l e d  s y s t e m s  d o  n o t  p r o v e  o u t  f o r  t h e  t r a n s p o r t a t i o n  a p p l i c a t i o n ,  

a n  o n b o a r d  r e f r i g e r a t o r  w i l l  b e  r e q u i r e d .  T h e  d e v e l o p m e n t  o f  a  s u i t a b l e  

r e f r i g e r a t o r  h a s  y e t  t o  b e  d e m o n s t r a t e d .  F o r  c l o s e d  c y c l e  s y s t e m s  t h i s  

i s  t h e  m o s t  c r i t i c a l  a r e a  o f  t e c h n o l o g y  r e m a i n i n g  t o  b e  d e v e l o p e d .

A c c o r d i n g  t o  e s t i m a t e s  m a d e  a t  J N R  [ 3 1 ]  e i t h e r  a  r e f r i g e r a t o r  p e r  

c r y o s t a t  o r  r e f r i g e r a t o r  p e r  c a r  s c h e m e  c a n  u s e  p r e s e n t  t e c h n o l o g y  a n d  

k e e p  t h e  w e i g h t  o f  t h e  r e f r i g e r a t o r  t o  l e s s  t h a n  2  t o n s / c a r .  A  C l a u d e  

o r  S t i r l i n g  c y c l e  w a s  f o u n d  a p p r o p r i a t e  f o r  1  r e f / c a r ,  a n d  a  S t i r l i n g  o r  

G i f f o r d  M c M a h o n  c y c l e  f o r  1  r e f / c r y o .

A l t h o u g h  a  b r i e f  d e s c r i p t i o n  o f  t h e  o n g o i n g  w o r k  w i l l  b e  g i v e n  i n  

t h e  f o l l o w i n g  s e c t i o n s ,  t h e  s i g n i f i c a n t  p o i n t  i s  t h a t  a  l i g h t w e i g h t  

r e l i a b l e  r e f r i g e r a t o r  h a s  y e t  t o  b e  d e m o n s t r a t e d .

4 . 4 . 1  G e r m a n y  ( F R G )

T h e  E E T  a t  S i e m e n s  c a n  b e  r u n  f o r  a p p r o x i m a t e l y  1  h o u r  o f  e x p e r i m e n t s  

a f t e r  f i l l i n g  w i t h  L H e .  A  w a y s i d e  r e f r i g e r a t o r  i s  a l s o  a v a i l a b l e .  T h i s  

i s  a  U R 8 0  f r o m  L i n d e  t h a t  d e l i v e r s  8 0  1 / h r  o f  L H e  o r  3 0 0  W a t  4 . 5  K .
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A  5 0  m l o n g  L H e  +  G H e  p i p e l i n e  c o n n e c t s  t h e  r e f r i g e r a t o r  t o  a  2 5 0 0  1  

s t o r a g e  v e s s e l ,  o n  t h e  g r o u n d .

L i n d e  A G  i s  r e p o r t e d l y  i n  t h e  p r o c e s s  o f  d e v e l o p i n g  a  l i g h t w e i g h t ,  

c o m p a c t  r e f r i g e r a t o r  f o r  o n b o a r d  r e f r i g e r a t i o n .  I n  t h e  m e a n t im e ,  L i n d e  

h a s  b u i l t  a n  o n b o a r d  c r y o g e n i c  s u p p l y  t o  p r o v i d e  L H e  f o r ,  t h e  E E T  

m a g n e t s .  T h i s  s y s t e m  i s  e s s e n t i a l l y  a  m o d i f i e d  t a n k  s y s t e m :  a  s m a l l  r o o m  

t e m p e r a t u r e  c o m p r e s s o r  s e t  g e n e r a t e s  H e  g a s  p r e s s u r e  ( 2  b a r )  i n  a  1 5 0  1  L H e  

t a n k .  T h i s  g a s  p r e s s u r e  f o r c e s  t h e  l i q u i d  t h r o u g h  t h e  c o i l  w i n d i n g s  o f  t h e  

o n b o a r d  S C M s .  D u r i n g  o p e r a t i o n  o f  t h e  E E T ,  t h e  h e l i u m  i s  v e n t e d  t o  t h e  

a t m o s p h e r e .  T h i s  t e c h n i q u e ,  o f  c o u r s e ,  i s  n o t  s u i t a b l e  f o r  a  r e v e n u e  

v e h i c l e .

4 . 4 . 2  J a p a n

J N R  i s  c o n s i d e r i n g  d e v e l o p i n g  a n  a d v a n c e d  s y s t e m  c o n s i s t i n g  o f  a n  

o n b o a r d  N e / H e  c l o s e d  c y c l e , s y s t e m  u s i n g  a  s e a l e d  c r y o s t a t  w i t h  a  n e o n  

c o o l e d  t h e r m a l  s h i e l d .  N o  f u r t h e r  i n f o r m a t i o n  o n  t h i s  i s  a v a i l a b l e  a t  

t h i s  t im e .  R e c e n t  i n f o r m a t i o n  f r o m  J a p a n  d i d ,  h o w e v e r ,  d i s c l o s e  w o r k  

o n  a  c o n d e n s i n g  h e a t  e x c h a n g e r  a n d  a  d r y  h e l i u m  c o m p r e s s o r .

4 . 4 . 2 . 1  C o n d e n s i n g  H e a t  E x c h a n g e r

S u m it o m o  a n d  T o s h i b a  a r e  j o i n t l y  d e v e l o p i n g  a n  o n b o a r d  r e f r i g e r a t i o n  

s y s t e m  -  t h e  c o n d e n s i n g  h e a t  e x c h a n g e r  [ 3 2 ] .  T h i s  i s  a n  i n t e g r a t e d  

r e f r i g e r a t o r / c r y o s t a t .  T h e  r e f r i g e r a t o r  u s e d  i s  a  m o d i f i e d  c o n v e n t i o n a l  

4  1 / h r  C l a u d e  C y c l e  h e l i u m  l i q u i f i e r  w i t h  o n e  r e c i p r o c a t i n g  e x p a n d e r  a n d  

L N £  p r e c o o l i n g .  T h e  r e f r i g e r a t o r  s i m u l t a n e o u s l y  p r o v i d e s  H e  c o o l a n t  t o  

tw o  r a d i a t i o n  s h i e l d s  i n  t h e  c r y o s t a t  a n d  t o  t h e  c o n d e n s e r  l o c a t e d  i n  

t h e  g a s  p h a s e  o f  t h e  L H e  v e s s e l  o f  t h e  c r y o s t a t .  A  1 . 5 5  m X  . 5  m dum m y 

S C M  w a s  l o c a t e d  i n  a  3 2 0  k g  c r y o s t a t .  T h e  c o i l  i s  im m e r s e d  i n  2 0  1  o f  

L H e .  C o i l  s u p p o r t  i s  b y  m e a n s  o f  f o u r  f o l d e d  s t a i n l e s s  s t e e l  c o l u m n s  a n d  

e i g h t  w i r e s .
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T h e  h e a t  l o a d  a t  4 . 5  K  i s  a b s o r b e d  b y  t h e  c o n d e n s e r  t h r o u g h  h e a t  

e x c h a n g e  b e t w e e n  t h e  G H e  c o o l a n t  f r o m  t h e  r e f r i g e r a t o r  a n d  t h e  e v a p o r a t e d  

g a s  i n  t h e  L H e  v e s s e l .  T h e  c r y o s t a t  c a n  b e  s e a l e d ,  a l l o w i n g  i t s  t e m p e r a t u r e  

a n d  p r e s s u r e  t o  r i s e  t o  a n  e q u i l i b r i u m  d e t e r m in e d  b y  t h e  h e a t  r e m o v e d  

b y  t h e  h e a t  e x c h a n g e r  c o i l .  T h i s  s y s t e m  d e s e r v e s  c l o s e  a t t e n t i o n .

4 . 4 . 2 . 2  D r y  H e l i u m  C o m p r e s s o r  [ 3 3 ]

T h e  c o m p r e s s o r  i s  a  c r i t i c a l  c o m p o n e n t  o f  a  c l o s e d  c y c l e  r e f r i g e r a t i o n  

s y s t e m ,  s i n c e  2 7 %  o f  r e f r i g e r a t i o n  s y s t e m  f a i l u r e s  a r e  c a u s e d  b y  m e c h a n i c a l  

t r o u b l e  i n  t h e  c o m p r e s s o r  a n d  b y  f a i l u r e  o f  f i l t e r s .

A  j o i n t  e f f o r t  o f  t h e  U n i v e r s i t y  o f  T o k y o  a n d  t h e  J a p a n  S t e e l  W o r k s  

h a s  l e d  t o  t h e  d e m o n s t r a t i o n  o f  a  p r o t o t y p e  t h r e e  s t a g e  d r y  h e l i u m  co m ­

p r e s s o r ,  f o r  p o s s i b l e  a p p l i c a t i o n  t o  m a g l e v  v e h i c l e s .  T h e  m a i n  p u r p o s e  

o f  t h i s  w o r k  w a s  t o  s e l e c t i v e l y  c o m b in e  a n d  u t i l i z e  t h e  t e c h n o l o g y  

d e v e l o p e d  i n  p i s t o n - t y p e  c o m p r e s s o r s . P i s t o n  d r i v e n  m a c h i n e s  e m p l o y i n g  

s w a s h  p l a t e s  h a v e  a l r e a d y  b e e n  a d o p t e d  i n  h i g h - p r e s s u r e  o i l  p u m p s ,  w h e r e  

t h e i r  c o m p a c t n e s s  a s  w e l l  a s  h i g h  s t a b i l i t y  o f  m e c h a n i c a l  b a l a n c e  h a v e  

b e e n  d e m o n s t r a t e d .  D r y - r t y p e  c o m p r e s s o r s  m a y  h a v e  s o m e  d i s a d v a n t a g e s  w i t h  

r e s p e c t  t o  t h e  c o m p r e s s o r  v o l u m e  a n d  l i f e t i m e  o f  p i s t o n  r i n g s  c o m p a r e d  t o  

o i l - l u b r i c a t e d  t y p e s ;  b u t  t h e y  a r e  n o t  s u b j e c t  t o  t h e  p r o b l e m s  c a u s e d  b y  

o i l  c o n d e n s a t i o n ,  a n d  t h e y  d o  n o t  r e q u i r e  p e r i o d i c  m a i n t e n a n c e  o f  t h e  

o i l  s e p a r a t o r ,  a s  d o  c o n v e n t i o n a l  u n i t s .

T h i s  c o m p r e s s o r  h a s  a n  o v e r a l l  l e n g t h ,  w i d t h  a n d  h e i g h t  o f  1 . 4 6  m X  

. 4  m X  . 7  m, r e s p e c t i v e l y .  T h e r e  a r e  8  r e c i p r o c a t i n g  p i s t o n s ,  f o u r  o n  

e a c h  s i d e  t o  e l i m i n a t e  t h r u s t  f o r c e ,  m i n i m i z e  v i b r a t i o n ,  a n d  d i s p e n s e  w i t h  

e l a b o r a t e  f o u n d a t i o n  s u p p o r t .  T h e  p i s t o n s  a r e  d r i v e n  b y  c r o s s  h e a d s  

m o u n t e d  o n  a  s w a s h  p l a t e .  T h e  t o t a l  c o m p r e s s i o n  r a t i o  i s  1 : 1 5  a n d  t h e  

m a x im u m  d e l i v e r y  a n d  s u c t i o n  p r e s s u r e s  a r e  1 8  a n d  3  a t m ,  r e s p e c t i v e l y .3
T h e  c o m p r e s s o r  h a s  a  f l o w  r a t e  o f  a p p r o x i m a t e l y  1 0 0  N *m  / h r  w i t h  a  s w a s h  

p l a t e  v e l o c i t y  o f  1 0 0 0  r p m .  T h e  c o m p r e s s o r ,  c o n s t r u c t e d  p r i m a r i l y  o f
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f e r r o u s  m a t e r i a l s ,  w e i g h s  a b o u t  1 0 0 0  k g .  A t  p r e s e n t  t h e r e  a r e  p l a n s  t o  

i n t r o d u c e  l i g h t e r  m a t e r i a l s  t o  r e d u c e  t h i s  w e i g h t  t o  a b o u t  6 0 0  k g ,  h o w e v e r ,  

t h i s  w i l l  r e q u i r e  a  s p e c i a l l y  d e s i g n e d  m o t o r .  T h e  m e a s u r e d  n o i s e ,  a t  f u l l  

l o a d ,  w a s  7 8  a n d  1 1  d B ( A )  a t  d i s t a n c e s  o f  1  m a n d  5  m , r e s p e c t i v e l y .

4 . 5  S e a l e d  C r y o s t a t

A  m e t h o d  p r o p o s e d  f o r  m a i n t a i n i n g  t h e  t e m p e r a t u r e  o f  a n  S C M  i s  t o  

u s e  a  s e a l e d  c r y o s t a t .  T h e  o b v i o u s  a d v a n t a g e  o f  t h i s  s y s t e m  i s  t h a t  n o  

o n b o a r d  r e f r i g e r a t o r  i s  r e q u i r e d .

T h i s  c o n c e p t  i s  b e i n g  s t u d i e d  a t  t h e  U n i v e r s i t y  o f  T o k y o  a n d  a t  

T o h o k u  U n i v e r s i t y ,  i n  J a p a n  [ 3 4 ] .  A  s i m p l e  e x p e r i m e n t  w i t h  a  s m a l l  ( 1 0 . 5  1 )  

c r y o s t a t  w a s  c o n d u c t e d .  W i t h  a  h e a t  l o a d  o f  . 4 2 5  W , t h e  L H e  t e m p e r a t u r e  

r o s e  f r o m  a n  i n i t i a l  t e m p e r a t u r e  a n d  p r e s s u r e  o f  4 . 2 2  K  a t  1  a t m  ( f o r  a n  

8 1 %  l i q u i d  f i l l  l e v e l )  t o  4 . 7  K  a n d  1 . 7 8  a t m  a f t e r  2 . 1  h o u r s .  F a i r l y  

g o o d  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  w e r e  f o u n d .

T h i s  c o n c e p t  i s  a l s o  a t t r a c t i n g  a t t e n t i o n  a t  t h e  U n i v e r s i t y  o f  

W a r w i c k  [ 3 5 ]  a n d  a t  t h e  C IG G T  [ 1 7 ] .  O n l y  a n a l y t i c a l  s t u i d e s  h a v e  b e e n  

c o n d u c t e d  t h e r e ,  h o w e v e r .

4 . 6  C o n t r o l  o f  V e h i c l e  D y n a m i c s

T h e  c o n t r o l  o f  v e h i c l e  d y n a m ic s  a l s o  h a s  a n  i m p a c t  o n  t h e  o v e r a l l  

s y s t e m ,  p r i m a r i l y  b e c a u s e  t h e  v e h i c l e  a n d  g u i d e w a y  g e o m e t r y  d e p e n d  

s t r o n g l y  o n  t h e  s y s t e m  c h o s e n  f o r  g u i d a n c e .  N o t e  t h a t  t h i s  i s  i n  c o n t r a s t  

t o  t h e  E M S  s y s t e m ,  f o r  w h i c h  e i t h e r  a  s e p a r a t e  o r  c o m b in e d  l i f t / g u i d a n c e  

m a g n e t  c o n f i g u r a t i o n  i s  c o m p a t i b l e  w i t h  s i m i l a r  d o u b l e  b e a m  g u i d e w a y  

c o n s t r u c t i o n  a n d  s i m i l a r  v e h i c l e  c o n f i g u r a t i o n s .

A n o t h e r  a r e a  o f  v e h i c l e  d y n a m ic s  a l s o  h a s  c o n s i d e r a b l e  i m p o r t a n c e ,  

a l t h o u g h  i t s  im p a c t  o n  t h e  s y s t e m  h a r d w a r e  d e s i g n  i s  n o t  a s  g r e a t .

T h i s  i s  t h e  a r e a  o f  d a m p in g  o f  t h e  v e h i c l e  s u s p e n s i o n  o s c i l l a t i o n s .  T h e

111



E D S  s u s p e n s i o n  h a s  v e r y  l o w  i n h e r e n t  d a m p in g ,  t o o  l o w  f o r  a c c e p t a b l e  

r i d e  q u a l i t y  [ 3 6 ] .  A d d i t i o n a l  m e a n s  f o r  d a m p in g  m u s t  b e  p r o v i d e d .

T h i s  r e m a i n s  a n  i m p o r t a n t ,  o u t s t a n d i n g  p r o b l e m  f o r  E D S  s y s t e m s ^  C a l ­

c u l a t i o n s  a n d  e x p e r i m e n t s  b y  s e v e r a l  i n v e s t i g a t o r s  h a v e  s h o w n  t h a t  t h e  

i n t r i n s i c  d a m p in g  o f  t h e  E D S  s u s p e n s i o n  i s  q u i t e  s m a l l ,  t o o  s m a l l  f o r  

a c c e p t a b l e  r i d e  q u a l i t y .  S e v e r a l  s o l u t i o n s  t o  t h i s  p r o b l e m  h a v e  b e e n  

s t u d i e d ,  a n d  a p p e a r  f e a s i b l e ,  b u t  n o  E D S  v e h i c l e  h a s  b e e n  o p e r a t e d  

u n d e r  r e a l i s t i c  o p e r a t i n g  c o n d i t i o n s  t o  d a t e .  T h e  h a r d w a r e  u s e d  i n  a  

s o l u t i o n  t o  t h i s  p r o b l e m  s t i l l  n e e d s  t o  b e  d e m o n s t r a t e d  o n  a  p r o t o t y p e  

v e h i c l e .  >

4 . 6 . 1  U S A

A f t e r  e a r l y  w o r k  i n d i c a t e d  p a s s i v e  e d d y  c u r r e n t  d a m p in g  u s i n g  f i x e d  

d a m p in g  p l a t e s  o r  c o i l s  w o u ld  b e  i n a d e q u a t e ,  a c t i v e  d a m p in g  w a s  s t u d i e d  

b y  F o r d  [ 1 7 ] .  I n  t h i s  s c h e m e ,  a  n o r m a l  c o i l  i s  p l a c e d  u n d e r  t h e  S C M  a n d  

e x c i t e d  b y  a  c o n t r o l  s y s t e m .  T h e  c o n t r o l  s y s t e m  c o n s i s t s  o f  a n  e l e c t r o n i c  

p o w e r  c o n t r o l l e r  o p e r a t i n g  a c c o r d i n g  t o  a  c o n t r o l  s y s t e m  u s i n g  m o t i o n  

s e n s o r s  ( i . e . ,  a c c e l e r o m e t e r s ) .  I n i t i a l  c a l c u l a t i o n s  b y  F o r d  i n d i c a t e  

g o o d  p o t e n t i a l  f o r  t h i s  s c h e m e .  F u r t h e r  r e s e a r c h ,  h o w e v e r ,  i s  d e s i r a b l e  

t o  p r o v e  o u t  t h i s  c o n c e p t  i n  t h e  f i e l d .  A l t h o u g h  t h e  a n a l y s i s  i s  w e l l  

a d v a n c e d ,  p r a c t i c a l  h a r d w a r e  d e s i g n s  h a v e  n o t  b e e n  t h o r o u g h l y  t e s t e d  i n  

t h e  f i e l d .

A n  a d d i t i o n a l  s c h e m e  h a s  b e e n  p r o p o s e d  b y  D r .  J .  H a r d i n g ,  f o r m e r l y  

o f  t h e  U . S .  D O T . T h i s  i s  a  m o d i f i e d  p a s s i v e  d a m p in g  s c h e m e  w h e r e  p a s s i v e  

d a m p in g  p l a t e s  ( o r  c o i l s )  a r e  s u s p e n d e d  f r o m  t h e  S C M  o n  a  s e c o n d a r y  

s u s p e n s i o n  i n  a n  a t t e m p t  t o  c o u p l e  m o r e  e n e r g y  f r o m  t h e  f i e l d  t h a n  w h e n  

t h e  d a m p in g  p l a t e  i s  f i x e d  t o  t h e  v e h i c l e .  T h i s  s c h e m e  h a s  n o t  y e t  b e e n  

a n a l y z e d .

A d d i t i o n a l  w o r k  o n  d a m p in g  h a s  b e e n  d o n e  a t  M I T  f o r  t h e  m a g n e p l a n e  

s y s t e m ,  w h e r e  t h e  L S M s  a r e  u s e d  t o  d am p  h e a v e  o s c i l l a t i o n s  v i a  t h e  c l o s e d  

l o o p  c o n t r o l  s y s t e m .
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4 . 6 . 2  C a n a d a

S e c o n d a r y  s u s p e n s i o n  s c h e m e s  t o  p r o v i d e  d a m p in g  a r e  o n l y  p o s s i b l e  

i f  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  S C M  s u s p e n s i o n  i s  h i g h ,  a l l o w i n g  t h e  

p a s s e n g e r  c a b i n  t o  b e  d e c o u p l e d  f r o m  t h e  p r i m a r y  s u s p e n s i o n .  T h e  C IG G T  

h a s  t h u s  p r o p o s e d  a  s c h e m e  a s  f o l l o w s :  t h e  l e v i t a t i o n  m a g n e t s  a r e

i n d e p e n d e n t l y  s p r u n g  f r o m  t h e  p a s s e n g e r  c a b i n  o n  a  s o f t  s e c o n d a r y  

s u s p e n s i o n .  T h e  g r a v i t a t i o n a l  l o a d  s t o r e d  i n  t h e  s p r i n g  o f  t h i s  

s e c o n d a r y  s u s p e n s i o n  a l l o w s  t h e  S C M  t o  h a v e  a  h i g h  n a t u r a l  f r e q u e n c y  a s  

a  p r i m a r y  s u s p e n s i o n  w h i l e  t h e  p a s s e n g e r  c a b i n  r i d e s  o n  t h e  s o f t  s e c o n d a r y  

s u s p e n s i o n .  T h e  s e c o n d a r y  s u s p e n s i o n ,  h y d r a u l i c a l l y  c o n t r o l l e d ,  p r o v i d e s  

d a m p in g  f o r  t h e  m a g n e t s .

T h i s  s c h e m e  m u s t  b e  p r o v e n  i n  t h e  f i e l d  b e f o r e  i t  c a n  b e  c o n s i d e r e d  

f e a s i b l e .  Tw o  p r o b l e m  a r e a s  w h i c h  n e e d  t o  b e  a d d r e s s e d  c o n c e r n  t h e  

i n c r e a s e d  v i b r a t i o n  l o a d  t h a t  t h e  h i g h  p r i m a r y  s u s p e n s i o n  f r e q u e n c y  w i l l  

i n t r o d u c e  t o  t h e  S C M s .  T h e s e  a r e :

•  e f f e c t  o n  c r y o s t a t  r e l i a b i l i t y

•  i n c r e a s e d  L H e  b o i l o f f

T h e  v i b r a t i o n  l e v e l  o f  t h e  p r i m a r y  s u s p e n s i o n  i n c r e a s e s  r a p i d l y  

w i t h  n a t u r a l  f r e q u e n c y ,  d e p e n d i n g  o n  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  

g u i d e w a y  i r r e g u l a r i t y  w a v e l e n g t h s .  T h e  C IG G T  d e s i g n  h a s  a  n a t u r a l  

f r e q u e n c y  o f  a b o u t  1 0  c p s ,  w h i c h  c o u l d  c a u s e  v i b r a t i o n s  s i g n i f i c a n t l y  

a b o v e  t h e  l e v e l  a s s o c i a t e d  w i t h  t h a t  o f  t h e  m o r e  c o n v e n t i o n a l  E D S  

s u s p e n s i o n  w i t h  a  n a t u r a l  f r e q u e n c y  i n  t h e  . 5 - 1  c p s  r a n g e .

4 . 6 . 3  J a p a n

A t  l a s t  r e p o r t ,  J N R  i s  s t i l l  s t u d y i n g  p a s s i v e  t e c h n i q u e s  f o r  d a m p in g ,  

a n d  w i l l  p r o c e e d  t o  a c t i v e  d a m p in g  i f  f o u n d  t o  b e  n e c e s s a r y .

4 . 6 . 4  F R G

S ie m e n s  h a s  a d o p t e d  t h e  F o r d  a p p r o a c h  o f  a c t i v e  d a m p in g  u s i n g  a c t i v e  

c o n t r o l  c o i l s .
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•  E D S  -  n o r m a l  f l u x ,  n u l l  f l u x ,  a n d  d i f f e r e n c e  f l u x  

s u s p e n s i o n ,  e x c l u d i n g  t h e  m e a n s  o f  L H e  s u p p l y  t o  

c r y o s t a t  ( w h i c h  i s  n o t  w e l l  a d v a n c e d )

•  E M S  -  s e p a r a t e  L / G ,  c o m b in e d  L / G  ( t r a n s v e r s e  f l u x  

t y p e )

•  A I R  C U S H IO N  -  s t a t i c  a i r  c u s h i o n s

5.0 TLV SYSTEM COMPARISON

In general, the analytical models, experiments and hardware

technology are well advanced for the following suspension components:

T h e  f o l l o w i n g  p r o p u l s i o n  c o m p o n e n t s  a r e  a l s o  w e l l  u n d e r s t o o d :

•  F L U ID  -  g a s  t u r b i n e , e x c e p t  f o r  f u r t h e r  d e v e l o p m e n t  o f  

n o i s e  s u p p r e s s i o n

•  L E M  -  S L I M  a n d  D L I M ,  e x c e p t  f o r  f u r t h e r  o p t i m i z a t i o n  v i a  

l i q u i d  c o o l i n g  o f  L E M  a n d  P C U .

F o r  t h e s e  s y s t e m s  r e l i a b l e ,  a c c u r a t e  c o n c e p t u a l  d e s i g n s  c a n  b e  c o n ­

s t r u c t e d .

C o n s p i c u o u s l y  a b s e n t  f r o m  t h i s  l i s t  i s  a i r .  c o r e  L S M  p r o p u l s i o n ,  

w h i c h  i s  c r i t i c a l  f o r  p r o p e l l i n g  t h e  E D S  s u s p e n s i o n  s y s t e m .  T h e  

p r i m a r y  r e a s o n s  f o r  i t s  a b s e n c e  a r e  a s  f o l l o w s :

•  c o m p le t e  d e s i g n  o f  h a r d w a r e  f o r  a c t i v e  t r a c k  h a s  n o t  y e t  

b e e n  d e m o n s t r a t e d ,  t h o u g h  i t  w i l l  b e  a t  M i y a s a k i

•  c l o s e d  l o o p  c o n t r o l  o f  L S M  i n c l u d i n g  e f f e c t s  d u e  t o  

v e h i c l e  m o t i o n  h a s  n o t  b e e n  d e m o n s t r a t e d

•  m e t h o d  o f  L H e  s u p p l y  t o  c r y o s t a t s  i s  n o t  y e t  d e v e l o p e d .

I n  s u m m a r y ,  t h e  m i s s i n g  t e c h n o l o g i c a l  l i n k s  f o r  a  v a l i d  s u s p e n ­

s i o n  s y s t e m  d e s i g n  l i e  i n  t h e  f o l l o w i n g  a r e a s :
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•  E D S  -  d e v e l o p m e n t  o f  r e f r i g e r a t o r  o r  s e a l e d  c r y o s t a t  f o r  

L H e  s u p p l y  t o  c r y o s t a t

•  A I R  C U S H IO N  -  r a m  a i r  c u s h i o n  -  b a s i c  a n a l y s i s  a n d  v e r i ­

f i c a t i o n .

T h e  i m p o r t a n t  u n k n o w n s  f o r  L E M  p r o p u l s i o n  s y s t e m s  c o n c e r n  t h e  

f o l l o w i n g  a r e a s :

•  R E P U L S IO N  M A G L E V  -  L S M  c o n t r o l ,  h a r d w a r e ,  a c t i v e  t r a c k  

c o s t s ,  d e v e l o p m e n t  o f  L H e  s u p p l y  f o r  c r y o s t a t

•  A T T R A C T IO N  M A G L E V / A IR  C U S H IO N  -  im p r o v e m e n t s  i n  o n b o a r d  

i n v e r t e r  d e s i g n ,  d e v e l o p m e n t  o f  D C  d i s t r i b u t i o n  f o r  

p a s s i v e  t r a c k  m a c h i n e s  u s i n g  L I M  p r o p u l s i o n ,  c o s t s  o f  

a c t i v e  t r a c k  f o r  i r o n  c o r e  L S M  p r o p u l s i o n .

I n  l i g h t  o f  t h e  u n c e r t a i n t i e s  i n  s e v e r a l  c r i t i c a l  a r e a s  i t  i s

i m p o s s i b l e  t o  m a k e  c o m p l e t e l y  r e l i a b l e  c o n c e p t u a l  d e s i g n s  f o r  v a l i d  

c o m p a r i s o n s  o f  a l l  t h e  c a n d i d a t e  s y s t e m s .  E v e n  i f  i t  w e r e  p o s s i b l e ,  

o v e r a l l  s y s t e m  c o m p a r i s o n s  a r e  d i f f i c u l t  t o  m a k e ,  a s  e a c h  s y s t e m  h a s  

c h a r a c t e r i s t i c  a d v a n t a g e s  t o  b e  w e i g h e d  a g a i n s t  i t s  r e l a t i v e  d i s ­

a d v a n t a g e s .  F o r  a  s y s t e m  w i t h  t h e  o v e r a l l  c o m p l e x i t y  o f  a  H S G T  s y s t e m ,  

a b s o l u t e  c o m p a r i s o n s  a r e  a l w a y s  d i f f i c u l t  t o  m a k e .  W h a t  i s  i m p o r t a n t ,  

h o w e v e r ,  i s  t h e  r e l i a b i l i t y  a n d  a c c u r a c y  o f  t h e  a n a l y t i c a l  m o d e l s  u s e d  

f o r  p r e d i c t i o n s  o f  p e r f o r m a n c e  a n d  c o s t  b a s e d  o n  c o n c e p t u a l  d e s i g n s .

I f  s u c h  p r e d i c t i o n s  c a n  b e  r e l i a b l y  m a d e ,  a  s i n g l e  c h o i c e  w i l l  m o s t  

l i k e l y  p r e s e n t  i t s e l f  i f  t h e  a p p l i c a t i o n  i s  c o m p l e t e l y  d e f i n e d .  S o m e  

o f  t h e  m a j o r  q u e s t i o n s  t o  b e  a n s w e r e d  f o r  a  s p e c i f i c  a p p l i c a t i o n  a r e  

a s  f o l l o w s :

•  e n e r g y  r e q u i r e m e n t s

•  t r a c k i n g  a b i l i t y

•  s a f e t y

•  s w i t c h i n g

•  s p e e d

B r i e f  c o m p a r i s o n s  b a s e d  o n  t h e s e  p o i n t s  w i l l  b e  a d d r e s s e d  i n  t h e  

f o l l o w i n g  s e c t i o n s .
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5 . 1  E n e r g y

There are two aspects to the energy question:

•  t y p e  o f  e n e r g y  ( o n b o a r d  f u e l  o r  e l e c t r i c )

•  e n e r g y  d e l i v e r y  s y s t e m  ( p o w e r  d i s t r i b u t i o n  a n d  c o n v e r s i o n )

5 . 1 . 1  T y p e  o f  E n e r g y

5 . 1 . 1 . 1  O n b o a r d  F u e l

A  g a s  t u r b i n e  w i t h  a  n o i s e  s u p p r e s s e d ,  d u c t e d  f a n  i s  t h e  o b v i o u s  

c h o i c e  i f  o n b o a r d  f u e l s  a r e  a l l o w e d .  S u c h  a  p r o p u l s i o n  d e v i c e  i s  

s i m p l e ,  w e l l  u n d e r s t o o d ,  a n d  c o m p a t i b l e  w i t h  a l l  a i r  c u s h i o n  a n d  

m a g l e v  s u s p e n s i o n s .  T h e  o n l y  o u t s t a n d i n g  t e c h n i c a l  p r o b l e m  i s  t h a t  

o f  f u r t h e r  r e d u c i n g  t h e  n o i s e  l e v e l s .  T h e  p o l i t l c a l / t e c h n i c a l  

c l i m a t e  a t  t h i s  t im e ,  h o w e v e r ,  i s  l e a n i n g  s t r o n g l y  a g a i n s t  o n b o a r d  

f u e l  s y s t e m s  f o r  r e a s o n s  o f  w a y s i d e  p o l l u t i o n  a n d  a n t i c i p a t i o n  o f  

a  l i m i t e d  p e t r o l e u m  s u p p l y  i n  t h e  f u t u r e .  I n  a n y  c a s e  c e r t a i n  

s u s p e n s i o n  t y p e s  w i l l  r e q u i r e  a  h i g h e r  f u e l  c o n s u m p t i o n  t h a n  

o t h e r s .

A l l  s u s p e n s i o n  s y s t e m s  a r e  c o m p a t i b l e  w i t h  g a s  t u r b i n e  p r o p u l s i o n ,  

a n d  t h e y  c a n  b e  r a n k e d  w i t h  r e s p e c t  t o  f u e l  c o n s u m p t i o n  i n  t w o  m a j o r  

g r o u p s  a s  f o l l o w s :

a .  A t t r a c t i o n  M a g l e v  ( E M S )  a n d  R am  A i r  C u s h i o n  ( T R A C V )

b .  R e p u l s i o n  M a g l e v  ( E D S )  a n d  S t a t i c  A i r  C u s h i o n . .

T h e  f i r s t  g r o u p ’ s  p o w e r  r e q u i r e m e n t  i s  d o m in a t e d  b y  a e r o d y n a m i c ,  

c r u i s e  d r a g  o n  t h e  b o d y  ( a b o u t  4  MW f o r  a  3 0  m l o n g  v e h i c l e  a t  

5 0 0  k m / h r ) , t h e  s e c o n d  g r o u p  h a s  a  s u b s t a n t i a l  a d d i t i o n a l  p o w e r  

( 1 5 - 3 0  k w / t o n )  r e q u i r e d  f o r  t h e  s u s p e n s i o n  s y s t e m .  T h e  E D S  s y s t e m  h a s  

a  m a g n e t i c  d r a g ,  t h e  h i n g e d  l i p  p le n u m  s t a t i c  a i r  c u s h i o n  h a s  c a p t a t i o n  

d r a g .  T h e  m a g n e t i c  d r a g  p o w e r  f o r  t h e  E D S  s y s t e m  i s  e s s e n t i a l l y  

i n d e p e n d e n t  o f  s p e e d ,  w h i l e  t h e  d r a g  f o r  t h e  s t a t i c  a i r  c u s h i o n  i n c r e a s e s  

w i t h  s p e e d .  I n  a d d i t i o n ,  t h e  m a g n e t i c  d r a g  f o r . t h e  E D S  s y s t e m  i s  a l w a y s
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o v e r c o m e  b y  t h e  p r o p u l s i o n  s y s t e m ,  w h i l e  t h e  s t a t i c  a i r  c u s h i o n  r e q u i r e s  

c o m p r e s s o r  p o w e r  a s  w e l l  a s  a d d i t i o n a l  p o w e r  f r o m  t h e  p r o p u l s i o n  s y s t e m  

a t  h i g h  s p e e d s  ( t o  o v e r c o m e  c a p t a t i o n  d r a g ) . T h e r e f o r e ,  a l t h o u g h  t h e  p o w e r  

l e v e l s  t h e m s e l v e s  c a n  b e  d i r e c t l y  c o m p a r e d ,  t h e  s y s t e m  c o n s e q u e n c e s  a r e  

u n i q u e  f o r  e a c h  s y s t e m .

T h e  o v e r a l l  s i z e  o f  t h e  p r o p u l s i o n  s y s t e m  d e p e n d s  o n  s e v e r a l  

f a c t o r s  w h i c h  r e l a t e  n o t  o n l y  t o  t h e  s u s p e n s i o n  s y s t e m ,  b u t  a l s o  t o  t h e  

s p e c i f i c  v e h i c l e  o p e r a t i o n a l  c h a r a c t e r i s t i c s .

•  o v e r a l l  v e h i c l e  w e i g h t

•  s t a r t i n g  a c c e l e r a t i o n

•  p o w e r  r e s e r v e  f o r  g r a d e s ,  h e a d w in d s

•  s p e c i f i c  a e r o d y n a m i c  d e s i g n

h e n c e  t h e  o v e r a l l  e n e r g y  u s a g e  c a n n o t  b e  m o r e  c l o s e l y  c o m p a r e d  o n  a  

g e n e r a l  b a s i s .

C o m p a r i s o n s  a s  t o  t h e  l o w e r  r e l a t i v e  e n e r g y  u s e  f o r  g a s  t u r b i n e  

v s .  e l e c t r i c  p r o p u l s i o n  s y s t e m s  h a v e  b e e n  m a d e  i n  t h e  l i t e r a t u r e ,  b u t  

h a v e  l i m i t e d  p r a c t i c a l  s i g n i f i c a n c e ,  s i n c e  c o m p a r i s o n s  m e r e l y  o f  

e n e r g y  c o n s u m e d  b e t w e e n  g a s  t u r b i n e  a n d  a l l  e l e c t r i c  s y s t e m s  o n l y  

r e p r e s e n t  a  s m a l l  p o r t i o n  o f  t h e  t o t a l  s y s t e m  t r a d e o f f .  S u c h  a  

t r a d e o f f  a l s o  i n v o l v e s  a s p e c t s  o f  e l e c t r i c  d i s t r i b u t i o n  a n d  p o l l u t i o n .

5 . 1 . 1 . 2  E l e c t r i c

E l e c t r i c  s y s t e m s  a r e  c u r r e n t l y  o f  g r e a t e r  i n t e r e s t  f o r  f u t u r e  

H S G T  s y s t e m s  t h a n  g a s  t u r b i n e s .  T h e  tw o  m a j o r  t y p e s  o f  e l e c t r i c  

s y s t e m s  u s e  e i t h e r  p a s s i v e  o r  a c t i v e  t r a c k  d i s t r i b u t i o n .  I t  s h o u l d  

b e  n o t e d  t h a t  i t  i s  n o t  c l e a r  t h a t  a n  a c t i v e  t r a c k  s y s t e m  c a n  b e  

a l l - e l e c t r i c ,  s i n c e  so m e  p o w e r  f o r  a i r  c o n d i t i o n i n g ,  l i g h t s ,  e t c .  

w i l l  b e  r e q u i r e d  i n  a d d i t i o n  t o  t h e  p r o p u l s i o n  p o w e r  ( c o u p l e d  

e l e c t r o - m a g n e t i c a l l y )  f r o m  t h e  t r a c k .  A  s m a l l  s u p p l e m e n t a r y  g a s
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t u r b i n e ,  a s  i s  n o w  u s e d  o n  a i r c r a f t ,  m a y  b e  r e q u i r e d ,  a l t h o u g h  

o t h e r  o p t i o n s  a r e  b e i n g  c o n s i d e r e d .

S y s t e m s  c o m p a t i b l e  w i t h  t h e  p a s s i v e  t r a c k / e l e c t r i c  p o w e r  c o l l e c t o r  

a p p r o a c h  c a n  u s e  a  l i n e a r  o r  a  r o t a r y  e l e c t r i c  m o t o r .  T h e  R E M  w o u l d  

b e  u s e d  t o  d r i v e  a  Q F A N .  C o m p a t i b i l i t y  i s  b a s e d  o n  t h e  s i z e  o f  t h e  

s u s p e n s i o n  g a p ;  t h o s e  c o m p a t i b l e  w i t h  t h e  L E M  a r e  t h e :

•  E M S  m a g l e v ,  s t a t i c  a i r  c u s h i o n  ( L E M  c o m p a t i b l e )

w h i l e  t h o s e  c o m p a t i b l e  w i t h  t h e  R E M  a r e :

•  E M S  a n d  E D S  m a g l e v ,  s t a t i c  a n d  r a m  a i r  c u s h i o n  

(R E M  c o m p a t i b l e )

F o r  p r a c t i c a l  p u r p o s e s ,  o n l y  t h e  E M S  m a g l e v  a n d  s t a t i c  a i r  c u s h i o n  

s y s t e m s  a r e  c o m p a t i b l e  w i t h  s m a l l  g a p  l i n e a r  e l e c t r i c  m o t o r s  ( L S M  o r  

L I M ) . L a r g e  g a p  s y s t e m s  ( i . e . ,  E D S  m a g l e v  a n d  t h e  T R A C V )  a r e  b a s i c a l l y  

i n c o m p a t i b l e  w i t h  a  s m a l l  g a p  p r o p u l s i o n  d e v i c e .

I n . t e r m s  o f  p o w e r  c o n s u m p t i o n  f o r  L E M  c o m p a t i b l e  s u s p e n s i o n ,  

t h e r e  i s  a  c l e a r  a n d  s i g n i f i c a n t  a d v a n t a g e  o f  t h e  E M S  m a g l e v  c o m p a r e d  

t o  t h e  s t a t i c  a i r  c u s h i o n .

F o r  a n  a l l  e l e c t r i c  p o w e r  p i c k u p  s y s t e m ,  t h e  l a r g e  g a p  s u s p e n s i o n s  

s u c h  a s  t h e  E D S  m a g l e v  a n d  T R A C V  s y s t e m s  r e q u i r e  a  R E M  d r i v e n  d u c t e d  

f a n .  H o w e v e r ,  t h e  f e a s i b i l i t y  o f  o n b o a r d  R E M s  h a s  n o t  y e t  b e e n  d e m o n ­

s t r a t e d ,  p r i m a r i l y  b e c a u s e  c o n v e n t i o n a l  R E M s  a t  t h e  p o w e r  l e v e l  

r e q u i r e d  f o r  a  5 0 0  k m / h r  v e h i c l e  a r e  p r o h i b i t i v e  o n  t h e  b a s i s  o f  

w e i g h t .  A l t h o u g h  t h e r e  h a s  b e e n  s p e c u l a t i o n  t h a t  l i g h t w e i g h t  s u p e r ­

c o n d u c t i n g  R E M s  w i l l  s o m e d a y  b e  a v a i l a b l e ,  a  s i g n i f i c a n t  d e v e l o p m e n t  

p r o g r a m  w o u l d  b e  r e q u i r e d .  A t  t h e  p r e s e n t  t im e  r e s e a r c h  o n  s u p e r ­

c o n d u c t i n g  R E M s  i s  p r i m a r i l y  c o n c e r n e d  w i t h  m u c h  l a r g e r  m a c h i n e s  t h a n  

w o u ld  b e  r e q u i r e d  f o r  a  H S G T  v e h i c l e .  F o r  t h i s  r e a s o n  R E M  d r i v e n  

v e h i c l e s  a r e  t o o  s p e c u l a t i v e  t o  c o n s i d e r  a t  t h i s  t im e .
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I n  a d d i t i o n ,  i t  i s  n o t  c e r t a i n  t h a t  a n  o v e r a l l  w e i g h t  s a v i n g s  c o u l d  

a c t u a l l y  b e  r e a l i z e d  a t  R E M  p o w e r  l e v e l ?  o f  o n l y  5 - 1 0  M V A .

I n  c o n c l u s i o n ,  a n  E M S  m a g l e v  s u s p e n s i o n  a p p e a r s  a t  t h i s  t im e  

t o  b e  t h e  m o s t  e n e r g y  e f f i c i e n t  o f  t h e  f e a s i b l e  p a s s i v e  t r a c k  / a l l  

e l e c t r i c  s y s t e m s .

5 . 1 . 2  E n e r g y  D e l i v e r y  S y s t e m

T h e  e n e r g y  d e l i v e r y  s y s t e m  i s  a l s o  o f  c o n s i d e r a b l e  i n t e r e s t  f o r  

v a r i o u s  e l e c t r i c  p r o p u l s i o n  s y s t e m s ,  f r o m  b o t h  a  c o s t  a n d  p e r f o r m a n c e  

s t a n d p o i n t .  T h e  e l e c t r i c  p o w e r  d i s t r i b u t i o n  s y s t e m  r e q u i r e d  b y  t h e  

n u m e r o u s  v e h i c l e  t y p e s  v a r i e s  c o n s i d e r a b l y ,  d e p e n d i n g  o n  w h e t h e r  a  , 

p a s s i v e  o r  a c t i v e  t r a c k  i s  e m p lo y e d ,  a n d  m a y  w e l l  p l a y  a  s i g n i f i c a n t  

r o l e  i n  t h e  c h o i c e  b e t w e e n  c a n d i d a t e  s y s t e m s .  T h e  m a j o r  f a c t o r s  o f  

i n t e r e s t  a r e :

•  i n s t a l l a t i o n  a n d  o p e r a t i n g  c o s t

•  p o w e r  c o n v e r s i o n  r e q u i r e m e n t s

•  t r a f f i c  d e n s i t y

•  n u m b e r  o f  v e h i c l e s  p e r  b l o c k .

T h e  i s s u e  o f  I n s t a l l a t i o n  a n d  o p e r a t i n g  c o s t  a n d  m a i n t e n a n c e  f o r  

a c t i v e  t r a c k  p o w e r  d i s t r i b u t i o n  v e r s u s  a  m e c h a n i c a l  p o w e r  c o l l e c t i o n  

s y s t e m  ( i . e . ,  b r u s h / r a i l )  i s  f a r  f r o m  r e s o l v e d .  I t  h a s  n o t  y e t  b e e n  

s h o w n  w h i c h  s c h e m e  i s  l e s s  c o s t l y ,  o r  p r e f e r a b l e  i n  t h e  l o n g  r u n .

T h e  c o m p a r i s o n  i s  f u r t h e r  c o m p l i c a t e d  i n  t h a t  p a s s i v e  t r a c k  L E M  

p r o p e l l e d  v e h i c l e s  w i l l  m o s t  l i k e l y  u t i l i z e  D C  d i s t r i b u t i o n  w h i l e  t h e  

a c t i v e  t r a c k  v e h i c l e s  w i l l  u s e  A C  d i s t r i b u t i o n .
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T h e  d i f f e r e n c e s  i n  t h e  m e a n s  r e q u i r e d  f o r  p r o p u l s i o n  p o w e r  

c o n t r o l  a r e  a l s o  s i g n i f i c a n t ,  s i n c e  p a s s i v e  t r a c k  L E M  m a c h i n e s  r e q u i r e

a n  o n b o a r d  p o w e r  i n v e r t e r ,  w h i l e  t h e  a c t i v e  t r a c k  L S M s  ( a i r  c o r e ,  

i r o n  c o r e )  r e q u i r e  c l o s e d  l o o p  w a y s i d e  p o w e r  c o n t r o l .  O n b o a r d  

s y s t e m s  h a v e  h i g h  o n b o a r d  w e i g h t ,  w h i l e  w a y s i d e  s y s t e m s  h a v e  t h e  

t e c h n i c a l  c o m p l e x i t y  o f  v e h i c l e / s u b s t a t i o n  c l o s e d  l o o p  c o n t r o l  a n d  

p r o b l e m s  c o n t r o l l i n g  tw o  o r  m o r e  v e h i c l e s  o n  a h  a c t i v e  b l o c k .  S i n c e  

t h e  c o s t s  a l s o  d e p e n d  o n  t h e  t r a f f i c  d e n s i t y ,  h i g h  d e n s i t y  w i l l  

f a v o r  a  w a y s i d e  P C U ,  l o w e r  t r a f f i c  d e n s i t i e s  f a v o r  o n b o a r d  P C U .

T h e  n u m b e r  o f  v e h i c l e s  p e r  b l o c k  i s  a l s o  s i g n i f i c a n t ,  s i n c e  t h i s  

c a n  g r e a t l y  a f f e c t  t h e  p o w e r  d i s t r i b u t i o n  s y s t e m .  I n  a d d i t i o n  t o  t h e  

r e q u i r e d  p o w e r  l e v e l  t o  b e  d i s t r i b u t e d  t o  a  g i v e n  s e c t i o n  o f  t r a c k ,  

t h e  t y p e  o f  P C U  t o  h a n d l e  t h i s  p o w e r  l e v e l  i s  a f f e c t e d .  F o r  e x a m p le ,  

E D S  L S M  d e s i g n s  u s i n g  o n e  o r  tw o  v e h i c l e s  p e r  b l o c k  c a n  u t i l i z e  a  

h i g h  e x c i t a t i o n  f r e q u e n c y  f r o m  a n  i n v e r t e r  a n d  o b t a i n  a  s h o r t  p o l e  

p i t c h  f o r  t h e  L S M .  T h i s  c o m p a r e s  t o  t h e  d e s i g n s  i n  C a n a d a  a n d  t h e  

F R G .  O n  t h e  o t h e r  h a n d ,  a  d e s i g n  u s i n g  1 0  v e h i c l e s / b l o c k  r e q u i r e s  a  

l e v e l  o f  p o w e r  s o  l a r g e  t h a t  o n l y  a  c y c l o c o n v e r t e r  w o u ld  b e  f e a s i b l e  

f o r  p o w e r  c o n v e r s i o n .  T h i s  l i m i t s  t h e  e x c i t a t i o n  f r e q u e n c y  t o  a b o u t  

1 5  H z ,  a n d  r e q u i r e s  a  l o n g  p o l e  p i t c h  f o r  t h e i r  L S M  d e s i g n .  T h i s  

c o m p a r e s  t o  t h e  J N R  d e s i g n .

I n  s u m m a r y ,  t h e  p o w e r  d i s t r i b u t i o n / c o n v e r s i o n  p r o b l e m  i s  a  m a j o r  

s y s t e m  c o n s i d e r a t i o n ,  a n d  m a y  w e l l  p l a y  a  s i g n i f i c a n t  r o l e  i n  t h e  

f i n a l  c h o i c e  b e t w e e n  c a n d i d a t e  s y s t e m s  f o r  a  s p e c i f i c  a p p l i c a t i o n .

A s  t h e  s c o p e  o f  t h e  p o w e r  r e q u i r e m e n t s  d e p e n d s  h e a v i l y  o n  t h e  p a s s e n g e r  

t r a f f i c  d e n s i t y  a n d  s p e e d ,  f u r t h e r  s y s t e m  d e f i n i t i o n s  w i l l  b e  r e q u i r e d  

b e f o r e  t h e  p o w e r  r e q u i r e m e n t s  C a n  b e  a d e q u a t e l y  d e f i n e d .  I n  a d d i t i o n  

t o  o b t a i n i n g  m o r e  c l e a r l y  d e f i n e d  s y s t e m  r e q u i r e m e n t s ,  t h e r e  a r e  s t i l l  

o u t s t a n d i n g  q u e s t i o n s  o f  c r i t i c a l  t e c h n i c a l  i m p o r t a n c e .  F o r  t h e  

p a s s i v e  t r a c k  s y s t e m  t h e s e  a r e :
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•  h i g h  s p e e d  b r u s h  w e a r  o f  t h e  p o w e r  c o l l e c t o r ,

•  D C  d i s t r i b u t i o n  s c h e m e  h a r d w a r e .

O u t s t a n d i n g  q u e s t i o n s  f o r  a c t i v e  s y s t e m s  a r e :

•  h i g h  v o l t a g e  i n s u l a t i o n  f o r  t r a c k  im b e d d e d  w i n d i n g ,

•  c l o s e d  l o o p  v e h i c l e  c o n t r o l .

5 . 2  T r a c k i n g  A b i l i t y

C l a i m s  h a v e  b e e n  m a d e  f o r  s u p e r i o r  t r a c k i n g  a b i l i t y  o f

l a r g e  g a p  ( i . e . ,  E D S )  s u s p e n s i o n s  c o m p a r e d  t o  s m a l l  g a p  ( i . e . ,  E M S )  

s u s p e n s i o n s .  T h i s  h a s  n o t  b e e n  s h o w n ,  f o r  t h e  f o l l o w i n g  r e a s o n s :

•  T h e  l o w  n a t u r a l  f r e q u e n c y  a n d  d a m p in g  o f  t h e  E D S  s u s p e n s i o n  

m a y  n o t  a l l o w  e f f i c i e n t  u t i l i z a t i o n  o f  t h e  l a r g e  g a p .

•  T h e  h i g h  s p r u n g  t o  u n s p r u n g  m a s s  r a t i o  f o r  E M S  a n d  s t a t i c  

a i r  c u s h i o n  s u s p e n s i o n s  a l l o w  th e m  t o  m a k e  e f f i c i e n t  u s e  

o f  t h e  g a p .

•  T h e  l o n g  w a v e l e n g t h  n a t u r e  o f  t h e  g u i d e w a y  i r r e g u l a r i t i e s  

( 1 0 - 1 0 0  m ) i n v o l v e d  m a y  n o t  c a u s e  a  s i g n i f i c a n t  a d d i t i o n a l  

c o s t  t o  r e d u c e  t h e i r  a m p l i t u d e .

T h e  t r a c k i n g  a b i l i t y  d e p e n d s  n o t  o n l y  o n  t h e  g a p ,  b u t  a l s o  o n  t h e

3 7
s p r u n g  t o  u n s p r u n g  m a s s  r a t i o .  A s  s h o w n  i n  a  M IT R E  r e p o r t ,  t h e  g a p  

i s  t h e  m o s t  i m p o r t a n t  f a c t o r ,  s i n c e  a n  i n c r e a s e  i n  m a s s  r a t i o  o f  1 0 0 0  

c o u l d  b e  n e e d e d  t o  o f f s e t  t h e  d e c r e a s e  i n  t r a c k i n g  c a u s e d  b y  a  d e c r e a s e  

i n  g a p  o f  1 0 .  F o r  t h i s  r e a s o n ,  t h e  E D S  s u s p e n s i o n  m a y  e v e n t u a l l y  

d e m o n s t r a t e  t h e  a b i l i t y  t o  t r a c k  r o u g h e r  g u i d e w a y s .  A t  p r e s e n t ,  

h o w e v e r ,  t h e  M i y a z a k i  t e s t  t r a c k ,  u t i l i z i n g  t h e  m o s t  a d v a n c e d  E D S  

t e s t  v e h i c l e  t o  d a t e ,  i s  b e i n g  c o n s t r u c t e d  t o  v e r y  t i g h t  t o l e r a n c e s  i n  

o r d e r  t o  p r o v i d e  a  l o w  l e v e l  o f  g u i d e w a y  e x c i t a t i o n  f o r  t h e  t e s t  

v e h i c l e .  N e i t h e r  a n  E M S  o r  E D S  s y s t e m  h a s  y e t  b e e n  d e m o n s t r a t e d  o n  

a n y t h i n g  o t h e r  t h a n  a  " s m o o t h "  t e s t  t y p e  t r a c k .

A  p r o b l e m  i n h e r e n t  t o  E D S  s y s t e m s  i s  t h e  r e l a t i v e  d i f f i c u l t y  i n  

a c t i v e l y  c o n t r o l l i n g  t h e  s u s p e n s i o n ,  b e c a u s e  t h e  l a r g e  g a p  w o u l d  r e q u i r e  

l a r g e  c o n t r o l  p o w e r .  C o n t r o l  i s  o n l y  f e a s i b l e  f o r  d a m p in g ,  a s  a n y
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m a j o r  c h a n g e  i n  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  s u s p e n s i o n  i s  d i f f i c u l t  

t o  a c h i e y e .  T h e  p r o b l e m  a r i s e s  f r o m  t h e  l o w  n a t u r a l  f r e q u e n c y  o f  

t h e  E D S  s u s p e n s i o n ,  a b o u t  . 5  t o  . 7 5  H z .  T h e s e  s o f t  s u s p e n s i o n s  t e n d  

t o  b e  g a p  l i m i t e d ,  r a t h e r  t h a n  a c c e l e r a t i o n  l i m i t e d  ( i . e . ,  s o f t  ( E D S )  

s u s p e n s i o n s  a l l o w  l a r g e  g a p  v a r i a t i o n s  w h i l e  h a v i n g  l o w  a c c e l e r a t i o n s ,  

w h i l e  s t i f f  ( E M S )  s u s p e n s i o n s  h a v e  s m a l l  g a p  v a r i a t i o n s  w h i l e  

r e q u i r i n g  h i g t i  a c c e l e r a t i o n s ) .  A n  a d d i t i o n a l  p r o b l e m  f o r  E D S  s u s ­

p e n s i o n  i s  t h a t  t h e  l o w  n a t u r a l  f r e q u e n c y  i s  a  d i s a d v a n t a g e  f o r  c u r v e s  

a n d  g r a d e s .

I n  c o n c l u s i o n ,  i t  h a s  n o t  b e e n  d e m o n s t r a t e d  t h a t  o n e  s y s t e m  

c a n  u t i l i z e  l o w e r  c o s t  g u i d e w a y  c o n s t r u c t i o n  t e c h n i q u e s .

5 . 3  S a f e t y

I t  i s  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  a s s e s s  t h e  r e l a t i v e

s a f e t y  o f  e i t h e r  a i r  c u s h i o n  o r  m a g l e v  s u s p e n s i o n s  a t  t h i s  e a r l y• 0
s t a g e  o f  s y s t e m  d e v e l o p m e n t .  T h e r e  h a s  b e e n ,  h o w e v e r ,  a  q u e s t i o n  

a b o u t  t h e  s a f e t y  o f  t h e  E M S  m a g l e v  s y s t e m  r a i s e d  b y  s o m e  o f  t h e  

p r o m o t e r s  o f  t h e  E D S  m a g l e v  s y s t e m .  T h e  a r g u m e n t  i s  b a s i c a l l y  t h a t  

t h e  E D S  s u s p e n s i o n  i s  a n  i n h e r e n t l y  s t a b l e  s u s p e n s i o n ,  a n d  i s  s a f e r  

t h a n  t h e  i n h e r e n t l y  u n s t a b l e  E M S  s u s p e n s i o n .  I n  t h e  o p i n i o n  o f  

M IT R E ,  t h i s  i s  n o t  a  v a l i d  i n d i c a t o r  o f  r e l a t i v e  s a f e t y .  T h e r e  

a r e  tw o  f a u l t s  t o  t h i s  a r g u m e n t :

•  T h e  E D S  s u s p e n s i o n  h a s  n o t  y e t  b e e n  s h o w n  t o  h a v e  a d e q u a t e  

d y n a m ic  s t a b i l i t y  w i t h o u t  a n  a d d i t i o n a l  s u s p e n s i o n  e l e m e n t ,  

d u e  t o  i t s  l o w  i n h e r e n t  d a m p in g  a n d  c o u p l e d  v e h i c l e  m o d e s .

I n  f a c t ,  t h e  m o s t  l i k e l y  s o l u t i o n s  a t  p r e s e n t  i n v o l v e  a n  • 

a u x i l i a r y ,  a c t i v e  s u s p e n s i o n  e i t h e r  e l e c t r i c a l  ( c o n t r o l  

c o i l s )  o r  h y d r a u l i c  ( a c t i v e  h y d r a u l i c )  i n  n a t u r e .  I f  t h e  

E D S  s u s p e n s i o n  i s  i n d e e d  s h o w n  t o  r e q u i r e  a n  a c t i v e  c o n t r o l  

s y s t e m ,  i t  w i l l  h a v e  a  f a i l u r e  m o d e  s i m i l a r  t o  t h a t  o f  t h e  

E M S  s y s t e m ,  a n d  n e i t h e r  s y s t e m  w i l l  h a v e  a d e q u a t e  s t a b i l i t y  

w i t h o u t  a n  a u x i l i a r y  c o n t r o l  s y s t e m .
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•  S i n c e  s u p e r c o n d u c t i v i t y  r e q u i r e s  c r y o g e n i c  t e m p e r a t u r e s ,  

a n y  l o s s  o f  m e c h a n i c a l  i n t e g r i t y  o f  a  c r y o s t a t  ( d u e  t o  

v i b r a t i o n s ,  s h o c k ,  o r  d e f e c t i v e  w e l d s )  w i l l  c a u s e  r a p i d  

q u e n c h i n g  ( l o s s  o f  s u p e r c o n d u c t i v i t y )  o f  t h e  c o i l s  a n d  

r e s u l t  i n  l o s s  o f  l i f t .  A  c r y o s t a t  r e q u i r e s  a  v a c u u m  s p a c e  

f o r  h e a t  i n s u l a t i o n ,  a n d  l o s s  o f  v a c u u m  w i l l  c a u s e  t h e  L H e  

t o  b o i l  a n d  t h e  c o i l  t o  q u e n c h .  T h e  E D S  s y s t e m  h a s  a n  

i n h e r e n t  p r o b l e m  i n  t h e  m e c h a n i c a l  i n t e g r i t y  o f  t h e  

c r y o g e n i c s .  B o t h  s y s t e m s  a r e  i n h e r e n t l y  u n s t a b l e ;  t h e  

E M S  s y s t e m  r e q u i r e s  a  c o n t r o l  s y s t e m ,  t h e  E D S  s y s t e m  

r e q u i r e s  c r y o s t a t  i n t e g r i t y .

T h e s e  a r g u m e n t s  s h o u l d  b e  n o  c a u s e  f o r  a l a r m ,  h o w e v e r ,  s i n c e  

a n  e m e r g e n c y  l a n d i n g  s y s t e m  w i l l  a l w a y s  b e  a v a i l a b l e .  S u c c e s s f u l  

t e s t i n g  o f  s k i d s  h a s  b e e n  d e m o n s t r a t e d  o n  t h e  K O M E T  t e s t  s l e d  

(E M S  s y s t e m )  a t  s p e e d s  t o  4 0 0  k m / h r .

5 . 3 . 1  M a g n e t i c  F i e l d s

A  q u e s t i o n  o f  s a f e t y  w o r t h  m o r e  a t t e n t i o n  a t  t h i s  t i m e  c o n c e r n s  

t h a t  o f  m a g n e t i c  f i e l d s .  O n l y  t h e  E D S  s y s t e m ,  e s p e c i a l l y  w h e n  a n  

L S M  i s  u s e d  f o r  p r o p u l s i o n ,  c a n  e x p o s e  t h e  p a s s e n g e r s  t o  m a g n e t i c  

f i e l d s  s i g n i f i c a n t l y  a b o v e  t h a t  o f  t h e  e a r t h ' s  m a g n e t i c  f i e l d .  T h e  

e a r t h ' s  f i e l d  i s  l e s s  t h a n  . 5  g a u s s .  M a g n e t i c  f i e l d s  o f  t h e  o r d e r  

o f  1 0 - 1 0 0  g a u s s  o r  s o  a r e  p o s s i b l e  f o r  t h e  E D S  a n d  L S M  s y s t e m s .  T h e  

q u e s t i o n  o f  t h e  s a f e t y  t o  p a s s e n g e r s  e x p o s e d  t o  s u c h  f i e l d s  i s  o f  

m a j o r  c o n c e r n  b e c a u s e  t h e r e  i s  a  p o s s i b i l i t y  t h a t  s a f e t y  w i l l  h a v e  t o  

b e  p r o v e n  b e f o r e  t h i s  s y s t e m  c a n  b e  a c c e p t e d .  T h e r e  i s  n o  r e a s o n  t o  

b e l i e v e  a t  t h i s  t i m e  t h a t  m a g n e t i c  f i e l d s  a t  t h e  l e v e l  f o u n d  w i l l  

a c t u a l l y  b e  u n s a f e ,  b u t  p r o v i n g  s a f e t y  c a n  b e  a  c o m p le x  p o l i t i c a l /  

l e g a l / t e c h n i c a l  i s s u e .  A s  y e t ,  t h e r e  a r e  n o  u n i f o r m  s t a n d a r d s  t o  

e x p o s u r e ,  b u t  w o r k e r s  i n  p e r m a n e n t  m a g n e t  p l a n t s  h a v e  t h e i r  h a n d s  

r e g u l a r l y  e x p o s e d  t o  l e v e l s  a b o v e  1 0 0 0  g a u s s  w i t h o u t  a n y  k n o w n  i l l  

e f f e c t s .
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I n  p r a c t i c e ,  i t  w i l l  b e  d i f f i c u l t  t o  s h i e l d  p a s s e n g e r s  t o  l e v e l s  

b e l o w  1 0  g a u s s ,  a s  t h e  s h i e l d i n g  a p p a r a t u s  w i l l  b e  p r o h i b i t i v e l y  cu m ­

b e r s o m e .  ■ T h e  u s e  o f  s u p e r c o n d u c t i n g  b u c k i n g  c o i l s  w i t h i n  t h e  c r y o s t a t  

a s  w e l l  a s  i r o n  s h i e l d s  h a s  b e e n  i n v e s t i g a t e d  b y  F o r d  a s  a  m e a n s  f o r
S

r e d u c i n g  t h e  f i e l d s .  B u c k i n g  c o i l s  a r e  f e a s i b l e  b u t  c o m p l i c a t e  t h e  

c r y o s t a t  d e s i g n ;  i r o n  s h i e l d s  c a n  b e  e x t r e m e l y  m a s s i v e .

T h e  c o n s e q u e n c e  o f  t h e  s h i e l d i n g  p r o b l e m  i s  t h a t  d e s i g n s •c a n n o t  b e  

f u l l y  e v a l u a t e d  a t  t h i s  p o i n t  i n  t i m e .  W h e t h e r  t h e  v e h i c l e  m u s t  c a r r y  

a  m u l t i t o n  i r o n  s h i e l d  o r  d o u b l e  t h e  a m o u n t  o f  s u p e r c o n d u c t i n g  c o i l s  

t o  r e d u c e  t h e  f i e l d s  o n  t h e  p a s s e n g e r s  i s  a  c r i t i c a l  q u e s t i o n  t h a t  i s  

a s  y e t . u n a n s w e r e d .  <

5 . 4  S w i t c h i n g

A l t h o u g h  s e v e r a l  a c t i v e  v e h i c l e  s w i t c h i n g  s c h e m e s  h a v e  b e e n  p r o ­

p o s e d  t o  d a t e ,  a l l  a r e  q u i t e  c o m p l i c a t e d  m e c h a n i c a l l y .  ̂ I t  i s  o b v i o u s  

t h a t  a n y  N C S / P  v e h i c l e  w h i c h  d e r i v e s  s u s p e n s i o n  f r o m  a  g u i d e w a y  

w i t h  a  v e r t i c a l  g u i d e w a y  s u r f a c e  ( i . e . ,  i n v e r t e d  t e e )  w i l l  r e q u i r e  a n  

e l a b o r a t e  s w i t c h .  T h e  d i s a d v a n t a g e  i n  s w i t c h i n g  a t t r i b u t e d  o n l y  t o  D L I M s  

w i t h  v e r t i c a l  r e a c t i o n  r a i l s  i s  t r u e ,  o n  i n s p e c t i o n ,  f o r  m o s t  v e h i c l e s .  

A n y  v e h i c l e ,  s u s p e n d e d  f r o m  b e l o w ,  w h i c h  o b t a i n s  l a t e r a l  g u i d a n c e  f r o m  

a  v e r t i c a l  g u i d a n c e  s u r f a c e  f a c e s  t h i s  p r o b l e m ,  w i t h  o r  w i t h o u t  D L IM .

E v e n  t h o u g h  a  S L I M  a p p e a r s  m o r e  s u i t e d  t h a n  a  D L I M  t o  s w i t c h i n g ,  i t  

d o e s  n o t  a l l e v i a t e  a  s w i t c h i n g  p r o b l e m  t h a t  e x i s t s  d u e  t o  t h e  

s u s p e n s i o n  i t s e l f .  T h i s  i s  t r u e  f o r  a l l  m a g l e v  a n d  a i r  c u s h i o n  s u s p e n ­

s i o n s .  ' •

A s  t h e  n e e d  f o r  h i g h  s p e e d  s w i t c h i n g  h a s  n o t  y e t  b e e n  d e m o n s t r a t e d ,  

i t  i s  n o t  c l e a r  t h a t  t h i s  i s  a  c r i t i c a l  p r o b l e m  a r e a .  I n  a n y  c a s e ,  t h e  

F R G  p r o g r a m  n o w  o n l y  c o n s i d e r s  l o w  s p e e d  a c t i v e  s w i t c h e s  ( w h e r e  t h e  

t r a c k  i s  m o v e d  o n  t h e  g r o u n d ) . E a r l y  a t t e m p t s  t o  d e v e l o p  a n  o n b o a r d  

s w i t c h  u s i n g  m a g n e t s  h a v e  b e e n  u n s u c c e s s f u l ,  d u e  t o  t h e  r e q u i r e d  w e i g h t .
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5 . 5  S p e e d

T h e  o p e r a t i n g  s p e e d  o f  t h e  N C S / P  s y s t e m  a p p e a r s  t o  b e  a  s i g n i f i ­

c a n t  f a c t o r  i n  t h e  u l t i m a t e  c h o i c e  b e t w e e n  t h e  E M S  a n d  E D S  s u s p e n s i o n s .  

T h e  p o w e r  r e q u i r e d  t o  o v e r c o m e  m a g n e t i c  d r a g  i s  c o n s t a n t  r e g a r d l e s s  o f  

s p e e d ,  p o s i n g  a  c o n s i d e r a b l e  d i s a d v a n t a g e  a s  s p e e d s  d e c r e a s e  w e l l  

b e l o w  5 0 0  k m / h r .  O n  t h e  o t h e r  h a n d ,  i n c r e a s i n g  s p e e d s  a p p e a r  t o  p o s e  

a  t r a c k i n g  p r o b l e m  f o r  a t t r a c t i o n  m a g l e v  s u s p e n s i o n s ,  d u e  t o  t h e i r  

s m a l l  g a p ,  t h o u g h  t h i s  h a s  y e t  t o  b e  p r o v e n .  H i g h  s p e e d  t e s t s  o f  

b o t h  m a g l e v  s y s t e m s  o n  g u i d e w a y s  o f  p r a c t i c a l  c o n s t r u c t i o n  

( i . e . ,  r e a s o n a b l e  c o s t )  a r e  s t i l l  n e c e s s a r y  t o  r e s o l v e  t h i s  i s s u e .

U n t i l  t h e  g u i d e w a y  c o n s t r u c t i o n  c o s t s  a r e  w e l l  u n d e r s t o o d ,  t h i s  i s s u e  

w i l l  r e m a i n  o p e n .

A l l  s y s t e m s ,  m a g l e v  a n d  a i r  c u s h i o n ,  a p p e a r  u l t i m a t e l y  c a p a b l e  o f  

r e l i a b l e  t r a c k i n g  a t  h i g h  s p e e d s ,  w i t h  h i g h e r  s p e e d s  a p p e a r i n g  t o  f a v o r  

t h e  l a r g e  g a p  ( E D S  o r  r a m  a i r  c u s h i o n )  s u s p e n s i o n s ,  a n d  l o w e r  s p e e d s  

f a v o r i n g  t h e  s m a l l  g a p  (E M S  o r  s t a t i c  a i r  c u s h i o n )  s u s p e n s i o n s .

5 . 6  P r o p u l s i o n  S y s t e m  C o m p a t i b i l i t y

F o r  d e s i g n s  w h e r e  t h e  p r i m a r y  ( n o n c o n t a c t i n g )  s u s p e n s i o n  i s  i n ­

d e p e n d e n t l y  s p r u n g  f r o m  t h e  v e h i c l e  c a b i n ,  t h e  u s e  o f  a  L E M  h a s  a n  

a d d i t i o n a l  h a r d w a r e  p r o b l e m — i t  r e q u i r e s  i t s  o w n  s u s p e n s i o n  s y s t e m .

T h i s  p r o b l e m  h a s  b e e n  h a n d l e d  i n  v a r i o u s  m a n n e r s  f o r  a i r  c u s h i o n  

v e h i c l e s ,  a s  f o l l o w s :

a .  T L R V  -  t h e  D L I M  i s  g u i d e d  b o t h  v e r t i c a l l y  a n d  l a t e r a l l y  

b y  a i r  c u s h i o n s  a l o n g  t h e  r e a c t i o n  r a i l  ( t e s t e d  t o  s p e e d s  

o f  1 0 0  k m / h r ) . A  " t h r u s t  l i n k "  c o n n e c t e d  t h e  D L I M  t o  t h e  

v e h i c l e .

b .  P T A C V  -  T h e  D L IM ,  s u p p o r t e d  b y  l i n e a r  b e a r i n g s ,  h a s  f r e e d o m  

o f  m o t i o n  o n l y  i n  t h e  l a t e r a l  d i r e c t i o n .  I t  i s  g u i d e d  

l a t e r a l l y  b y  a l u m in u m  p i n c h  w h e e l s  w h i c h  f o l l o w  t h e  r e a c t i o n  

r a i l  ( t e s t e d  t o  2 5 0  k m / h r ) .

To date, the problem of high speed switches must be considered

unsolved, and the problem of low speed switching unresolved.
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c. RTV-31 -  The SLIM gap was a llow ed  to  make la rg e  e xcu r­
s io n s , w ith o u t an independent suspen sion . THL was 
p la n n in g  to  use a s e rv o h y d ra u lic  system  fo r  a c t iv e  
c o n tro l o f  the gap, b u t t h is  was n e ve r im plem ented.

I t  i s  an advantage, o f  c o u rs e , i f  the LEM can be mounted to  the 

ch a ss is  o f  a t ig h t  tra c k in g  p rim a ry  suspe n s io n , as i s  the  case o f  an 

EMS suspension  w ith  the suspension  magnets r i g i d l y  a ttached  to  a 

p rim a ry  c h a s s is . T h is  has been dem onstrated b y MBB (M agnetm obile, and 

KOMET), KM (TR02, TR04, and TU 0 2 ), MOT (EML-50) and JAL (H S S T -0 1 ).

Whether the LEM can be a tta c h e d  to  the p rim a ry  suspen sion  f o r  

th e  case where the p rim a ry  suspension  magnets are  in d e p e n d e n tly  sprung 

i s  n o t known. JA L , how ever, has proposed such a c o n f ig u ra t io n  

u s in g  in d e p e n d e n tly  sprung m odules c o n ta in in g  b o th  th e  SLIM and 

DC suspension  magnets.

T h is  i s  n ot a problem  f o r  a ISPS v e h ic le ,  s in c e  th e  p rim a ry  

m agnetic suspension as w e ll  as p r o p u ls io n . is  taken c a re  o f  by the 

in d e p e n d e n tly  sprung LEM.

A lthoug h  not a c r i t i c a l  is s u e , th e  developm ent o f  an independent 

LEM suspension  system  i s  n e c e s s a r i ly  an in t e g r a l  p a rt  o f  th e  v e h ic le  

f o r  the fo llo w in g  system s;

• c o n ve n tio n a l a i r  cush ion

• KOMET M type  EMS Suspension (in d e p e n d e n tly  sprung p rim a ry  
suspension m agnets).
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6.0  LOWER SPEED SYSTEMS

The purpose o f  t h is  s e c tio n  i s  to  p o in t  o u t th e  m ajor d if fe re n c e s  

between low  and h ig h  speed systems components. Such systems have th e  

p o t e n t ia l  to  reduce p o l lu t io n  and v ib r a t io n  problem s compared w ith  

a lt e r n a t iv e  low  speed system s.

6.1  Maglev

A t t h is  t im e , th e re  i s  no developm ent program  f o r  low  speed

EDS t ra n s p o r ta t io n  v e h ic le s .  T h is  i s  a r e s u l t  o f  a t  le a s t

the fa c t  th a t  th e  m agnetic drag power o f  such a system  would be

p r o h ib i t i v e ,  and th e  le v e l  o f  techn o log y in v o lv e d  f o r  th e  b e n e fit

i t s e l f  w ould appear to  p r o h ib i t  i t s  c o n s id e ra t io n . EDS le v i t a t io n  d e r iv e s

l i f t  from  the  r e p u ls iv e  fo rc e s  generated b y  th e  eddy c u rre n ts  induced’ in
2

the guideway co n d u c to r. The eddy c u rre n ts  d is s ip a t e  an I  R lo s s  th a t  i s  

e s s e n t ia l ly  independent o f  speed ( f o r  con stan t l i f t ) . T h is  lo s s  i s  i n  the 

neighborhood o f  15-30 kW/ton o f  l i f t ;  a 50 to n  v e h ic le  co u ld  deve lop  

1 MW in  drag  power a t  a l l  speeds. (T h is  lo s s  m a n ife sts  i t s e l f  as a d rag  

fo r  th e  p ro p u ls io n  system  to overcom e.) For c r u is e  speeds below  150 km /hr, 

th e  m agnetic drag  w i l l  overwhelm the aerodynam ic d ra g . A t  h ig h e r speeds, 

th e  aerodynam ic drag  power in c re a se s  r a p id ly  (a s  th e  cube o f  v e lo c i t y )  

u n t i l  a t  500 km/hr th e  m agnetic drag power can be le s s  than  h a l f  the 

aerodynam ic drag pow er. From an energy consum ption s ta n d p o in t , th e  c ru is e  

speed f o r  an EDS suspen sion  can be ra is e d  to  150-200 km/hr w ith  ro u g h ly  

the same s iz e  p ro p u ls io n  m otor and power th a t  w ould be re q u ire d  to  o p e ra te  

i t  a t  lo w e r speeds. I t  does n ot make sense to  o p e ra te  i t  a t  low e r speeds, 

s in c e  o n ly  a m a rg in a l in c re a s e  in  p ro p u ls io n  power can in c re a s e  the 

v e h ic le  speed to  200 km/hr. H ig h e r speeds a re  n e a r ly  " f r e e "  f o r  the 

EDS system . F or th e se  reasons the EDS suspension  has no p o t e n t ia l  as 

a low  speed g u ided  ground t ra n s p o rta t io n  system , in  M ITRE's o p in io n .

On the  o th e r  hand, a t t r a c t io n  maglev system s (EMS and ISPS) a re  

t e c h n ic a l ly  c o m p a tib le  w ith  a low  speed a p p l ic a t io n . L i t t l e  change in
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th e  desig n  o f  these systems w ould be re q u ire d . Perhaps s m a lle r  gaps, 

w ith  low er le v i t a t io n  pow ers, co u ld  be r e a l iz e d  than re q u ire d  f o r  the 

h ig h  speed case, but t h is  I s  n o t a m ajor c o n s id e ra t io n . O f g re a te r  

s ig n if ic a n c e  I s  the re d u c t io n  in  power le v e l  f o r  th e  p ro p u ls io n  system  

power in v e r t e r .  The onboard w e ig h t and c o st o f  the power in v e r t e r  

.decreases r a p id ly  as speed decreases due to  th e  re d u c t io n  i n  aerodynam ic 

d ra g . There  i s  a l i m i t ,  how ever, s in c e  a lthou g h  the aerodynam ic drag 

power decreases w ith  the cube o f  v e lo c i t y ,  the power in v e r t e r  s iz e  

becomes a c c e le ra t io n  power l im i t e d ,  n ot c ru is e  power l im it e d .  The speed 

below  w hich the  in v e r t e r  s iz e  rem ains s u b s t a n t ia l ly  th e  same depends on 

the  d e s ire d  a c c e le ra t io n  p r o f i l e  and v e h ic le  w e ig h t. F o r exam ple, the 

c ru is e  power requirem ents o f  s im i la r l y  shaped v e h ic le s  does n o t v a ry  

s ig n i f i c a n t l y .  However, a  heavy (50 to n ) v e h ic le ,  r e q u ir in g  a .1  g 

a c c e le ra t io n  up to  200 km/hr w i l l  re q u ir e  on the o rd e r  o f  2 .8  MW from  

the  in v e r t e r  d u rin g  the s h o r t  a c c e le ra t io n  phase and m ight w e l l  be 

a c c e le ra t io n  power l im it e d . On th e  o th e r  hand, a l i g h t  (25 to n ) 

v e h ic le  would o n ly  re q u ire  h a l f  th a t amount and. m ight be c r u is e  power 

l im it e d .  Low ering the speed f u r t h e r  w ould reduce th e  onboard PCU 

w eig h t f o r  th e  l ig h t  v e h ic le ,  b u t n o t f o r  the heavy v e h ic le .

An a d d it io n a l b e n e f it  f o r  low  speed a t t r a c t io n  m aglev systems is  

th a t  low  power t r a n s is t o r  in v e r t e r s  a re  now a v a i la b le ,  g r e a t ly  im proving  

the in v e r t e r  s p e c if ic  w e ig h t (kg/kW) compared to  t h y r i s t o r  in v e r t e r s .

The fa c t  th a t  lo w e rin g  the  speed im proves a t t r a c t io n  m aglev systems 

a p p lie s  e q u a lly  w e l l  f o r  EMS and ISPS concepts.

6 .2  A i r  Cushion

A lth oug h  the s t a t ic  a i r  c u sh io n  can o p e ra te  a t  low  speeds, the  

power re q u ire d  f o r  le v i t a t io n  can be h ig h , hence t h is  scheme has 

d isadvan tages in  terms o f  en erg y consum ption f o r  low  speed o p e ra t io n .
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S e v e ra l lo w  speed a i r  cush ion  systems have been dem onstrated and 

prom oted. One o f  th e  more In t e r e s t in g  Is  the  O t is  T T I  (75 km/hr) 

d e s ig n . T h is  v e h ic le  u t i l i z e s  a plenum chamber a i r  cush ion  o f  the 

f l e x i b l e  diaphragm  ty p e . The e s s e n t ia l d if fe re n c e  between t h is  

desig n  and a h ig h  speed desig n  I s  th a t I t  has a much sm a lle r a irg a p .

The h ig h  speed desig n  (h inged p la te  plenum) c h a r a c t e r is t ic a l ly  has 

an a irg a p  o f  2U3 mm, whereas the f l e x i b l e  diaphragm  has ah a irg a p  o f  

o n ly  a few hundredths o f  t h is .  The f l e x i b l e  diaphragm  ty p e , th e re fo r e , 

can have a s ig n i f ic a n t l y  low er suspension  power.

The ram a i r  cushion  suspen sion , a h ig h  speed concept, i s  n ot 

in ten ded  f o r  a low  speed a p p lic a t io n .

129



7.0  SUMMARY

The f i r s t  chapter p resen ted  an o ve rv ie w  o f  the w o rldw ide  le v e l  o f  

hardware re se a rch  programs f o r  n o n c o n ta c tin g  suspensions f o r  guided 

ground t ra n s p o rta t io n  system s. The second ch apter p resen ted  an e va lu a ­

t io n ,  e x p re ss in g  the o p in io n  o f  MITRE/METREK, o f  th e  o v e r a l l  te c h n ic a l 

p ro g re s s , b oth  a n a ly t ic a l  and e x p e rim e n ta l, o f  the re s e a rc h .

The p rim a ry  o b je c t iv e  o f  th e  second ch a p te r was to  b r i e f l y  p ro v id e  

th e  re a d e r w ith  an e v a lu a tio n  o f  the  s ta tu s  o f  t h is  re s e a rc h . The 

"e v a lu a t io n "  was conducted in  th e  sense o f  p ro v id in g  the o p in io n  o f 

MITRE/METREK as to  the le v e l  o f  v a l id a t io n  th a t  can be a ss ig n ed  to  

proposed conceptual v e h ic le  hardw are d e s ig n s . To t h is  end, th e  o u t­

s ta n d in g  c r i t i c a l  te c h n ic a l is s u e s  con cern ing  th e  v a r io u s  subsystem  

components, and system  as a w h o le , a re  p resen ted  in  a manner so as 

to  emphasize the  o v e r a l l  p ro g re s s  tow ards the s o lu t io n  o f  c r i t i c a l  

te c h n ic a l is s u e s . T h is  s e c t io n  p re s e n ts  a summary o f  the re se a rc h  

d iscussed  in  the body o f  t h is  r e p o r t .

F ig u re  52 p ro v id e s  a "b a r  c h a r t"  to  i l l u s t r a t e  the o v e r a l l  p ro g re ss  

o f  NCS/P re s e a rc h . The m ajor c a te g o rie s  addressed a re :

• suspension o n ly  ca nd ida tes

• in te g ra te d  s u s p e n s io n / p ro p u ls io n  candidates

• p ro p u ls io n  o n ly  ca n d id a tes

T h e ir  s ta te  o f  developm ent i s  addressed on two le v e ls :

• s ta tu s  o f  research  experim ents

• le v e l  o f  v a l id a t io n  f o r  revenue v e h ic le  con ceputa l design s

The "s ta tu s  o f  research  e x p e rim e n ts" takes an o v e r a l l  v ie w  o f  the 

knowledge developed by the v a r io u s  independent re se a rch  e f f o r t s .  A 

few t y p ic a l  re fe re n c e s  a re  g iv e n . F u rth e r  d e t a i ls  con cern ing  the  t e s t  

hardw are i s  g ive n  in  the f i r s t  c h a p te r , the "o v e rv ie w " . I t  sh o u ld  be 

n o te d , o f  c o u rse , th a t the o v e r a l l  p ro g re s s  in  s e v e ra l areas i s  n ot
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T h is  c h a rt i s  n ot in ten d ed  to  be com plete . O th er con cepts, p r im a r i ly  

in  the conceptua l s ta g e , a re  h o t in c lu d e d . I t  i s  n o t f e l t  th a t  more 

com pleteness o f  the ta b le  j ro u ld  add to  a b e t t e r  un d e rsta n d in g  o f  the  le v e l  

o f  developm ent o f  such systems as a w h o le . S u f f ic e  i t  to  say th a t  a lth o u g h  

F ig u re  52 i s  n o t com plete , th e  p rim a ry  t h r u s t  o f  the re se a rch  a t t h is  tim e 

is  w e ll  re p re se n te d , and t y p ic a l  examples o f  some sm a ll sc a le  re s e a rc h  

programs are  p ro v id e d .

The second aspect o f  F ig u re  52 d e a ls  w ith  the o v e r a l l  " l e v e l  o f  

v a l id a t io n "  th a t can be' a s c rib e d  to  th e  e x is t in g  revenue v e h ic le

conceptual d e s ig n s . Two aspects of. th e  d e sig n  are  con sidered  

' s e p a ra te ly . They a re :

a . component perform ance p re d ic t io n s

b . com plete hardware d e s ig n .

The f i r s t  concerns the v a l i d i t y  o f  th e  e x is t in g  a n a ly t ic a l  m odels to  

p re d ic t  the perform ance o f a component d e s ig n . The e v a lu a t io n  i s  

based on w hether th e  e x te n t o f  data  a v a i la b le  on te s te d  systems is  

s u f f ic ie n t  to  p rove  the e x is te n c e  o f  s u b s t a n t ia l l y  v e r i f i e d  a n a ly t ic a l  

models fo r  the p re d ic t io n  of*perform ance o f  the components. T h is  re fe r s  

o n ly  to  th e  p re d ic t io n s  o f  th e  fo rc e s , e tc . o f  the component i t s e l f ,  n ot 

to  the s ta tu s  o f  o v e r a l l  hardw are d e s ig n . F or exam ple, in  the  case o f .a  

norm al f lu x ,  sheet t ra c k , EDS magnet; the  perform ance ( fo rc e s , c u r re n ts , 

c o i l  d im ensions, l i f t ,  d ra g ) i s  s u b s t a n t ia l l y  known, independent o f  

the com plete developm ent o f  the c ryo g e n ic  hardw are (c r y o s t a t ,  LHe s u p p ly )  

used to  implement i t . .  Even though the  hardw are i s  n ot co m p le te ly  

deve loped , r e l ia b le  p re d ic t io n s  o f  perform ance can be made. Hence 

the ca te g o ry  "component perform ance p r e d ic t io n "  re fe r s  to  the r e l i a b i l i t y  

o f  the a n a ly t ic a l  o r  e m p ir ic a l models to  p re d ic t  b a s ic  fo rc e s  as w e l l  as

equally divided among the programs mentioned. For example, the progress

in EMS maglev has been accomplished primarily by the research effort in

the FRG.
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e le c t r ic a l  ( f o r  m aglev) o r  f l u i d  ( f o r  a i r  cu sh ion ) re q u ire m e n ts . I t  

sh o u ld  be noted th a t the a n a ly s is  w i l l  n o t n o rm a lly  be extended to  

p r e d ic t  a l l  fa c e ts  o f  perform ance; a b a r co m p le te ly  acro ss  t h is  

c a te g o ry  in d ic a te s  a le v e l  o f  con fiden ce  th a t the m ajor aspects  o f  

perform ance a re  s u b s t a n t ia l ly  w e l l  addressed f o r  th e  purpose o f  v a l id  

con ceptua l d e s ig n s .

The second c a te g o ry , "com plete  component hardw are d e s ig n "  r e fe r s  

to  th e  a c tu a l hardw are design  o f  b o th  the component under c o n s id e ra t io n  

and i t s  a u x i l ia r y  support system s. F or exam ple, an EMS m aglev system  

re q u ire s  a magnet d r iv e r  and c o n t ro l system  ( a u x i l ia r y  s y s te m s ). T h is  

hardw are i s  w e l l  deve loped ; com plete component hardw are d e sig n  

v a l i d i t y  i s  in d ic a te d  in  the c h a rt .

I t  shou ld  be noted th a t a lthou g h  the argument co u ld  be made th a t 

the power e le c t ro n ic s  f o r  the magnet d r iv e r  i s  n ot co m p le te ly  

engineered  fo r  r e l i a b i l i t y  in  the h arsh  t r a n s p o r ta t io n  e n viro n m e n t, the 

te c h n o lo g y  fo r  th e  magnet and c o n t ro l system  i s  b a s ic a l ly  w e l l  ' 

deve loped f o r  the  purpose o f  p ro p o s in g  s u b s t a n t ia l ly  v a l id  con ceptua l 

d e s ig n s . F o r t h is  reason , the  b a r in d ic a te s  f u l l  v a l id a t io n  f o r  EMS 

se pa ra te  L/G and combined L/G suspension  hardw are.

In  c o n tra s t  to  the le v e l  o f  hardware developm ent f o r  a i r  cu sh ion  

and EMS systems is  the EDS system . As noted in  S e c tio n  2 .0  the  

techn iq ue  f o r  m a in ta in in g  the supercondu ctin g  c o i l  in  LHe is  n o t y e t  

f u l l y  developed fo r  the HSGT a p p lic a t io n . F or t h is  re a so n , in com plete  

v a l id a t io n  fo r  th e  "com plete hardw are de sig n " i s  in d ic a te d  in  the  T a b le .

A b r i e f  summary o f  the  o v e r a l l  s ta tu s  o f  m aglev and a i r  cu sh ion  

HSGT system s fo llo w s .
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7.1 A i r  Cushion

P ro to typ e  suspensions f o r  c o n v e n tio n a l a i r  cushions are  w e l l  

deve loped . The plenum chamber w ith  in te g ra te d  pneum atic secondary 

suspension has been dem onstrated on an e le v a te d  guideway ( in  F rance) 

a t speeds to  430 km/hr w ith  a gas tu rb in e  f o r  p ro p u ls io n . A lth oug h  

t h is  type  o f  suspension  has been dem onstrated w ith  a DLIM a t a speed 

o f  250 km/hr on the  PTACV, h ig h e r  speeds w ith  a LIM m ight re q u ire  

fu r t h e r  developm ent as f a r  as the  method f o r  suspending  the LIM i s  

concerned. The method used on the  TLRV i s  a good exam ple.

As in d ic a te d  in  F ig u re  52, c o n v e n tio n a l a i r  cush ions have been 

w e ll  te s te d  and a re  a deq ua te ly  un derstood  as a v e h ic le  component.

7.2 R epu ls ion  Maglev

A lth oug h  th e  th e o ry  and a n a ly s is  o f  th e  EDS suspension  concept 

i s  w e ll  advanced, much work i s  s t i l l  needed f o r  the LSM, p r im a r i ly  in  

the area o f  LSM c losed  loop  c o n t ro l c o n s id e rin g  v e h ic le  dynam ics, 

and in  the area o f  a c t iv e  tra c k  d e s ig n . Work in  t h is  area is  p ro g re s s in g  

w e ll  in  the FRG and in  Japan.

The hardware developm ent o f  EDS system s has made c o n s id e ra b le  

p ro g re ss  in  both  th e  FRG and Japan, p r im a r i ly  in  Japan. The developm ent 

o f  l ig h tw e ig h t  r e l ia b le ,  low  lo s s  (h e a t le a k ) c ry o s ta ts  is  w e ll  underw ay, 

though o p t im iz a t io n  s t i l l  re q u ire s  a s tro n g  developm ent program .

The p rim a ry  area r e q u ir in g  in te n s iv e  developm ent f o r  EDS system s is  

in  the method o f s u p p ly in g  LHe to  the  c r y o s t a t s .  I f  fu tu re  work p ro ve s  

th a t v e r y  low  lo s s  (1 -2  W a t 4 K p e r c o i l )  c ry o s ta ts  can be d esig n ed , 

sea led  c ry o s ta ts  may be fe a s ib le ,  though t h is  must be con sidered  specu­

la t i v e  a t t h is  tim e . In  l i e u  o f  sea led  c r y o s t a t s ,  LHe r e f r ig e r a t o r s  can 

be used, b u t t h e i r  developm ent f o r  th e  HSGT a p p lic a t io n  w i l l  s t i l l  re q u ire  

a c o n s id e ra b le  u n d e rta k in g . ,
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7.3 A t t r a c t io n  Maglev

A t t r a c t io n  m aglev suspension  hardware has been e x te n s iv e ly  

dem onstrated. Both EMS and ISPS hardware has been dem onstrated in  

sm a ll te s t  v e h ic le s  a t  low speeds. A h ig h  speed EMS suspen sion  te s t  

has been ru n  a t 400 km/hr w ith  the KOMET te s t  s le d . In  g e n e ra l, the 

design  and perform ance o f  e x is t in g  EMS designs i s  w e l l  un d e rsto o d , 

w h ile  work on th e  ISPS LEMs is  ju s t  now un derg o in g  th oroug h  in v e s t ig a ­

t io n .

Im proved hardw are and c o n tro l system  c o n f ig u ra t io n s  a re  b e in g  s tu d ie d  

to  extend the perform ance o f  e x is t in g  system s. In  f a c t ,  a j o i n t  US/FRG 

t e s t  program  i s  now a d d ress in g  the is su e  o f  coupled ve h ic le / g u id e w a y 

dynam ics.

EMS system  developm ent has been q u ite  s u b s t a n t ia l .  The p rim a ry  

o u ts ta n d in g  areas f o r  a t t r a c t io n  maglev system  developm ent concerns DC 

power d is t r ib u t io n  and d e cre a sin g  in v e r t e r  s p e c if ic  w e ig h ts , as both  o f 

these a f fe c t  the onboard w eight fo r  p a s s ive  t ra c k  system s. F or a c t iv e  

t ra c k  system s, more e x te n s iv e  system  designs s t i l l  need to  be com pleted 

f o r  e v a lu a t io n .

135



REFERENCES

it

*

1. Gaede, P . ,  "An A i r  Cushion System in  Com parison to  an E le ctro m a g n e tic  
Suspension f o r  H igh  Speed Ground T ra n s p o r t a t io n " , K ra u s s -M a ffe i R e p o rt , 
Ju n e , 1974.

2. "The Tracked Ram A i r  Cushion V e h ic le  (TR A C T). A System D e f in i t io n  
S tu d y ,"  The MITRE C o rp o ra tio n , MTR-6554, Rev. 1 , Ja n u a ry  1974.

3. B o rc h e rts , R. H . , "Com parison o f  Two HSGT M agnetic Suspension Systems 
( A t t r a c t io n ) , "  U .S . Department o f  T ra n s p o rta t io n  R eport
No. 73-27A 75-75, F eb rua ry  1975.

4. P e te r Nave, MBB, p r iv a t e  com m unication.

5. G o t tz e in , E . ,  e t .  a l . ,  "M agnetic Suspension C o n tro l System f o r  H igh  
Speed Ground T rn a s p o rta t io n  V e h ic le s " ,  p re se n te d  a t the W orld 
E le c t ro te c h n ic a l Conference in  Moscow, June 21 -25 , 1977.

6 . R a ilw ay G a ze tte  In t e r n a t io n a l ,  page 74, F e b ru a ry  1975.

7. R ob ertson , S . , e t .  a l . ,  "E Shaped E le c tro m a g n e tic  Suspension Magnet -  
C a lc u la te d  and Experim en ta l S t a t is t ic s  and Heave Force C h a r a c t e r is t ic s ,"  
U n iv e r s it y  o f  T o ro n to , TP 252, J u l y  1976.

8 . Hochbruck, H . , "C a lc u la t io n  and O p t im iz a t io n  o f  Magnets f o r  M aglev 
S ystem s," p re se n te d  a t Interm ag C onference , T o ro n to , May 1974.

9. "L in e a r  M otors Lose Some o f  T h e ir  M ag ic", R a ilw ay G a zette  
In t e r n a t io n a l ,  page 415, November 1974.

10. K la p a s , D . ,  e t .  a l . , " E le c t r ic  A rc  Power C o lle c t io n  f o r  H igh -Speed 
T r a in s " ,  P ro c . o f  th e  IE E E , V64, n l2 ,  December 1976.

11. U ra n k ar, L . , e t .  a l . ,  "T h e o ry  o f  E le ctro d yn a m ic  L e v it a t io n  w ith  a 
Continuous Sheet T ra ck  -  P a rt I I " ,  A p p l. P h ys . 3 , pages 67-76, (1 9 7 4 ).

12. M ie ric k e , J . , e t .  a l . ,  "T h e o ry  o f  E le ctro d yn a m ic  L e v it a t io n  w ith  a 
Continuous Sheet T ra ck  -  P a rt I " ,  A p p l. P hys. 2, pages 201-211, (1 9 7 3 ).

13. H ieronym us, H . , e t .  a l . ,  "E xp e rim e n ta l S tu dy o f  M agnetic Forces on 
Normal and N u l l  F lu x  C o il  Arrangements in  the  In d u c t iv e  L e v it a t io n  
S ystem ," A p p l. P hys. 3, pages 359-366, (1 9 7 4 ).

14. "C onceptua l D esig n  and A n a ly s is  o f  the Tracked  M a g n e tic a lly  L e v ita te d  
V e h ic le  Te ch n o lo g y Program (TMLV) -  R e p u ls io n  Scheme," U .S . Department 
o f  T ra n s p o rta t io n  FRA-OR&D-75-21, F e b ru a ry  1975.

137



15. Kolm, H. H . , e t .  a l . ,  "Th e  Magneplane S ystem ," C ry o g e n ic s , v l5 n 7 ,
J u l y  1975.

16. Wong. J .  Y . ,  e t .  a l . ,  "P erform ance and S t a b i l i t y  C h a ra c te r is t ic s  o f  
an E le c tro d y n a m ic a lly  L e v ita t e d  V e h ic le  O ver a S p l i t  G u idew ay,"
Jo u rn a l o f  Dynamic System s, Measurement, and C o n t ro l ,  v98, S e rie s  
G, No. 3, September 1976.

17. Canadian Maglev Group, "S u pe rco n d u c tin g  L in e a r  Synchronous Motor 
P ro p u ls io n  and M agnetic L e v it a t io n  f o r  H igh Speed Guided Ground 
T ra n s p o rta t io n "  CIGGT R eport 7 6 -7 , March 1976.

18. K y o ta n i, Y . ,  "Developm ent o f  Superconducting  L e v ita te d  T ra in s  in  
Ja p a n ,"  C ryo g e n ic s , Vo1. 15, No. 7, J u l y  1975.

19. G lo e l,  J . , e t .  a l . , "D if fe re n c e  , -  F lu x  Guidance System  f o r  
M a g n e tic a lly  L e v ita te d  V e h ic le s "  Siemens F o r s c h . -u .  E n tw ic k l. -B e r .
Bd5 (1976) N r . 2.

20. Takahash i, T . , e t .  a l . ,  "The  Combined System o f  P ro p u ls io n  and 
Guidance f o r  M a g n e tic a lly  Suspended V e h ic le s ,"  ICEC5, K yo to , Japan,
May 1974.

21. Nakamura, L e i ,  "A  Study o f  A c t iv e  Damping o f  O th e r Forms o f  L in e a r 
M o to rs ,"  1976 N a tio n a l Conference o f  the E le c t r ic a l  S o c ie ty , 
paper No. 785.

22. G ib son , J . ,  e t .  a l . ,  " C o n t ro l  o f  a L in e a r  Synchronous M otor f o r  
M a g n e tic a lly  L e v ita te d  V e h ic le s ,"  IFAC C onference, August 9 -1 3 , 1976.

23. A lb re c h t , C . ,  "Developm ent o f  L e v ita te d  V e h ic le s  w ith  Sueprconducting  
M agnets," IEE  Conferences on Advances in  M angetic M a te ria ls  and T h e ir  
A p p lic a t io n s , London, September 1976.

24. Akiyam a, S . ,  "A  L ig h tw e ig h t Superconducting  Magnet f o r  a T e s t F a c i l i t y  
o f  M agnetic Suspension f o r  V e h ic le s ,"  page 1, F u j i  E le c t r ic  Review 
v l9 ,  n3 , 1973.

24. S a ito , R . , e t .  a l . , "A  S upercon ducting  Magnet f o r  M agnetic S u sp e n s io n ,"  
page 29, VOLT, November 1973.

25. "T o sh ib a s  Research and Developm ent o f  Large Type Superconducting  
Magnets fo r  M a g n e tic a -ly  L e v ita te d  H igh  Speed T r a in s " ,  To sh ib a  
S h ib ura  E le c t r ic  C o ., L t d .  b ro c h u re .

26. Kasahara, T . , e t .  a l . ,  "A  Superconducting  Magnet f o r  M L-10 0 ," 
Proceedings o f  the F i f t h  In t e r n a t io n a l  C ryog en ic  E n g in e e rin g  
C onference, (IC E C 5 ), K yo ta , Japa n , paper D -2 , (1974).

138



27. O g iw ara , H . , e t .  a l . ,  "D esig n  C o n s id e ra tio n s  o f  Superconducting  
Magnets as a Maglev P a d ,"  ICEC5, paper D -3 , (197 4).

28. Ohno, E . ,  e t .  a l . ,  "Developm ent o f  S uperconducting  Magnets f o r  
M a g n e tic a lly  L e v ita te d  T r a in s , "  ICEC5, paper D -4 , (1974).

29. Ohno, E . ,  e t .  a l . ,  "Developm ent o f  S uperconducting  Magnets f o r  
M a g n e tic a lly  L e v ita te d  T r a in s ,"  ICEC5, paper D -5 , (1974).

30. Nahashim a, H , , e t .  a l . ,  " V e r t ic a l  Type C ry o s ta t  f o r  Guidance and 
P ro p u ls io n  o f  Superconducting Magnet L e v it a t io n  V e h ic le ,"  ICEC5, 
paper D -6 , (1974).

31. A rim a, K . , e t .  a l . ,  " R e fr ig e ra t io n  System f o r  M a g n e tic a lly  
L e v ita te d  V e h ic le s ,"  ICEC5, paper D -7 , (1974).

32. Kanazawa, Y . ,  e t .  a l . , "O n -b oa rd  r e f r ig e r a t io n  System " S ix th  
In t e r n a t io n a l  C ryogenic  E n g in e e rin g  C onference , (IC E C 6 ),
G re n o b le , F ra n c e , 11-14 May 1976.

33. I s h i z a k i ,  Y . , e t .  a l . ,  "D ry  H elium  Compressor f o r  R e f r ig e r a t io n  
S yste m ," C ryog en ic  E n g in e e rin g  C onference, K in g s to n , Canada,
22-25 J u l y  1975.

34. I s h i z a k i ,  Y . , e t .  a l . ,  "Sealed  C ry o s ta t  System f o r  M a g n e tic a lly  
L e v ita te d  V e h ic le s ,"  ICEC5, paper D -8 , (1974).

35. M u lh a ll ,  B .E . ,  e t .  a l . ,  "S ea led  L iq u id  H elium  C ry o s ta ts  f o r  M obile  
S upercon ducting  M agnets," C ryo g e n ic s , v l6 ,  n l ,  November 1976.

36. U ra n k a r, L . , " I n t r i n s i c  Damping in  B a sic  M agnetic L e v ia t io n  
Systems w ith  a Continuous Sheet T ra c k " , Siemens F o rs c h . -a .  
E n t w ic k l . -B e r .  Bd. 5 (1976) N r . 2.

37. K a tz , R. M. " A t t r a c t io n  Maglev Guideway F o llo w e r Used f o r  N on -
C o n ta c tin g  Power C o lle c t io n : A n a ly t ic a l  and E xp e rim e n ta l
T re a tm e n t ,"  The MITRE C o rp o ra t io n , R eport No. MTR-6575,
December 1973.

139



BIBLIOGRAPHY'

4

I .  Habercom, G. E . ,  J r . ,  "Tracked  A i r  Cushion V e h ic le s  and M agnetic 
L e v i t a t io n "  (A  B ib lio g ra p h y  w ith  A b s t r a c t s ) , N a tio n a l T e c h n ic a l 
In fo rm a t io n  S e rv ic e , NTIS/PS-76/0094.

* 2. Swanson, C. G . , e t .  a l . , " B r i t i s h  and Am erican TACV System D eve lop ­
m ents: T e c h n ic a l and E n viron m en ta l F a c t o r s ,"  September 1970, N T IS ,
PB196980.

3. Swanson, C. G . , e t .  a l . , "Tracked  A i r  Cushion V e h ic le  (TACV) 
Research and Development b y  the U .S . Department o f  T ra n s p o r t a t io n ,"  
The MITRE C o rp o ra t io n , R eport No. M74-43, May 1974.

4. "Th e  Tracked A i r  Cushion Research V e h ic le  (TACRV) System Summary 
R e p o r t ,"  U .S . Department o f  T ra n s p o rta t io n  R eport FR A -R T-7 2 -4 1 ,
May 1972.

5. Zapot'owski, B . , "Tracked  L e v ita te d  Research V e h ic le  P e r io d ic  T e st
Summary R e p o rt: Body/Chassis Suspension in  P e rtu rb e d  Guideway -
A e ro p ro p e lle d ,"  U .S . Department o f  T ra n s p o rta t io n  R eport No. 
FRA-OR&D-75-98, November 1974.

6 . F r a iz e ,  W. E . , "The Tracked Ram A i r  Cushion V e h ic le  (TR A C V). A 
System D e f in i t io n  S tu d y ,"  The MITRE C o rp o ra t io n , R eport No. 
MTR-6554, Rev. 1 , Ja n u a ry  1974.

7. A nderson , V . E . ,  "PRT: Urban T ra n s p o rta t io n  o f  the  F u tu re ? "  The
F u t u r i s t , V o l .  V I I ,  No. 1 , Pages 16-20, F e b ru a ry  1973.

8 . M a t e r ia l ly  Speaking p u b lis h e d  by T h io k o l Chem ical C o rp o ra t io n ,
No. 20, June 1973.

9. "H ig h -S peed  Ground T ra n s p o rta t io n  w ith  M agnetic L e v it a t io n  
T e ch n iq u e s," V o l .  1 -  System Concepts, R eport No. B M FT-FB -T-7 4 -3 8, 
in  German, N T IS , N75-33941/6ST.

'•* 10. G o t t z e in , E . ,  e t .  a l . ,  "M agnetic Suspension C o n tro l Systems f o r  the
German H igh  Speed T r a in , "  F i f t h  IFAC Symposium on A utom atic  C o n tro l 
in  Space, Genoa, I t a l y ,  June 1973.

I I .  Domandl, H . , "The Transurban  S ystem ," 1973 In t e r n a t io n a l  Conference 
on P e rs o n a l Rapid T r a n s i t ,  U n iv e r s it y  o f  M in n esota , May 1973.

12. L a ith w a ite , E . R . , "L in e a r  P ro p u ls io n  b y E le c tro m a g n e tic  R iv e r , "  
p re se n te d  a t the In t e rn a t io n a l H o ve rin g  C r a f t ,  H y d r o fo i l  and 
Advanced T r a n s it  Systems C onference, B r ig h to n , E n g la nd , 13-16 May 
1974.

141



13. Borcherts, R. H., et. al., "Parameter Optimization Studies of 
Magnetic Suspensions for High Speed Ground Transportation,"
U.S. Department of Transportation Report No. FRA-OR&D-74-42,
April 1974. . •

14. Limbert, D. A., et. al., "Dynamic Performance and Control of 
Attractive Electromagnetic Tracked, Levitated Vehicle Suspension 
Systems," Report EPL-75-72965-1, Massachusetts Institute of 
Technology, March 1975.

15. Rhodes, R. G., et. al., "The Wolfson Magnetic Levitation Project,"
Cryogenics, Vol. 15, No. 7, July 1975. „

16. Atherton, D. L., et. al., "Canadian Development^ in Superconducting 
Maglev and Linear Synchronous Motors," Cryogenics, Vol. 15, No. 7,
Pages 395-402, July 1975.

17. Eggleton, P. L., "Status of Magnetic Levitation and Linear Motor 
Research Activities in Canada," 9th Annual Japan-U.S.A.
Transportation Research Panel, Washington, October 1976.

18. Albrecht, C., et. al., "Superconducting Levitated Systems: First
Results with the Experimental Facility at Erlangen," Paper B-2,
International Cryogenic Engineering Conference, Kyoto, Japan,
May 1974.

19. Albrecht, C., "Development of Levitated Vehicles with Superconducting 
Magnets," IEE Conference on Advances in Magnetic Materials and Their 
Applications, September 1976, London.

20. Kyotani, Y., "Magnetic Levitation and Propulsion," 9th Japan-U.S.
Transportation Research Panel, Washington, October 1976.

21. Otsuka, T., et. al., "Superconducting Levitated High Speed Ground 
Transportation in Japan," Applied Superconductivity Conference,
October, 1974.

22. Borcherts, R. H., "Repulsion Magnetic Suspenion Research - U.S.
Progress to Date," Cryogenics, Vol. 15, Pages 385-93, July 1975.

23. Coffey, H. T., et. al., "Study of a Magnetically Levitated Vehicle," v
Report No. FRA-RT-73-24, NTIS, PB221696.

24. Kolm, H. H., et. al., "The Magneplane System," Cryogenics, Vol. 15, *
No. 7, July 1975.

25. Superconducting Machines and Devices, Fover S., et. al., Plenum Press,
New York, 1973.

142




