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SUMMARY

*

This report and Report PB210-506 cover work performed by the 
Ford Motor Company under Contract DOT-FR-10026 with the Federal Railway 
Administration, U.S. Department of Transportation. Whereas PB210-506 
addressed the technical feasibility of magnetic suspension of high-speed 
vehicles, the present report is concerned with certain critical problem 
areas in the two most promising magnetic suspension schemes.

The present report includes work in the following areas:

Repulsive-Force Suspension

(1 ) parameter optimization,
(2 ) studies of ac loss in the cryogenic magnets,

(3) magnet shake tests and experimental studies of damping 

and control,
(4) control requirements,
(5) assessment of the magnetic shielding requirement,

(6) propulsion systems and their compatibility with the high- 

clearance suspension,

(7) baseline design of a research vehicle including a full- 

scale, superconducting magnet design;

Attractive-Force Suspension
(1 ) design and construction of two model electromagnets and 

their feedback control systems,

(2 ) basic control strategy,
(3) magnetic saturation and eddy-current drag at high speeds,
(4) control requirements,
(5) criterion for maximum allowable track roughness,
(6 ) need for a secondary suspension.

i i i



Other aspects considered in the report are aerodynamic effects, system 
failure modes, and studies of ride quality. The present study has not 
turned up any problems serious enough to completely eliminate one of 
the two competing suspension schemes.

*

*
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d ra g  c o e f f i c i e n t  [E q . ( 5 . 1 ) ]

yaw ing moment c o e f f i c i e n t  (Chap. 5)

s id e  f o r c e  c o e f f i c i e n t  (Chap. 5)

d is c o m f o r t  in d e x

damping c h a r a c t e r i s t i c
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and t r a c k  in  a t t r a c t i v e  sy stem

l a t e r a l  d i s t a n c e  betw een  c o i l  and v e r t i c a l  g u id a n ce  
p a n e l ; a l s o  u sed  f o r  h e ig h t  o f  damping p l a t e  above  
t r a c k

c u r r e n t

c u r r e n t  d e n s i t y  
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wave v e c t o r  com ponents

s p r in g  c o n s ta n t

s e l f  in d u c ta n c e ; a l s o  u sed  f o r  le n g th  o f  m ag n et (o r  m o to r)  
in  d i r e c t i o n  o f  v e h i c l e  m o tio n
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m u tu al in d u c ta n c e ; a l s o  u sed  f o r  sp ru n g  m ass o r  v e h i c l e  m ass  
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p o le  f a c e  w id th  o f  m a g n e t; a l s o  u sed  f o r  number o f  
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wave number (2 tt/A )  ; a l s o  u sed  f o r  dynam ic p r e s s u r e  
(Chap. 5)
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VjzS
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X
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z

ZG
a

3

r
Y

com ponents o f  to rq u e  

v o l t a g e ;  a l s o  u sed  f o r  volum e  

v e h i c l e  sp eed

a l s o  u sed  f o r  r e l a t i v e  sp eed  [s e e  E q . ( 4 . 2 5 ) ]

p h a se  v e l o c i t y

tim e  d ep en d en t v o l t a g e

f i e l d  e n e rg y ; a l s o  u sed  f o r  v e h i c l e  w id th  (Chap. 5) 

m a t e r i a l  p a ra m e te r  w ith  d im e n sio n s o f  v e l o c i t y  [E q . ( 2 . 2 ) ]  

d i s t a n c e  from  o r i g i n  i n  d i r e c t i o n  o f  v e h i c l e  m o tio n  

t r a n s v e r s e  d i s t a n c e

v e r t i c a l  h e ig h t  from  some r e f e r e n c e  l e v e l

h e ig h t  o f  guidew ay ab ove a  r e f e r e n c e  l e v e l  
2 1/2d e f in e d  by a =  (k + ik  iaav) (C h a p te rs  2 and 3) ; a l s o  

u sed  f o r  r o l l  a n g le  (C h a p t. 6)

a / k ;  a l s o  u sed  f o r  damping c o e f f i c i e n t ;  a l s o  3 =  v  /w  
(Chap. 4) 0

d e f in e d  by E q . ( 3 . 6 )

e f f e c t i v e n e s s  r a t i o  [E q . ( 2 . 1 6 ) ] ;  a l s o  u sed  f o r  a n g u la r  
fre q u e n c y  (2 irf) ; a l s o  a  dam ping c o e f f i c i e n t

e le c t r o m a g n e t ic  s k in  d e p th ; a l s o  u sed  f o r  damping r a t i o
(2TTfT)"l ;  u sed  in  C h a p te r  5 f o r  b ou n d ary  l a y e r  th i c k n e s s  ,
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1. INTRODUCTION
T h is  r e p o r t  c o v e r s  work p erfo rm ed  by th e  F o rd  M otor Company u n d er  

C o n tr a c t  D O T-FR-10026 (T ask  I I )  w ith  th e  O f f ic e  o f  R e s e a r c h , D evelop m en t, 

and D e m o n stra tio n  o f  th e  F e d e r a l  R a i l r o a d  A d m in is t r a t io n , U .S . D ep artm en t 

o f  T r a n s p o r t a t i o n . I t  r e p r e s e n t s  a  c o n t in u a t io n  o f  e a r l i e r  work u n d er th e  

same c o n t r a c t  (T ask I )  w hich  h a s  been r e p o r te d  i n  an  e a r l i e r  r e p o r t . '* '

T ask  I  e f f o r t  e s t a b l i s h e d  th e  f e a s i b i l i t y  o f  m a g n e tic  l e v i t a t i o n  a s  a  

s u sp e n sio n  sy ste m  f o r  h ig h -s p e e d  gu id ed  v e h i c l e s ,  b u t i t  a l s o  i n d i c a t e d  a  

need f o r  f u r t h e r  s t u d i e s  o f  c e r t a i n  c r i t i c a l  a s p e c t s  o f  th e  l e v i t a t i o n  

p ro b lem . T h ese a s p e c t s  h ave been a d d re sse d  in  th e  p r e s e n t  s tu d y .

A t th e  c o n c lu s io n  o f  T ask  I  e f f o r t ,  i t  was a p p a re n t  t h a t  two ty p e s  . 

o f  m a g n e tic  s u s p e n s io n s  had m e r i t .  T hese a r e  th e  h i g h - c l e a r a n c e  e l e c t r o 

dynam ic ( r e p u l s i v e  f o r c e )  s u sp e n sio n  w hich u s e s  s u p e rc o n d u c tin g  m agn ets  

i n  th e  v e h i c l e ,  and th e  lo w -c le a r a n c e  e l e c t r o m a g n e t i c  ( a t t r a c t i v e  f o r c e )  

s u s p e n s io n  w h ich  u s e s  o r d in a r y  a c  e le c t r o m a g n e ts .  Of th e  two s u s p e n s io n s ,  

i t  a p p e a re d  t o  u s a t  th e  t im e , t h a t  th e  f i r s t  one was b e t t e r  a b le  t o  p r o 

v id e  a l l  th e  d e s i r e d  f e a tu r e s ';  o f  a  300  m i/h  t r a n s p o r t a t i o n  s y s te m ; n am ely , 

good r i d e  q u a l i t y ,  m o d e ra te  guidew ay t o l e r a n c e ,  b a s i c  s t a b i l i t y ,  and  

m o d e ra te  d ra g  f o r c e s .  The a d v a n ta g e s  o f  t h i s  s u s p e n s io n  w ere somewhat 

o f f s e t  by a  s u b s t a n t i a l  m a g n e tic  s h ie ld in g  p rob lem  and u n c e r t a i n t y  a s  t o  

th e  s e v e r i t y  o f  th e  a c  l o s s e s  in  th e  s u p e rc o n d u c to rs  r e s u l t i n g  from  non

s te a d y  f i e l d s  and v e h i c l e  o s c i l l a t i o n .

C o n c u rre n t w ith  o u r Task I  p ro g ra m , a  s i m i l a r  s tu d y  was co n d u cte d  

f o r  DOT by S ta n fo rd  R e s e a rc h  I n s t i t u t e  (S R I ) . T h e ir  c o n c lu s io n s  r e l a t i v e  t o  

t h e  f e a s i b i l i t y  o f  m a g n e tic  su sp e n sio n  f o r  h ig h -s p e e d  g u id e d  t r a n s p o r t a t i o n  

a r e  s i m i l a r  t o  o u r s ,  and a r e  sum m arized in  r e f e r e n c e  2 .

In  a  f o llo w -o n  p ro g ra m , SRI d e s ig n e d  and b u i l t  a  s m a ll  v e h i c l e  su p p o rte d
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and gu id ed  by fo u r  s u p e rc o n d u c tin g  m agn et's , and h a s  r e c e n t l y  tow ed t h i s

3
v e h i c l e  a t  sp eed s up t o  30 m i/h r  in  an aluminum c h a n n e l . L a r g e r  s c a l e  

e x p e rim e n ts  have a l r e a d y  b een  c a r r i e d  o u t  in  Ja p a n  and G erm any. As p a r t  

o f  i t s  c e n te n a r y  c e l e b r a t i o n ,  Ja p a n  N a tio n a l  R a ilw a y s  (JNR) c a r r i e d  o u t  a 

p u b l ic  d e m o n s tra tio n  ru n  on O cto b e r 1 4 ,  1 9 7 2 , o f  a  4 -p a s s e n g e r  m a g n e t i c a l l y -  

su spended (b u t gu id ed  by p h y s i c a l  c o n t a c t )  v e h i c l e  a t  i t s  R ailw ay  T ech

n o lo g y  R e s e a rc h  I n s t i t u t e  n e a r  T okyo. The e x p e r im e n ta l  v e h i c l e  i s  7 m lo n g ,

2 m w id e , and 1 .7  m h ig h , u s e s  s u p e rc o n d u c tin g  m a g n e ts , and i s  pow ered  

by a  l i n e a r  in d u c tio n  m o to r . I t  w i l l  be t e s t  ru n  o v e r  a  4 0 0  m t r a c k  a t  

sp eed s up t o  60  k m /h r. T h is  i s  th e  f i r s t  t e s t  o f  a  l a r g e  v e h i c l e  u s in g  

th e  e le c tro d y n a m ic  s u s p e n s io n . (JNR u s e s  a  d i s c r e t e - l o o p  t r a c k  in s te a d  

o f  th e  c o n tin u o u s  s h e e t  t r a c k  p ro p o se d  by b o th  F o rd  M otor Company and S R I.)  

R e s e a rc h  v e h i c l e s  u s in g  an e l e c t r o m a g n e t i c  s u s p e n s io n , l a r g e  enough t o  

c a r r y  p a s s e n g e r s , w ere d e m o n stra te d  in  Germany by M e s s e rs c h m itt-B o lk o w -  

Blohm and K ra u ss -M a ffe i d u rin g  1 9 7 1 ; one o f  t h e s e  h a s  b een  ru n  a t  sp eed s  

up t o  163  k m /h r.

The g o a ls  o f  th e  p r e s e n t  p rogram  (T ask s I I  and I I I )  a r e  tw o fo ld : 

t o  exam ine c e r t a i n  a s p e c t s  o f  a  m a g n e tic  s u sp e n sio n  sy stem  w hich can  a f f e c t  

i t s  o p e r a t io n  in  a  c r i t i c a l  w ay, and t o  p ro v id e  b a s e l i n e  s p e c i f i c a t i o n s  

f o r  a  TMLRV ( t r a c k e d  m a g n e t i c a l l y  l e v i t a t e d  r e s e a r c h  v e h i c l e ) . The s i t u a t i o n  i s  

c o m p lic a te d  by th e  f a c t  t h a t  th e  c r i t i c a l  p rob lem  a r e a s  f o r  th e  two com

p e t i n g  m a g n e tic  su s p e n s io n s  a r e  d i f f e r e n t .  F o r  th e  a t t r a c t i v e - f o r c e  su sp e n sio n  

t h e . u n re s o lv e d  problem - a r e a s  a r e :  c o n t r o l  sy ste m  d e s ig n  and b a s i c  c o n t r o l  

s t r a t e g y ,  h ig h -s p e e d  p e rfo rm a n c e , maximum a llo w a b le  t r a c k  ro u g h n e s s , and 

th e  p o s s i b l e  need f o r  a  s e c o n d a ry  s u s p e n s io n . F o r  th e  r e p u l s i v e - f o r c e  

s u sp e n sio n  th e  problem  a r e a s  a r e :  s u p e rc o n d u c tin g  m agn et d e s ig n , a c  l o s s

in  th e  su p e rco n d u ctin g  m a g n e ts , m a g n e tic  s h i e l d i n g ,  and th e  c h o ic e  o f  a  

c o m p a tib le  p r o p u ls io n  s y s te m .
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The p r e s e n t  s tu d y  h a s  n o t tu rn e d  up any p ro b le m s s e r i o u s  enough  

t o  c o m p le te ly  e l i m in a te  one o f  th e  com p etin g m a g n e tic  s u s p e n s io n s . R e g a rd in g  

th e  e l e c t r o m a g n e t i c  s u s p e n s io n , we h ave d e v e lo p e d  a  c r i t e r i o n  f o r  maximum 

t r a c k  ro u g h n e s s ; and we have shown t h a t  h ig h -s p e e d  p e rfo rm a n c e  w i l l  be d e

g ra d e d  by s k in -d e p th -in d u c e d  s a t u r a t i o n  o f  th e  m a g n e tic  f i e l d  in  th e  t r a c k .

T h ese c o n s i d e r a t i o n s  a r e  im p o rta n t  b u t can  p ro b a b ly  be accom m odated by th e  

a p p r o p r ia te  sy stem  d e s ig n . We have a l s o  b u i l t  and t e s t e d  two m odel e l e c t r o 

m ag n ets  and t h e i r  fe e d b a ck  c o n t r o l  s y s te m s , and h ave s tu d ie d  v a r i o u s  c o n t r o l  

s t r a t e g i e s .  The s t a t i c  and dynam ic c o n t r o l  pow er re q u ire m e n ts  h ave been  d e 

te rm in e d  f o r  t h i s  s u s p e n s io n . R eg ard in g  th e  e le c tr o d y n a m ic  s u s p e n s io n , e x 

p e r im e n ts  p erfo rm ed  d u rin g  th e  p r e s e n t  s tu d y  show t h a t  a c  l o s s e s  i n  th e  

s u p e rc o n d u c to r  a r e  s m a l le r  th a n  w ere o r i g i n a l l y  th o u g h t , and th e s e  l o s s e s  

c a n  be f u r t h e r  m in im ized  by a p p r o p r ia te  m agnet d e s ig n . Thus a c  l o s s  i s  n o t  

a  m a jo r  p ro b lem . C o n ce rn in g  m a g n e tic  s h ie ld in g  o f  th e  s u p e rc o n d u c tin g  m a g n e ts , 

i t  a p p e a rs  t h a t  th e  m a g n e tic  f i e l d  in  th e  p a s s e n g e r  com p artm en t ca n  be  

a t t e n u a t e d  t o  th e  2 0 0  g a u s s  l e v e l  w ith o u t an e x c e s s i v e  w e ig h t p e n a l t y .  In  

th e  a b se n ce  o f  a d e q u a te  s t a t i s t i c a l  d a ta  on p o s s i b l e  b i o l o g i c a l  e f f e c t s  o f  

m a g n e tic  f i e l d s  i t  i s  p ru d e n t t o  keep f i e l d s  n e a r  th e  n a t u r a l  v a lu e  o f  one  

g a u s s .  Should t h i s  p ro v e  n e c e s s a r y  th e  w e ig h t p e n a l t y  o f  th e  s h i e l d s  w i l l  

be s e v e r e  h o t  o n ly  f o r  m a g n e t ic a l ly  l e v i t a t e d  v e h i c l e s  b u t a l s o  f o r  v e h i c l e s  

u s in g  e l e c t r o m a g n e t i c  p r o p u ls io n .

The p r e s e n t  r e p o r t  d i s c u s s e s  p a ra m e te r  o p t i m i z a t i o n  arid th e  c r i t i c a l  

p ro b lem  a r e a s  w hich  ca n  a f f e c t  sy stem  p e rfo rm a n ce  f o r  b o th  ty p e s  o f  s u s p e n s io n .  

E x p e r im e n ta l  s t u d i e s  in v o lv in g  v i b r a t i o n  and c o n t r o l  h av e  b een  c a r r i e d  o u t  

f o r  b o th  c a s e s .  H ow ever, b a s e l i n e  s p e c i f i c a t i o n  o f  th e  guidew ay and r e s e a r c h  

v e h i c l e ,  in c lu d in g  a  f u l l - s c a l e  m agnet d e s ig n , h a s  b een  c a r r i e d  o u t  o n ly  

f o r  th e  e le c tro d y n a m i'c  ( r e p u l s i v e  ty p e ) s u s p e n s io n . O th e r a s p e c t s  c o n s id e r e d  in  

t h i s  r e p o r t  a r e  p r o p u ls io n  sy s te m s  and t h e i r  c o m p a t i b i l i t y  w ith  m a g n e t i c a l l y -  

l e v i t a t e d  v e h i c l e s ,  aero d y n am ic e f f e c t s ,  f a i l u r e  m od es, and s t u d i e s  o f  r i d e  q u a l i t y
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2 .  ELECTRODYNAMIC (REPULSIVE) SUSPENSION 

In  t h i s  s u s p e n s io n , c u r r e n t - c a r r y i n g  c o i l s  (o r  m a g n e ts ) , m oving w ith  

th e  v e h i c l e ,  in d u ce  eddy c u r r e n t s  i n  a  c o n d u c tin g  ro ad b ed  o r  gu id ew ay, and 

t h e s e  eddy c u r r e n ts  i n t e r a c t  w ith  th e  c o i l  su ch  as  t o  r e p e l  and s u p p o rt  i t .  

T h e re  i s  no l i f t  a t  z e ro  sp e e d  so  th e  v e h i c l e  m ust be s u p p o rte d  in  some 

o t h e r  way a t  low sp eed s (p resu m ab ly  by w h e e l s ) . As th e  v e h i c l e  sp eed  

i n c r e a s e s ,  th e  l i f t  f o r c e  FT ( f o r  a  m agn et a t  c o n s t a n t  h e ig h t )  f i r s t  i n c r e a s e s  

r a p i d l y ,  th e n  l e v e l s  o f f ,  a p p ro a c h in g  th e  im age f o r c e  a t  h ig h  s p e e d s .

F j  i s  th e  f o r c e  betw een th e  c o i l  and i t s  im age in  th e  gu id ew ay. In  a d d it io n  

t o  F _ , t h e r e  i s  a l s o  a  m a g n e tic  d ra g  f o r c e  F and p o s s i b l y  a l s o  a  t r a n s v e r s e  

f o r c e  Ft * I f  th e  t r a n s v e r s e  f o r c e  i s  su ch  as  t o  p ro v id e  g u id a n c e , we c a l l  

i t  a  g u id a n ce  f o r c e  F „ .

R e p o rt No. PB 210-506"'" d is c u s s e d  a n a l y t i c  m ethods f o r  c a l c u l a t i n g

Fr , F , and F f o r  v a r io u s  r e c t a n g u l a r  c o i l s  m oving o v e r  f l a t  guidew ays o r  
L j d  l

o v e r  c o r n e r -c h a n n e l  g u id ew ay s. I t  a l s o  d is c u s s e d  th e  e x p e rim e n ts  w hich w ere

done t o  e s t a b l i s h  th e  v a l i d i t y  o f  th e  a n a l y t i c  m eth o d s. A p a r a m e tr ic  stu d y

o f  t h e  m ag n etic  f o r c e s  e s t a b l i s h e d  t h a t  t o  re d u c e  d r a g  f o r c e s  on a  rev en u e
a t  3 0 0  m i/h

v e h i c l e  t o  an a c c e p ta b le  l e v e l / t h e  aluminum guidew ay sh o u ld  be a p p ro x im a te ly

2 .5  cm (one in ch ) th ic k  and th e  v e h i c l e  m agnets sh o u ld  be a t  l e a s t  2 m lo n g .

A 1 m x  2 m c o i l  was a  f r e q u e n t ly  u sed  exam ple in  r e f .  1 .  H ow ever, a  n arrow

m agnet i s  d e s i r a b l e  in  o r d e r  t o  re d u c e  t h e  t r a c k  w id th  and th e re b y  lo w er

th e  aluminum re q u ire m e n t f o r  th e  s y s te m . F u rth e rm o r e , a  lo n g e r

m agnet ap p e a rs  d e s ir a b le , in  o r d e r  t o  o b ta in  a  som ewhat m ore d e s i r a b l e  l i f t /

d r a g  r a t i o .  We a r e ,  t h e r e f o r e ,  p ro p o s in g  t h a t  each  o f  th e  m agnets f o r  a

re v e n u e  v e h i c l e  be a  1 / 2  m x  3 m c o i l .  F o r  a  r e s e a r c h  v e h i c l e ,

s h o r t e r  m agn ets (w ith  a  somewhat s m a l le r  F / F  ) ca n  be t o l e r a t e d ;  we
Li D

p r o p o s e : 1 /2  m x  2 m c o i l s .  F o r  e a s e  in  f a b r i c a t i o n  and s t r u c t u r a l

- 4 -



n

ii

s t a b i l i t y ,  c o i l s  w ith  rounded ends a r e  p r e f e r r e d  t o  p u r e ly  r e c t a n g u l a r  c o i l s ;

t h e  e f f e c t  o f  t h i s  g e o m e tr ic  m o d if ic a t io n  on F L/ FD i s  e x p lo r e d  i n  2 . 1 . 2 .

2 . 1 .  P a r a m e tr ic  S tu d y o f  V e h ic le  M agnets

We h av e  made c a l c u l a t i o n s  o f  F_ and F_ v s .  v e l o c i t y  v  f o r  a  1 / 2  xIi D

3 m c o i l  a t  0 . 3  m e l e v a t i o n  o v e r  a  25 mm aluminum p l a t e .  The p l a t e  i s

assum ed t o  b e  w ide enough t h a t  edge e f f e c t s  a r e  n e g l i g i b l e .  In  F ig u r e  2 . 1 ,

we show F_ amd F / F  . Compared t o  t h e  1 x  2 m c o i l  a t  th e  same h e i g h t  and L L D

w ith  t h e  same p l a t e  t h i c k n e s s ,  FL a p p ro a ch e s  th e  im age f o r c e  F^. m ore s lo w ly .  

A ls o , t h e  l i f t - t o - d r a g  r a t i o  a t  3 0 0  m i/h  i s  h ig h e r  (5 8  com pared t o  5 2 ) ,  b u t

s t i l l  s i g n i f i c a n t l y  below  th e  t h i n - p l a t e  v a lu e  o f  7 6 .  I t  i s  found t h a t  8
5

m agnets ( 1 / 2  x  3 m ), each  c a r r y i n g  2 .6  x  10 A , w i l l  s u p p o rt  1 0 0 , 0 0 0  l b s .  

a t  .300 m i/h  w ith  a  h e i g h t  o f  0 .3  m.

In  F ig u r e  2 . 2 ,  th e  d ra g  f o r c e  a t  c o n s ta n t  h e ig h t  (h =  0 . 3  m) i s  

shown a s  a  f u n c t io n  o f  v e l o c i t y .  The d ra g  peak  i s  s u b s t a n t i a l l y  lo w e r

(^  0 . 1  F _  com pared t o  ^  0 . 2  F ) th a n  th e  1 x ^ 2 n u c a s e ,  a lth o u g h  F / F  i s
jCh/L-

e s s e n t i a l l y  th e  same a t  low speeds^. T h e r e f o r e , th e  pow er re q u ire m e n ts  t o  

overcom e d r a g  a r e  t h e  same in  th e  tw o c a s e s  a t  low  sp eed s a s  lo n g  as  th e  

v e h i c l e  i s  su p p o rte d  by th e  m a g n e ts . B u t , in  r e g io n s  o f  th e  t r a c k  w here  

b o th  w h eels  a r e  u se d  and th e  guidew ay i s  l in e d  w ith  alum inum , th e  d ra g  

sh o u ld  be s m a l l e r .

To d e te rm in e  t h e  e f f e c t s  o f  th e  f i n i t e  w id th  o f  t h e  t r a c k ,  th e  l i f t

f o r c e  F_ and th e  t r a n s v e r s e  f o r c e  F w ere c a l c u l a t e d  f o r  a  1 / 2  x  3 m m agnet Li T

a t  t h e  edge o f  a  s e m i - i n f i n i t e  p l a t e .  Only th e  h ig h -s p e e d  l i m i t  was

. ’Xj
c o n s i d e r e d . From F ig u r e  2 . 3 ,  we s e e  t h a t  a t  h '  =  h ,  FT =  5% o f  F^ and 

Ft i s  a p p ro x im a te ly  F _ ,  th e  im age f o r c e  f a r  from  th e  e d g e , h' i s  th e  

h o r i z o n t a l  d i s t a n c e  from  th e  edge o f  th e  m agnet t o  th e  edge o f  th e  p l a t e  

and h i s  t h e  h e i g h t .  FT te n d s  t o  push th e  m agnet away from  th e  p l a t e .

-5-



F i g .  2 . 1 .  L i f t  f o r c e  F and F / F  ( l i f t - t o - d r a g  r a t i o )  on a  c o i l  above an  
aluminum p la n e  a s  a r u n c t i o n  o f  s p e e d . F i s  th e  im age f o r c e .
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Fig. 2.2.a. Same data as Fig. 2.2, but for a 1 x 2 m coil.
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For smaller h', FT increases and drops. Since we have found experimen-
54tally and theoretically that

FD + F ) T (2.1)

w =  2 /u o CTT ( 2 . 2 )

we expect the drag force to be given approximately by Equation 2.1 for the 

geometry of Figure 2.3. Hence, we require the track width to exceed the 

magnet width by 2 h in order that the degradation of FT/F is less than 10% 

(5% from each edge) . It appears that better use of aluminum would be made 

if the track were shaped as a right-angle corner. Then the edge effects 
would give guidance and would be useful.

To co m p le te  th e  e s s e n t i a l  in f o r m a tio n , we h ave c a l c u l a t e d  th e  f o r c e s  

on th e  m agnet n e a r  a  r i g h t - a n g l e  c o r n e r  in  th e  h ig h -s p e e d  l i m i t .  The l i f t  

f o r c e  Ft and th e  g u id a n ce  f o r c e  F a r e  shown as f u n c tio n s  o f  th e  s e p a r a t i o n  

o f  th e  m agnet from  th e  v e r t i c a l  p a n e l , h', in  F ig u r e  2.4. A lso  shown i s
<

F_ + F since the drag force F = —  (F + F ) . At about h' = 0.2 m,L G  D V  L G

F = F so that considerable guidance force can be obtained from a guideway G L

utilizing such a configuration.

2.1.1. Parametric Study

To justify that the 1/2 x 3 m shape over a 2 5 mm A1 track is

reasonable, we present the results of a parametric study. First, we show
in Figure 2.5 the effect of track thickness T on FT/ F  at 300 mi/h. A
l i n e a r  i n c r e a s e  o f  F/F  w ith  T ( t h i n - p l a t e  b e h a v io r )  o c c u r s  up t o  ab o u tL D

1.5 cm b u t above t h a t  th e  cu rv e  b e g in s  t o  f l a t t e n  o u t  as th e  s k in  d e p th  

becom es s m a l le r  th a n  th e  p l a t e  t h i c k n e s s . L i t t l e  i s  g a in e d  by g o in g  t o  

t h ic k n e s s e s  g r e a t e r  th a n  1 in ch  = 2.54 cm. F o r  lo n g e r  m a g n e ts , th e  c u r v e s  

r e t a i n  th e  l i n e a r  b e h a v io r  t o  s l i g h t l y  h ig h e r  T .

-11-
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In Figure 2.6 for a fixed width (1/2 m) , FT/F at 300 mi/h is shown

as a function of the length of the magnet, 2 b. There is a rapid increase
of Ft/F with length in the range 2 to 4 it, but the curve tends to flatten

out above that. As a measure of the saturation property of the lift force,
Fl (v = 50 mi/h)/FL (v = 300 mi/h) is shown as a function of length in Figure

2.7. As expected, this ratio drops off quickly with length in the 2 to 4 m

range. A 3 m long magnet appears to have taken advantage of the sharp rise

in F_/F (Figure 2.6) without sacrificing too much of its low-speed lift.

Additional results of this study are that (i) F_ /FT (300 mi/h)D ,peak L
decreases with length, (ii) F_/F is independent of width for the range 0.1Jj D
to 0.6 m, at least, and (iii) F_ increases with width as expected.Li
2.1.2. Other Magnet Configurations

4From our previous study of Fourier methods to calculate F andXj '
Fd , it is straightforward to show that for any current configuration,

i.(x,y), confined to a plane at z = h

F = - z

8ir2
V

ro dk
y o dk

X

k
k

X

8tt2
yo

/"o dk
y

ro dk
X

k2
iT 2

X

(2.3)

(2.4)

where
iy ,, -ik xO —Icil oo v ooWi = -----e / dx e f cos k y i (x,y) dy ,
4tt2  — oo — oo ^  ^

(2.5)

and

Ti + ir2 = (1-3)
d+e)

1 - e-26kT

n 1-6 V2 “26kT
1 ’ W  1 6

(2.6)

The remaining quantities are defined in Reference 4.
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F o r  tw o r e c t a n g u l a r  m agnets 2 a  x  2b s e p a r a te d  l o n g i t u d i n a l l y  by 2c  

(s e e  F ig u r e  2 . 8 ) ,

y s i n  k a
Wi =  -  —— e — - — —  s i n  k b [ ( I i + I 2 ) co s  k (c+b )

o  K  X  X
ttz y

+  i ( l 2 ~ I i )  s i n  k ^ t c + b ) ]  . ( 2 . 7 )

F o r  a  n o r th  p o le  -  n o rth  p o le  a rra n g e m e n t (N -N ), I 2 =  I i  and f o r  a  n o r th

p o le  -  s o u th  p o le  arra n g e m e n t ( N - S ) , I i  =  - I 2 . A c a l c u l a t i o n  o f  Ft andL
F / F  a s  a  f u n c t io n  o f  v e l o c i t y  v  i s  shown in  F ig u r e  2 . 9  com p arin g  N-N,

X j D
N -S , and two w id e ly  s e p a r a te d  c o i l s  ( f o r  w hich th e  r e l a t i v e  p o l a r i t y  i s

u n im p o r ta n t) . We n o te  t h a t  N-S h a s  t h e  h i g h e s t  l i f t  w h ereas N-N h a s  th e

h i g h e s t  FT/ F  a s  m ig h t be e x p e c te d . F o r  c  > h = 0 . 3  m, th e  d i f f e r e n c e  in  
Xj d

F / F  i s  n o t  l a r g e .
Xj D

Two c o i l s  s e p a r a te d  l o n g i t u d i n a l l y  by a  sm a ll amount lo o k  v e r y  much 

l i k e  a  s i n g l e  c o i l  o f  dou b le le n g th  p ro v id e d  th e y  c a r r y  th e  same c u r r e n t s  I  

c i r c u l a t i n g  i n  th e  same s e n s e .  T h is o b s e r v a t io n  a llo w s  a  c e r t a i n  f l e x i b i l i t y  

i n  d e s ig n  o f  t h e  m agnet sy s te m . We h ave se e n  t h a t  lo n g  m agnets a r e  d e s i r a b l e  

in  o r d e r  t o  o b t a i n  a  h ig h  F ^ /F ^  r a t i o .  B u t th e  f o r c e  t r a n s m i t t a l  s t r u t s  on  

lo n g  m agnets a r e  s u b je c te d  t o  s u b s t a n t i a l  l o n g i t u d i n a l  s h e a r in g  f o r c e s  due 

t o  th e rm a l c o n t r a c t i o n  o f  th e  m agnet sy s te m  u n der c o o l in g  (s e e  S e c t i o n  7 . 2 ) ;  

th e  u se  o f  tw o s h o r t e r  m agnets in  tandem  re d u ce  th e  m agn itu d e o f  th e s e  

s h e a r in g  f o r c e s . S in c e  some red u n d an cy in  th e  m agnet s u p p o rt  s y s te m  i s  

re q u ir e d  anyw ay, t o  e n su re  co n tin u e d  s u p p o rt  and g u id a n ce  fo l lo w in g  l o s s  

o f  c r y o g e n ic  te m p e ra tu re  in  one o f  th e  m a g n e ts , t h i s  a rra n g e m e n t d oes n o t  

c o m p lic a te  th e  m agn et s u p p o rt  s y s te m .

The l i f t  and d ra g  f o r c e s ,  and F T / F  , a r e  g iv e n  i n  T a b le  2 . 1  f o r  two

0 .5  x  1 . 5  m c o i l  s e p a r a t e d  l o n g i t u d i n a l l y  by v a r io u s  d is t a n c e s  2 c .  N o te

t h a t  2 c  =  0 c o r r e s p o n d s  t o  a  s i n g l e  0 .5  x  3 m c o i l .  I t  i s  e v id e n t  t h a t

- 1 7 -
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P i g .  2 . 9 .  F  and F / F  f o r  two c o i l  s e p a r a te d  l o n g i t u d i n a l l y  by 2 c .
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P i g .  2 . 8 .  Two l e v i t a t i o n  c o i l s  s e p a r a t e d  l o n g i t u d i n a l l y  b y  a  d is t a n c e  2 c

Fig. 2.10. A levitation coil with rounded ends.
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the red uction  in  FL/ FD i s sn>all even when the c o i l s  are separated by as

much a s  0 . 3  m.

TABLE 2 . 1 .  L i f t  and d ra g  f o r c e s  on  two N-N c o i l s  s e p a r a te d  by 2 c  a s  shown
i n  F ig u r e  2 . 8 .  2 a  =  0 . 5  m, 2 b =  1 . 5  m, F j  =  y . (N I )2 (a + 2 b )/irh
T ra ck  i s  one in ch  t h i c k  alum inum .

V e l o c i t y  (m i/h ) V » i 10  Fd/ F x F / F  
L ' D

2 c  =  0

50 0 .2 3 6 0 .1 9 4 1 2 .1

100 0 .2 8 2 0 .1 2 0 2 3 .4

150 0 .3 0 0 0 .0 8 9 4 3 3 .6

200 0 .3 0 6 0 .0 7 2 5 4 2 .7

250 0 .3 1 5 0 .0 6 1 9 5 0 .9

300 0 .3 1 9 0 .0 5 4 7 5 8 .3

2 c  =  0 . 2m

50 0 .2 2 7 0 .1 8 9 1 2 .0

1 0 0 0 .2 7 0 0 .1 1 8 2 2 .9

150 0 .2 8 9 0 .0 8 8 8 3 2 .5

200 0 .2 9 8 0 .0 7 2 7 4 1 .0

250 0 .3 0 4 0 .0 6 2 5 4 8 .6

300 0 .3 0 8 0 .0 5 5 5 5 5 .4

2 c  =  0 . 3m

50 0 .2 2 8 0 .1 9 1 1 1 .9

1 0 0 0 .2 7 1 0 .1 2 0 2 2 .6

1 5 0 0 .2 8 9 0 .0 9 1 0 3 1 .8

200 0 .2 9 9 0 ,0 7 5 0 3 9 .8

250 0 .3 0 4 0 .0 6 4 8 4 7 .0

300 0 .3 0 8 0 .0 5 7 7 5 3 .4
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F o r  a  m agnet w ith  rounded ends o f  r a d iu s  o f  c u r v a tu r e  a ,  le n g th  2b 

( s e e  F ig u r e  2 . 1 0 ) ,  we f in d  t h a t

V la ., o -k h  _ 
Wi =  — --------  e Im

,2tr2

'  - i k  b 77/2
e x  f d<J> co s  <p exp a  co s  <j) +  k a  s i n  <j>) ]

-ir/2 X 7
(2.8)

F o r  a  m agn et o f  t h i s  c o n f i g u r a t i o n  w ith  a  =  0 .2 5  m and 2b =  2 . 5  m, F andL
Fl / F d a r e  found t o  be e s s e n t i a l l y  th e  same as  t h a t  o f  a  r e c t a n g u l a r  m agnet 

o f  d im en sio n s 1 / 2  x  3 m.

2 . 1 . 3 .  Q uadrupole A rran gem en t o f  L i f t  M agnets

I t  h as b een  s u g g e s te d  t h a t  p a r t i a l  m a g n e tic  s h i e l d i n g  can  be  

a c c o m p lis h e d  by p l a c i n g  an o p p o sin g  c o i l  above th e  m ain l e v i t a t i o n  c o i l .

I f  t h e  u p p er c o i l  i s  th e  same s i z e  as  th e  lo w e r one and c a r r i e s  an e q u a l ,  

b u t o p p o s i te  c u r r e n t ,  th e n  a  q u ad ru p o le  a rra n g e m e n t i s  fo rm ed .

To f in d  th e  f o r c e s  on t h i s  c o n f i g u r a t i o n ,  we can  m odify th e  f o r c e  

e x p r e s s i o n s ,  E q u a tio n s  2 .3  and 2 . 4 .  We s e e  t h a t  W i, th e  F o u r i e r  t r a n s f o r m  

o f  t h e  m a g n e tic  f i e l d  a t  th e  t r a c k  s u r f a c e  from  a  c o i l  a t  h e ig h t  z i  , i s  

p r o p o r t i o n a l  t o  e k Z l . Now th e  m a g n e tic  f i e l d  a t  a  h e i g h t  Z2 , due t o  th e  

eddy c u r r e n t s  in d u ced  in  th e  t r a c k  (by th e  c o i l  a t  z\) in v o lv e s  a  f a c t o r  

e ^ Z2 W j, w hich i s  p r o p o r t i o n a l  t o  e +  . T h e r e f o r e , in  th e

e x p r e s s i o n  f o r  F ^  and F^ we h ave th e  fo llo w in g  f a c t o r s :

-2 k h
i )  eddy c u r r e n t s  due t o  lo w er c o i l  a c t i n g  on lo w e r c o i l :  +  e

- k ( 2 h + c )i i )  eddy c u r r e n t s  due t o  lo w er c o i l  a c t i n g  on u p p er c o i l :  - e

i i i )  eddy c u r r e n t s  due t o  u p p er c o i l  a c t i n g  on lo w e r c o i l :  -  e

i v )  eddy c u r r e n t s  due t o  u p p er c o i l  a c t i n g  on u p p er c o i l :  +  e

- 2 k h „  -k c

-k (2 h + c )

-2 k (h + c )

The t o t a l  i s  e ^X n ( l - e  KC) 2 . H en ce, an a d d i t i o n a l  f a c t o r  o f  ( 1 - e  ^ c ) 2 m ust

a p p e a r  in  F and F , i . e . ,  X z
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( 2 - 9 )F =  x
-8ir2 00 o

/  dk /  o y  o
- k dk — x  k  x

|Wc|2 r2(l-e“k c } 2

F z
-8ir2 dk /y o ^ x  k 2|Wc!

X
F ! < l - e - k c ) (2.10)

w here

Wc

y NI o s i n  k b s i n  k a  e
x ________ y

-k h

k
y

(2.11)

f o r  a  r e c t a n g u l a r  c o i l  o f  d im en sio n s 2 a  x  2 b . c  i s  th e  v e r t i c a l  s e p a r a t i o n  

o f  th e  two c o i l s .  O th er q u a n t i t i e s  h ave b een  d e f in e d  p r e v i o u s l y .

F o r  a  1 / 2  x  3 m l e v i t a t i o n  c o i l  w ith  c ' =  h =  0 . 3 ,  sam ple r e s u l t s  

a r e  shown in  T ab le  2 . 2  com p arin g th e  q u a d ru p o le  a rra n g m e n t t o  th e  s i n g l e  

c o i l .  We n o te  t h a t  th e  l i f t  f o r c e  i s  re d u c e d  s i g n i f i c a n t l y ,  b u t th e  l i f t -  

t o - d r a g  r a t i o  rem ain s ab o u t th e  sam e. The t r a c k  i s  ta k e n  t o  be .aluminum,

25 mm t h i c k .

TABLE 2 . 2 .  C om parison o f  q u ad ru p o le  t o  s i n g l e  c o i l .  F i  =  yQ (N I)2 (a + b ) /i r h .

v  (m i/h) Quad.
FL / F l

S in g le Quad.
F / F  L D

S in g le

50 .0 8 9 .2 3 6 1 1 * 9 . 1 2 .1 -

100 .1 1 0 .2 8 2 2 2 .7 2 3 .4

150 .1 2 0 .3 0 0 3 2 .3 3 3 .6 *

2 0 0 .1 2 5 ' .3 1 0 4 0 .9 4 2 .7

250 .1 2 8 .3 1 5 4 8 .6 5 0 .9

300 .1 3 0 .3 1 9 5 5 .5 5 8 .3
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2.2. C h a ra c te r is t ic s  o f  Guidance Forces

C a l c u l a t i o n s  o f  g u id a n ce  f o r c e s  h ave b een  made o n ly  in  th e  h ig h -s p e e d  

l i m i t ,  and o n ly  f o r  r a t h e r  s im p le  guidew ay g e o m e tr ie s  ( f l a t  t r a c k  o f  f i n i t e  

w id th  and th e  L -sh a p e d  c h a n n e l ) . G uidance from  more c o m p lic a te d  guidew ays  

and t h e  sp e e d  d ep en d en ce o f  th e  g u id a n ce  f o r c e s  m ust be d e te rm in e d  

e x p e r i m e n t a l l y .

The sp eed  d ep en d en ce o f  th e  g u id a n ce  f o r c e  oh a  2 "  x  4 "  c o i l ,

d i s p l a c e d  l a t e r a l l y  in  th e  ch a n n e l guidew ay o f  o u r 2 4 "  aluminum w h e e l, was

m easu red  d u rin g  T ask  I .  T h is  was a llu d e d  t o  in  R e f e re n c e  1 and in  th e  p a p e r

5
by B o r c h e r ts  and D a v is , b u t th e  d a ta  w ere n e v e r  p u b lis h e d . We show th e s e  

d a t a  t o g e t h e r  w ith  th e  l i f t  f o r c e  on th e  c o i l  in  F ig u r e  2 . 1 1 .  The g u id a n ce  

f o r c e  r i s e s  more s lo w ly  as  a  f u n c t io n  o f  sp eed  th a n  d o es th e  l i f t  f o r c e ,  b u t  

t h i s  i s  m ost l i k e l y  due t o  t h e  f i n i t e  th ic k n e s s  o f  th e  s i d e  p a n e ls  w h ereas  

t h e  b o tto m  o f  th e  ch a n n e l i s  v e ry  t h i c k  aluminum. C e r t a i n l y ,  a t  h ig h e r  

sp eed s w h ere t h e  s k in  dep th  i s  l e s s  th a n  th e  t h ic k n e s s  o f  th e  p a n e l ,  t h e  

v e l o c i t y  d ep en d en ce o f  FT and F i s  s i m i l a r .

The low sp eed  "an om aly " o r  tu r n  up in  th e  F  c u r v e  i s  p ro b a b ly  dueG
t o  t h e  s l i g h t l y  f e r r o m a g n e tic  n a tu r e  o f  th e  w elds i n  th e  s t a i n l e s s  s t e e l  

D ew ar. T h is  c a u s e s  an  a t t r a c t i o n  a t  z e ro  sp e e d ; th e n  a t  low s p e e d , t h e r e  

a p p e a rs  t o  be a  s l i g h t  enhancem ent o f  th e  "w eld  m ag n et" due t o  th e  sm a ll  

im age in d u ced  in  th e  aluminum w h e e l. F i n a l l y ,  a t  h ig h e r  sp eed  th e  im age  

becbm es l a r g e  enough t h a t  i t  d o m in ates  th e  i n t e r a c t i o n  w ith  t h e  s u p e r

c o n d u c tin g  m ag n et. T his, i s  n o t  s e e n  in  th e  o t h e r  c a s e s  s i n c e  t h e  m agnet 

rem ain ed  i n  th e  c e n t e r  o f  th e  Dewar. Only f o r  th e s e  e x p e rim e n ts  w here th e  

m agn et was moved r e l a t i v e  t o  th e  Dewar was t h i s  e f f e c t  n o t i c e a b l e .

In order to investigate guidance forces from finite width guideways, 

we employed experimental guideway models and used an ac impedance bridge
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P i g .  2 . 1 1 .  Speed d ependence o f  F L and F Q f o r  a  2 x  4 in c h  c o i l  in  an aluminum  
c h a n n e l .



o p e r a te d  a t  1 k H z. In  t h i s  te c h n iq u e , th e  in d u c ta n c e  o f  th e  c o i l  i s
(0)

m easu red  as a  f u n c t io n  o f  i t s  p o s i t i o n  in  th e  guidew ay* The c u r r e n t  

p a t t e r n  e s t a b l i s h e d  in  th e  aluminum guideway i s  s i m i l a r  t o  t h a t  w hich  

w ould be p ro d u ced  by a  m oving c o i l  a t  h ig h  s p e e d . S in c e  t h e  c o i l  e n e rg y  

E =  ( 1 / 2 )  L i 2 , and F =  VE,  th e  f o r c e  i s  p r o p o r t io n a l  t o  th e  g r a d i e n t  o f  L .

To v e r i f y  t h a t  th e  te c h n iq u e  g iv e s  c o r r e c t  r e s u l t s , we f i r s t  

m easu red  th e  in d u c ta n c e  o f  a  2 "  x  4 "  c o i l  (1 8 0  tu r n s )  a s  a  f u n c t io n  o f  i t s  

h e i g h t  above a  f l a t  aluminum p l a t e . The f o r c e  law  o b ta in e d  in  t h i s  way 

a g re e d  q u i t e  w e l l  w ith  t h a t  found e x p e r im e n ta lly  w ith  a  2 "  x  4 "  s u p e r 

c o n d u c tin g  c o i l  above th e  r o t a t i n g  aluminum w h e e l.

F i g .  2 . 1 2  shows th e  in d u c ta n c e  o f  a  c o i l  n e a r  one o f  two L -sh a p e d  

g u id e w a y s, one made by b en d in g  a  s i n g l e  p i e c e  o f  alum inum , th e  o t h e r  made 

o f  tw o p i e c e s  in  c l o s e  p r o x im ity  b u t n o t  in  e l e c t r i c a l  c o n t a c t .  The r e s u l t s  

show t h a t  one d o e s  g e t  a  g u id a n ce  f o r c e  from  th e  b e n t  c o r n e r  g u id ew ay ; 

b u t from  th e  on e n o t  in  e l e c t r i c a l  c o n t a c t ,  t h e r e  i s  a c t u a l l y  a  f o r c e  

te n d in g  t o  push th e  c o i l  i n t o  th e  s id e  p a n e l .  T h is  ca n  b e e x p la in e d  from  

th e  f a c t  t h a t  w ith o u t th e  s i d e  p a n e l th e  in d u c ta n c e  o f  t h e  c o i l  i s  i n c r e a s i n g  

as i t  i s  moved t o  th e  s i d e  and t h e  a d d it io n  o f  th e  s i d e  p a n e l  d oes n o t  

s u b t r a c t  s u f f i c i e n t  in d u c ta n c e  t o  o f f s e t  t h i s  e f f e c t .  A p o s i t i v e  g u id a n ce  

f o r c e  was o b ta in e d  by s i g n i f i c a n t l y  e x te n d in g  th e  b o tto m  p l a t e  beyond t h e  

edge o f  th e  g u id a n ce  p a n e l (m aking th e  b o tto m  p l a t e  a p p e a r i n f i n i t e  in  

e x t e n t ) . H ow ever, t h e  f o r c e ,  F  ^  d L /d x , was n o t  as l a r g e  a s  t h a t  o b ta in e d  

by t h e  s i n g l e  "L "  gu id ew ay.

F ig u r e  2 . 1 3  shows th e  in d u c ta n c e  o b ta in e d  from  s e p a r a t e  l i f t  and  

g u id a n ce  c o i l s  in  an L -sh a p e d  c h a n n e l . In  t h i s  e x p e r im e n t, t h e  c o i l s  a r e  

m e c h a n ic a l ly  f a s te n e d  as  shown and th e n  th e  in d u c ta n c e  m easu red  by c o n n e c tin g  

them  i n  s e r i e s .  The tw o c u rv e s  a r e  o b ta in e d  by f i x i n g  t h e  h e i g h t  and th e n  

v a r y in g  th e  g u id a n ce  c l e a r a n c e ,  o r  v i c e  v e r s a .
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Pig. 2.13. Inductance of lift-guidance coils near an L-shaped channel.



These experiments confirm our analytic techniques, but at the
same time provide an opportunity for studying finite width guideways in
more detail. It is evident from Figures 2.12 and. 2.13 that a larger;guidance
force can be obtained by using a separate guidance coil; however, with high
enough side panels a single coil should be capable of providing both lift and 
guidance.
2.3. Effect of Ferromagnetic Backing on the Aluminum Track

All calculations made thus far for the electrodynamic suspension 
have assumed that the conducting track is structurally supported with non
ferromagnetic material. In fact, no criteria have been established as to 
the location and amount of ferromagnetic material that can be used in the

/T-’

guideway. From an economic point of view, the use of some steel in the 
guideway is probably desirable, particularly in the form of reinforcing 
material for concrete. Although aluminum can be used in concrete, its use 
would certainly lead to increased cost.

In order to get some idea as to the effect of ferromagnetic structural 
material, we have examined what might be considered a worst case: the
ferromagnetic material is placedrimmediately below the aluminum track. We 
first analyzed a number of "single-Fourier-component levitation coils" 
moving over a one inch thick aluminum plate backed by ferromagnetic material 
characterized by a relative permeability k and a conductivity c. It was 
found that the high-speed performance of the coil was unaffected by the 
ferromagnetic material due to effective shielding by the aluminum plate.
The low-speed performance (below 50 mi/h) was affected, however. The 
conductivity of the ferromagnetic material is unimportant (essentially no 
difference was observed for conductivities in the range: zero to 1 0  ̂2  ̂cm ^); 
the important parameter is k . The effects noted are: (1) below about 5 
mi/h the lift force is negative (i.e., attractive), (2 ) the height of the
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low-speed drag peak is increased substantially, and (3) low-speed performance 
is affected even with moderately permeable material (k = y/yQ = 1 0 ) •

We next analyzed the performance of a 0.5 x 3 m coil moving at height
0 . 3  m over a 25 mm thick plate of aluminum backed by permeable material
of zero conductivity. This was accomplished by modifying Equation 2.6 to
read:

rl + ir2 = 1-B -'(l+B) (1-Bk ) e~2ekT/(l+gK) 
1+B - (1-B) (1-Bk ) e"26kT/(l+BK)

(2.12)

The results, which are shown in Figue 2.14, are similar to those of the 
"single-Fourier coefficient coil" just described. The curve labeled 
k = 1 in Figure 2;14 is the same as shown in Figure 2.2. It is evident 
that a permeable backing material increases the height of the.low-speed 
drag peak substantially; with k = 1 0 0 0 the height of the drag peak is 
almost doubled. The attractive force at zero speed is -0.89 F̂. for 
k  = 1000 and is -0.72 Fj for k = 10. On the other hand, the high-speed 
performance is affected very little; at 300 mi/h the lift force is degraded 
only slightly by the presence of the permeable material, the drag force is 
unaffected, and FL/FD goes from 58.3 for k  = 1 to 56.8 for tc = 1000.

In summary, then, the two effects of ferromagnetic structural material 
in the vicinity of the tracks are (1 ) an attractive force on the magnet at 
very low speeds, and (2) an increased drag at low speeds. If conductor is 
to be left out of the low-speed acceleration section of the guideway, then 
the increased height of the drag peak poses no real problem; but it does 
increase the braking of the vehicle and puts larger longitudinal forces on 
the magnet suspension struts during braking. The attractive force on the 
magnets means the force transmittal struts have to withstand a much larger 
tensile load than they would if there were no ferromagnetic material in the 
system.
2.4. Passive Damping

The final report for Task I ̂  discussed two methods for increasing 
the passive damping of the electrodynamic (repulsive force) suspension. These
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Fig. 2.14. Drag force on a 0.5 x 3m coil moving over one-inch thick 
aluminum backed by material of relative permeability K.



are conducting-plate damping and damping with a tuned coil. In both cases, 
the plate or coil is placed between the levitation magnet and guideway, and 
is rigidly attached to the magnet. Neither case provided sufficient damping 
to give acceptable ride quality to the passengers in the levitated vehicle 
for the expected roughness of guideway surfaces. Thus, it was indicated 
that either a secondary suspension or some form of active control is needed.

Several refinements in the analysis of passive damping forces have 
been made in the present study. These indicate that conducting-plate 
damping is somewhat more effective and tuned-coil damping is somewhat less 
effective than were originally calculated. We have also made measurements 
of the damping which'can be achieved by means of a conducting plate located 
below the levitation coil and these experimental results agree rather well 
with the theoretical predictions.

In the final report for Task I , ^  Appendix F, an expression for 
the eddy-current damping time x of a conducting plate was given:

, F_ ( 2 [h + h"] )1̂ _ 2cj_ _I__________
x w FT(2h)P I

2 (h + h ")y '
wP

(2.13)

where w = 2/y a T , a is the conductivity and T the thickness of the p o p p p P
conducting plate, y = 2 irfQ is the frequency of oscillation, and FJ (x) is 
the force due to its image at distance x. h is the height of the levitation 
magnet above the track and h ' is the height of the plate. The function 
I(x), x = 2 (h + h ')Y/Wp was given for a long wire as the levitation magnet. 
Although we used the I(x) derived for a long wire for all magnets, it has 
become clear to us that this underestimates the damping (i.e., makes x too 
long). For example, if the force between the levitation magnet and its 
image can be represented by (constant)/ z 11 where z  is the separation and
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n = a positive integer, then I(x) should be replaced by In (x) where

and

ll(x) = I(x) = l-xf(x) ,
I2 (x) = l-x2g(x) , 

x21 3 (x) = 1  - —  ix (x) ,

X 2
1 4  (X )  = 1 - f -  I2 (x) ,

f(x) = Ci(x) sin x - si(x) cos x

g(x) = - Ci(x) cos x - si(x) sin (x)

Ci(x) and si(x) are given in Reference 7. In general, it appears that

I(x) = I i (x) - I2 (x) - I3 (x) - I4 (x) .

Qualitatively, all the I (x) are similar since I (x) ->-1 as x -> 0 andn n
In(x) 00 x - 2  for x -> 00. Hence, we note that as a function of the conductivity
a , 1/ t has the for m  P

and

— a  , a ->• 0t p p

(2.14)

(2.15)

It turns out that x has a broad maximum as a function of a and thisP
explains why a can change by significant amounts and x change only slightly.P
The same general behavior also occurs for a shorted, multiturn copper coil.

In Reference 1 (Appendix F), we found that the maximum of xlj(x) is 
0.41, occurring at x = 1.7. For the levitation coil at h = 0.3 m, h ' = 0.2 m, 
and f = 1 Hz , this gave an optimum plate thickness of 1 cm Al at room 
temperature or 1 ram Cu at liquid N2. The damping time x for a 1 x 2 m coil
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was found to be 2 sec. The maximum of xl2 (x) is 0.86 occurring at x = 2.8. 
This gives a somewhat larger optimum thickness and a smaller damping time. 
As noted earlier, the damping time can be further decreased by putting the 
plate closer to the track.

The force law (constant/z11) for the 0.5 x 3 m levitation coil has 
an n in the vicinity of 2 .0 ; taking into account the various factors in 
Equation 2.13, we find t  = 1.7 sec for the 0.5 x 3 m  coil. This gives 
(at f = 1.35 Hz)

6 = (2irf x)"1' = 0.07

which is still far below the value for critical damping (6 = 1). From 
studies of ride quality, it would appear that 6 should be greater than 0.71 
in order to insure good ride quality without a secondary suspension.
2.4.1. Experimental Studies of Damping

Experiments were carried out to study the damping due to a copper 
plate moving rigidly with a levitation coil over a conducting plate. A
0.095 inch copper plate was attached 1/4 inch below the bottom of a Dewar 
containing a 7-1/2 x 11-1/2 inch superconducting magnet. The Dewar was 
attached to a long support structure which was pivoted at one end. The 
Dewar, magnet, and copper plate were effectively constrained to oscillate 
vertically above a 4 foot diameter, rotating, aluminum wheel (rim speed 
110 mi/h) . The copper plate was cooled to 77°K before the experiment and 
allowed to warm up as data were taken. After ah initial perturbation, the 
decaying oscillations were recorded on an x-y recorder. From each recorder 
tracing a frequency f and a damping time t  (1 /e reduction in amplitude) 
were calculated.

In a typical series of runs, we found that for h = 3 inches, h ' =
2 inches, f  = 2.5 Hz; with the plate at -40°F, t  = 1.2 sec; and at -160°F,
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t  =  1 .0  s e c .  When th e  e x p e rim e n t was r e p e a te d  w ith  no co p p e r p l a t e ,  th e  

damping tim e  was c o n s id e r a b ly  l o n g e r :  3 . 3  s e c .  The m echanism s r e s p o n s ib le  

f o r  t h i s  3 .3  s e c  damping tim e  a r e  n o t  known w ith  c e r t a i n t y .  Some p o s s i b l e  

c a u s e s  a r e  eddy c u r r e n t  damping in  th e  s id e  p l a t e s  o f  th e  w h eel, 

aerod yn am ic f o r c e s ,  and eddy c u r r e n t s  in  th e  Dewar.

The c a l c u l a t e d  v a lu e  o f  f  (b a se d  on h and c o i l  g eom etry) i s  2 . 6  Hz. 

From th e  a n a l y s i s  o f  th e  p re c e d in g  s e c t i o n ,  dam ping tim e s  o f  1 . 8  s e c  and  

1 . 3  s e c  w ere c a l c u l a t e d  f o r  th e  tw o c a s e s  d e s c r ib e d  ab o v e . I f  one adds 

th e  3 .3  s e c  dam ping due t o  o t h e r  s o u r c e s  (by ad d in g  r e c i p r o c a l s  o f  th e  

damping t i m e s ) ,  th e n  th e  c a l c u l a t i o n s  y i e l d  1 . 2  s e c  and 0 .9  s e c .  C o n s id e rin g  

th e  i n a c c u r a c i e s  in  th e  d e te r m in a tio n  o f  th e  e x p e r im e n ta l  n u m bers, th e  c l o s e  

agreem en t o f  th e o r y  and e x p e rim e n t sh o u ld  p ro b a b ly  be view ed as f o r t u i t o u s ,  

alth o u g h  i t  i s  c l e a r  t h a t  th e  c a l c u l a t i o n s  g iv e  r e l i a b l e  e s t im a te s  o f  th e  

dam ping.

2 . 5 .  C o n tro l R eq u irem en ts

B ecau se  th e  amount o f  p a s s i v e  dam ping w hich can  be b u i l t  i n t o  th e  

sy stem  i s  so  l i m i t e d ,  a c c e p ta b le  r i d e  q u a l i t y  ca n  o n ly  be o b ta in e d  e i t h e r  

by a  se co n d ary  su sp e n sio n  o r  by a c t i v e  c o n t r o l .  A c tiv e  c o n t r o l  i s  p r e f e r r e d  

b e ca u se  i t  a llo w s m ore freedom  in  m e e tin g  r i d e  q u a l i t y  o b j e c t i v e s ,  and i t  

a l s o  a llo w s t h e  u s e  o f  a  ro u g h e r gu id ew ay. The c o n t r o l  pow er re q u ire m e n t  

i s  m odest p ro v id e d  th e  guidew ay i s  n o t  to o  ro u g h . (The u s e  o f  a  s e c o n d a ry  

su sp e n sio n  w i l l  be d is c u s s e d  in  C h a p te r  6 . )

S e p a ra te  c o n tr o l ,  c o i l s  a r e  a  v i r t u a l  n e c e s s i t y ,  b o th  t o  a llo w  th e  

o p tio n  o f  p e r s is te n t -m o d e  o p e r a t io n  o f  th e  l e v i t a t i o n  c o i l s  and t o  k eep  th e  

c u r r e n t - v o l t a g e  p ro d u c t o f  th e  c o n t r o l  sy ste m  as  low  as p o s s i b l e .  A p o s s i b l e  

c o n t r o l  c o i l  a rra n g e m e n t i s  shown in  F ig u r e  2 . 1 5 .  The e f f e c t i v e n e s s  r a t i o
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y is defined by
Change in  Ni X t o  P ro d u ce  A F .

Y  -  — --- -------- i ------------------------------------------- ( 2 . 1 6 )
C o n tro l Ampere T urns t o  P ro d u ce  A FXj

w here I  i s  th e  e q u ilib r iu m  c u r r e n t  in  th e  l e v i t a t i o n  c o i l .  T h u s, y =  1 
e

im p lie s  t h a t  th e  same c o n t r o l  c u r r e n t  i s  needed in  th e  s e p a r a t e  c o n t r o l  c o i l  

as would be r e q u ir e d  in  th e  m ain l e v i t a t i o n  c o i l .  The e f f e c t i v e n e s s  r a t i o  

as a  f u n c tio n  o f  c o n t r o l  c o i l  h e ig h t  and d im e n sio n s i s  p l o t t e d  in  F ig u r e  

2 . 1 6 .  The l e v i t a t i o n  c o i l  i s  0 . 5  x  3 m a t  h e ig h t  0 .3  m. The c u rv e s  in  

F ig u r e  2 . 1 6  show b o th  c o n s t a n t - c u r r e n t  and p e r s is te n t -m o d e  o p e r a t i o n  o f  

th e  l e v i t a t i o n  c o i l .

W ith th e  0 .5  x  3 m l e v i t a t i o n  c o i l  a t  0 . 3  m h e i g h t  and a  c o n t r o l  c o i l  

o f  th e  same s i z e  a t  0 .2  m h e i g h t ,  th e  e f f e c t i v e n e s s  r a t i o  y =  1 . 0 3 .  The 

c o n t r o l  c u r r e n t s  r e q u ir e d  f o r  t h i s  c a s e  a r e  shown in  T a b le  2 .3  f o r  v a r io u s  

s u sp e n sio n  p a r a m e te r s .

TABLE 2 . 3 .  C o n tro l  c u r r e n t s  f o r  v a r io u s  s u s p e n s io n  p a r a m e te r s . L e v i t a t i o n  
c o i l  a t  0 .3  m; c o n t r o l  c o i l  a t  0 . 2  m. C o n tr o l  c u r r e n t :  rms 
v a lu e  e x p re s s e d  a s  p e r c e n t  o f  1 ^  .

f 0
(Hz)

6 i
c

(%)

0 . 6 0 . 4 4 5 4 . 0 7

0 . 6 . 0 . 7 0 7 4 . 0 9

0 . 6 2 . 6 8 4 . 6 0

1 . 1 8 0 . 7 0 7 2 . 7 1

1 . 1 8 1 . 3 5 3 . 4 2

L e t  u s now d e te rm in e  th e  c o n t r o l  pow er t h a t  m ust be d e l i v e r e d  t o  th e  

c o n t r o l  c o i l .  D e fin e  th e  r e s i s t a n c e  o f  t h e  c o n t r o l  c o i l  as Rc  and i t s  s e l f
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SEPA RA TE CONTROL COILS EFFEC TIV EN ESS  RATIO

Fig. 2.16. Calculated effectiveness ratio for a control coil
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in d u c ta n ce  as Lc . Suppose we ap p ly  a  s in u s o id a l  v o l t a g e  t o  th e  c o i l

v ( t )  =  V s i n  a) t  . ( 2 . 1 7 )

Then, u s in g  p h a s o r  n o t a t i o n ,  th e  c u r r e n t  th ro u g h  th e  c o i l  i s

I V

Rc + jajLc
( 2 . 1 8 )

th e  r e a l  power d i s s i p a t e d  in  th e  c o i l  i s

P , =  1 / 2  Re [V I*] r e a l
( 2 . 1 9 )

P . =  I 2 *R , r e a l  rms

and th e  a p p a re n t pow er d e liv e re d ! by th e  pow er su p p ly  i s

P =  V I  . ( 2 . 2 0 )app rms rms

We have th e  power s p e c t r a l  d e n s i ty  o f  th e  c o n t r o l  c u r r e n t  in d u ced  by random

t r a c k  i r r e g u l a r i t i e s ,  P . T ( u ) ,  and th u s  I 2 can  be d eterm in ed  as 3 Al rms

I 2 =  /rms o
Al do) , (2.21)

w here i s  an u p p er c u t o f f  fre q u e n cy  above w hich t h e r e  i s  no fe ed b ack  c u r r e n t  

c o n t r o l .  A n a t u r a l  v a lu e  f o r  toc  would be th e  fre q u e n cy  fp r  w hich th e  wave

le n g th  a t  3 0 0  m i/h  i s  th e  m agn et le n g th . Any s h o r t e r  w av elen g th s  would  

e s s e n t i a l l y  be f i l t e r e d  by th e  m ag n et. F o r  th e  m agnet le n g th  o f  3 m, f  =

44  Hz. In  o r d e r  t o  d e te rm in e  th e  rms v o l t a g e ,  i t  i s  n e c e s s a r y  t o  d e te rm in e  

th e  power s p e c t r a l  d e n s i ty  q f  th e  v o l t a g e ,  P . From E q u a tio n  2 . 1 8 ,  i t  fo llo w s  

tK a t

Pv = <R2c + »2Lc2) Pa i  (2.22)
and th u s

“c
V2 =  /  P do) . ( 2 . 2 3 )rms Vo
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In the derivations to this point, the self inductance of the control 
coil Lc has been used. However, an equivalent inductance which accounts for 
tiie mutual inductance between the coils and the various images should be 
used in determining the rms voltage and thus the control power. The coils 
and images considered in the case of a separate control coil located below 
the levitation coil are shown in Figure 2.15. The mutual inductances between 
the various coils and images are given in Table 2.4, normalized to the self 
inductance of the control coil Lc. Since the equivalent inductance of the 
control coil involves terms like (M/Lc)2, it is obvious that the only term 
with a considerable influence is M^. The equivalent inductance for the 
control coil is then

Leq 1 - ! k l 2
Lc J.

] . (2.24)

TABLE 2.4. Normalized mutual inductances for the control problem (see 
Figure 2.15). Lc = 40 henries for a 3000-turn coil.

M/Lc

0.47

Mcc ̂ Lc 0.15

\ c A 0.09

0.07

The voltage power spectrum is

V = ( K co2L2 ) P eq AI (2.25)
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Calculations of the real and apparent control power were made using 
these results and assuming a guideway with roughness, parameter A = 5 x 10 6 
feat and for a coil supporting 25,000 pounds. Since 4 coils would be 
required to support a 100,000 pound vehicle, the control powers associated 
with the lift coils would be four times these values• If guidance coils 
are also used, we need to add the equivalent of 2  more coils since each 
guidance coil will supply essentially 1/2 the lift force of a single coil. 
With all these factors, we obtain a control ppwer requirement of

P ,=1.15 kW/ton , real

Papparent = 1.8 kW/ton ,
(2.26)

1/2Since both the rms voltage and current scale as A , the power required 
over any rougher or smoother guideway will scale directly with the A value.
2.6. Superconducting Magnet Design and Construction

The use of a superconducting magnet as a levitation or guidance pad 
for a high-speed vehicle poses certain problems which must be evaluated 
before a research vehicle using the repulsive suspension can be built. 
Although not necessarily unique to this application, the central problems 
to be considered are:
i) a low heat loss mechanism for transmittal of the levitation and 

guidance forces from the superconducting wire at 4.2 K to the room 
temperature vehicle.

ii) means for reducing the ac environment (and the resulting heat loss) 
seen by the superconducting wire. This ac environment arises from 
changes in the magnet current due to magnet vibration or from current

. changes in the control coil.



i i i ) a l ig h t  w eight fo r  th e  o v e r a ll  magnet system . The magnet system  

in clu d e s  th e  superconducting c o i l s ,  th e  dew ars, th e  magnet c o n tro l 

system  and th e  r e f r ig e r a t io n  requ irem en t, 

iv ) ch o ice  o f  superconducting w ire and c o i l  f a b r ic a t io n  tech n iq u e  to

b e s t  m eet th e  requ irem ents in  i ) , i i )  , and i i i ) .

Two superconducting magnets were con sid ered  in  t h i s  program. One 

m agnet, a le v ita t io n -g u id a n c e  pad fo r  a 5 0 ,0 0 0  lb .  r e s e a r c h  v e h ic le  was 

designed on a su b c o n tra c t to  th e  M agnetic C orp oration  o f  A m erica, 179 Bear 

H i l l  Road, Waltham, M ass; th e  o th e r , a sm all 6 x 21 in ch  (15 cm x 53 cm) 

lo w -h e a t- lo s s  exp erim en ta l magnet was designed and b u i l t  by Ford S c i e n t i f i c  

R esearch  S t a f f .  T h is  l a t t e r  magnet was b u i l t  w ith  a curved c o i l  to  f i t  the 

5 f t .  d iam eter exp erim en ta l wheel (shown in  F ig .  2 .1 7 )  so th a t  exp erim en tal 

in fo rm atio n  could be ob ta in ed  about th e  e f f e c t s  o f  a  v ib r a to r y  environm ent 

and a magnet c o n tr o l system .

The magnet designed by MCA i s  d iscu ssed  b r i e f l y  in  S e c tio n  7 .4  and

8in  d e t a i l  in  th e  MCA r e p o r t . The r e s t  o f  t h i s  s e c t io n  w i l l  d e a l w ith  th e  

sm a lle r  superconducting magnet design ed , b u i l t  and te s te d  by th e  Ford S c ie n 

t i f i c  R esearch  S t a f f .

2 . 6 . 1 .  D esign o f  Ford Model Magnet

The 6 x 21 in ch  exp erim en tal m agnet, shown com plete in  F ig . 2 .1 8 ,  

in co rp o ra te s  a number o f  fe a tu r e s  which we wanted to  e v a lu a te  b e fo re  p ro 

posing t h e i r  use in  a la r g e r  magnet fo r  a r e s e a rc h  v e h ic le .  The b a s ic  

fe a tu r e s  o f  th e  magnet a r e :

a) A ll  aluminum c r y o s ta t  (excep t fo r  th e  s t a in le s s  s t e e l  f i l l  and

v en t tu b e s ) • The use o f  aluminum was f e l t  to  be n e c e ssa ry  in  ord er 

to  m inim ize w eight as w e ll as to  provid e good in te r n a l  h e a t con

d u ctio n  in  th e  n itro g e n  and helium re g io n s .
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F ig .  2 . 1 7  5  f t  "d ia m e te r "ro ta t in g  wheel f a c i l i t y .
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b)

c)

a>

e)

f )

P e r s i s t e n t  sw itch . T h is  d ev ice  removes th e  need fo r  a lo w -v o ltag e  

power supply and e lim in a te s  th e  h e a t lo s s e s  a s s o c ia te d  w ith  th e  

c u rre n t le a d s .

Removable magnet and h e a te r  le a d s . S in ce  one o f  th e  g o a ls  o f  t h i s  

program i s  to  provid e d ata  f o r  h e a t le a k  mechanisms, removal o f  

th e  c u rre n t le a d s  red u ces th e  am bient h e a t le a k  to  th a t  from r a d ia 

t io n  between th e  n itro g e n  and helium  s u r fa c e s  and cond uction  down 

th e  fo r c e  t r a n s m it ta l  s t r u t s  and th e  f i l l  and v en t tu b e s .

Tw isted m u lt i- f i la m e n t NbTi w ire in  a copper m atrix  wound in  an 

i n t r i n s i c a l l y  s ta b le  c o n f ig u r a tio n . Whereas aluminum-clad NbTi or 

V^Ga w ire has co n s id e ra b le  p o t e n t ia l  f o r  a magnet m a te r ia l ,  such 

w ire has n o t been ad equ ately  in v e s t ig a te d  a t  th e  p re s e n t tim e . We 

chose th e  i n t r i n s i c a l l y  s ta b le  c o n fig u ra tio n  ( f u l ly  p o tte d ) r a th e r  

than th e  f u l l y  s t a b i l iz e d  c o n fig u ra tio n  o f  th e  MCA d e s ig n ; both  

c o n fig u ra tio n s  ;are can d id ates  f o r  the' f u l l - s c a l e  magnet b u t th e  

f u l l y  s t a b i l iz e d  one i s  somewhat more c o n s e rv a tiv e .

Epoxy f ib e r g la s  (G-10) fo r c e  t r a n s m it ta l  s t r u t s .  The extrem ely  low 

h e a t cond uction and h igh  s tre n g th  o f  t h i s  m a te r ia l make i t  d e s ir a b le  

to  attem p t i t s  in c o rp o ra tio n  in to  th e  magnet d esig n .

N itrogen tank w ith  n e a r ly  optimum h e a t s h ie ld  th ic k n e ss  f o r  eddy- 

c u rre n t damping. The use o f  l iq u id  n itro g e n  to  provide an 

in te rm e d ia te  s u rfa c e  was ag a in  f e l t  to  be n e ce ssa ry  to  redu ce th e  

am bient h e a t lo s s  to  th e  4°K s u r fa c e  to  a minimum. I t  was a ls o  

exp ected  th a t  th e  h e a t in p u t in to  th e  damper s h ie ld  could be measured 

by th e  n itro g e n  b o i l  o f f  r a t e .  -
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These fe a tu r e s  a re  shown in  c ro ss  s e c t io n  in  F ig .  2 .1 9 .  The magnet 

c o i l  i t s e l f  (F ig . 2 .2 0 )  c o n s is ts  o f  985 tu rn s  o f  241 f ila m e n t NbTi copper 

c la d  w ire (Cu/Supercond. =  1 .2 / 1 ,  tw isted  2 tu rn s /in c h )  m anufactured by MCA 

and wound on an aluminum c o i l  form and p o tte d  w ith  p liobond  g lu e . The c o i l  

i s  6 in ch e s  wide ( c e n te r l in e  to  c e n te r lin e )  w ith  s e m ic ir c u la r  ends; th e  

o v e r a l l  le n g th  o f  th e  c o i l  i s  21 in ch e s . As shown in  F ig .  2 .1 9  th e  two 

epoxy f ib e r g la s  s t r u t s  a re  designed to  be rem ovable through caps co n ta in in g  

an "0 "  r in g  s e a l .  Thus, th e  removal o f  th e s e  s t r u t s  f o r  exam ination  o r  th e  

use o f  o th e r  s t r u t s  i s  p o s s ib le .  One o f th e  s t r u t s  i s  shown in  F ig . 2 .2 1 .

Some p r o p e r t ie s  o f  the m a g n et-cry o sta t assem bly a re  g iven  in  T able

2.5.

TABLE 2 .5 .  P ro p e r tie s  o f  th e 6 x 21 in ch  Ford Magnet

LIQUID CAPACITY:

N itrogen 5 .2  l i t e r s

Helium 6 .3  l i t e r s

AMBIENT BOIL OFF RATE:

N itrogen  0 .2 1  1 /h r (9 .4  w atts)

Helium 0 .2 1  1 /h r  (0 .1 7  w atts)

CRITICAL CURRENT:

65 amperes

AXIAL FIELD AT CENTER OF CRYOSTAT 

U n d ersu rface: 45 gauss/am pere

DRY WEIGHT:

He c r y o s ta t  & c o i l  1 5 .4

N2 c r y o s ta t  7 .3

77°K r a d ia t io n  s h ie ld  5 .4

Room temp, c o n ta in e r  1 4 .1

S t r u t s s t r u t  ends & lo ck in g  caps 1 .9

T o ta l 4 4 . 1  l b s .
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Fig* 2.20 Superconducting coil and coil form for the experimental magnet.
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2.6.2. Fatigue Testing of Magnet Struts
Before the magnet was built force transmittal struts similar to

those being considered in the magnet design were assembled and tested
for ultimate strength and fatigue life. Tests were carried out at both
room and liquid nitrogen temperatures. The test specimens (see Fig. 2.22)
consisted of 1.5 inch diameter G-10 epoxy fiberglas columns 6 inches long

9with epoxied aluminum end caps. The cross sectional area of the fiberglas
2 2 column is 0.54 in and the wetted epoxy area is 3.4 in . As shown in Fig.

* 102.22 two types of columns were tested —  one with a scarfed joint, the
other with a butt joint. The results are shown in Table 2.6.

2The compressive strength value found, 59,000 lbs/in , is close to 
the handbook value for the G-10 material. The compressive strength test 
was the only one in which the G-10 material itself failed; in all the other 
tests failure, if it occurred at all, occurred at the glue joint between 
the column and the .end .cap. As Table 2.6 shows the scarfed joint performs 
better than the non-scarfed or butt joint in straight tension. However, 
the fatigue tests show a more dramatic difference --the scarfed test 
specimen lasting over 5 times as long. Both joints were found to be 
stronger at low temperature than at room temperature.
2.6.3. Magnet Tests

The Ford magnet was operated at various persistent current levels 
from 22 to 45 amperes. The magnet was mounted on a tubular-frame lever arm 
so that it could be suspended over our 5 ft diameter, rotating aluminum 
wheel. This arrangement is shown in Fig. 2.23. The back end of the lever 
arm is pivoted at a fulcrum and the front end can either float free or be 
connected to our electrohydraulic shaker as shown in the figure. When the 
magnet was charged with 32 amperes it was able to support 50 kg at a 
suspension height of 8.6 cm.



inches



9

Fig. 2.23 Mounting of the experimental,-magnet for measurementsabove' the rotating wheel.-



1 As mentioned in  S e c tio n  2 . 6 . 1 .  th e  helium  and n itro g e n  b o i l  o f f

r a t e s  were both  about 0 .2 1  1 /h r .  These a re  low enough th a t  th e  f u l l y  

charged m ag n et-cry o sta t w i l l  o p e ra te  up to  23 hours w ithout r e f i l l i n g .  I t  

m ight be in s t r u c t iv e  to  s c a le  up th e  helium  lo s s  r a t e  to  th a t  o f  a f u l l - s i z e  

c o i l  f o r  a revenue system (0 .5  x  3 m) — by m u ltip ly in g  by th e  r a t i o  o f  c o i lJ ■
a r e a s . I f  we do th is #  we o b ta in  4 .6  1 /h r .  We ex p ect th a t  t h i s  lo s s  r a t e  i s  

i h ig h er than need be s in c e  no s u p e r in s u la tio n  was used in  th e  sm all c ry o -

; s t a t ;  n e v e r th e le s s , th e  sm all dewar appears f a i l y  r e p r e s e n ta t iv e  o f  th e  

! . la r g e r  magnet on a u n it  a rea  b a s i s .  ’ .

T able  2 .6 .  S tren g th  and F a tig u e  T e stin g  o f  Magnet S tr u ts

Sample „ J o i n t
Temp.
(°K) T e s t F a ilu r e Remarks

1 Non- 
' S ca rfe d

300 ' .. T ension  ' 5000 lb s . None

2 Non-
S carfed

300' ', T en sion 4400 l b s .  ' 11 Thermal C y cles

3 S ca rfe d 300 Tension 6600 lb s . 11 Thermal C ycles

4 Non-
S ca rfe d

300 F a tig u e 1 4 ;3 0 0  c y c le s 10 Hz S in u so id a l 
2500 l b s .  T ension  
5000 l b s .  Compres

s io n

5 S ca rfe d 300 F a tig u e 7 1 ,3 0 0  c y c le s II

6 Non-
S ca rfe d

300 F a tig u e 1 4 ,8 0 0  c y c le s II

7 S ca rfe d 77 F a tig u e No F a i lu r e  a t  
1 5 8 ,0 0 0  c y c le s

II

7 S carfed 77 , T ension 9 ,7 5 0  lb s . Perform ed A fte r  
F a tig u e  T e s t ’

8 Non-
S carfed

300 Compres
s io n

3 2 ,0 0 0  lb s . None

- 5 2 -



The t e s t in g  program f o r  th e  Ford magnet had two m ajor g o a ls : (1) 

to  determ ine ac  lo s s e s  produced e i th e r  by m ech anical v ib r a t io n  o r by chang

in g  th e  c u rre n t in  a nearby c o n tro l c o i l ,  and (2) to  dem onstrate th a t  th e 

m agn et's  v e r t i c a l  m otion can be e f f e c t iv e ly  damped w ith  an a c t iv e  c o n tro l 

system . In  o rd er to  c a rry  ou t t h i s  program a 4 0 0 -tu rn  c o n tr o l c o i l  o f  the

same dim ensions a s  th e  superconducting magnet c o i l  was mounted on th e  bottom

p la t e  o f  th e  o u te r  vacuum can' o f  th e  c r y o s ta t  (See F ig . 2 . 2 4 ) .  ac lo s s e s

were determ ined by m easuring th e  in c re a s e  in  helium  b o i l  o f f  r a t e .

(1) AC Loss

The c o n tro l c o i l  was connected to  a v a r ia b le  frequ ency  power supply 

and used as a sou rce o f  ac f i e l d  fo r  th e  superconducting c o i l .  The r e s u l t s  

o f  th e se  experim ents a re  shown in  F ig s .  2 .2 5  and 2 . 2 5 ;  in  th o se  f ig u r e s  th e  

r e la t iv e  b o i l - o f f  r a t e  i s  p lo tte d  a g a in s t frequ ency o r am plitude o f  th e  

c o n tr o l c u rre n t . (Note th a t  c o n tro l c u rre n t am plitude i s  l i s t e d  in  ampere- 

tu r n s .)  I t  w i l l  be shown l a t e r  .th a t  th e  c o n tro l c u rre n t i s  o f  th e  r ig h t  

o rd er o f  magnitude fo r  c o n tro l o f  magnet a c c e le r a t io n  in  th e  0 .2  to  0 .3  g 

ran g e , so th a t  we a re  working a t  m eaningful ac f i e l d s .

As shown in  F ig . 2 .2 5  th e  b o i l - o f f  r a t e  b a re ly  goes above background 

in  th e  1 -2  Hz ran g e , th e  dominant reg io n  o f  in t e r e s t  f o r  c o n t r o l ;  on th e  

o th e r  hand b o i l - o f f  in  th e  1 0 -2 0  Hz range i s  a p p re c ia b le . The drop o f f  in  

b o i l  o f f  a t  th e  h ig h er fre q u e n c ie s  i s  b e lie v ed  to  be due to  ed d y -cu rren t 

s h ie ld in g  by b oth  th e  in te rm e d ia te  tem perature (77°K) s h ie ld  and th e  o u ter 

aluminum can .

The magnet was n e x t mounted on i t s  le v e r  arm, b u t h e ld  r ig i d ly ,  

suspended over th e  r o ta t in g  aluminum w heel, and th e  p reced in g  s e t  o f  

experim ents w ith  th e  c o n tr o l c o i l  were re p e a te d . I t  was found th a t  

th e  ac  f i e ld s  produced by th e  c o n tro l c o i l  cause an 8% low er b o i l - o f f  

r a t e  when th e  wheel i s  running compared to  when i t  i s  stopped . ( i . e . ,  

compared to  r e s u l t s  in  F ig . 2 . 2 5 ) .  T h is i s  re a so n a b le  s in c e  when th e  wheel i s
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î£K
U_U.01
_J
O
DO

lli 40 
>

Ul
Od 20

MAGNET CURRENT- 44jOOOAT(2kg)

/
/

/

/

/
y

/

AMBIENT (.17 WATTS)

0 ____ I____ I____ I___I_____I I____ I____ I I I—
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

CONTROL CURRENT—(IO+3sin l67Tt) 
f = 8 Hz

F ig . 2 . 2 6 .  AC lo s s  v e rsu s  c o n tr o l c u rre n t am plitu de.

- 5 6 -



moving th e re  a re  a d d itio n a l image c o i l s  coupled in to  th e  system .

An ac c u rre n t in  th e  c o n tro l c o i l  cau ses an ac component in  th e  l e v i 

t a t io n  fo r c e  when th e  c o i l  i s  f lo a t in g  above th e  r o ta t in g  w heel. The dynamic 

resp onse o f  th e f lo a t in g  magnet to  co n stan t am plitude ac c u rre n t o f  v a rio u s  f r e 

q u en cies  i s  shown in  F ig . 2 . 2 7 ;  i t  i s  la r g e s t  a t  th e  n a tu ra l frequ ency  o f  th e  

magnet ( 2 .3  Hz f o r  th e  case  shown) and the w idth o f  th e  resonan ce i s  a measure 

o f  th e  damping.

Experim ents were a ls o  done in  which th e  le v e r  arm ho ld in g  th e  

magnet was shaken by th e  e le c tro h y d ra u lic  shaker (See F ig . 2 .2 3 )  which 

was c o n tr o lle d  by th e  Ford M in i-Servo  System b u i l t  by th e  P rodu ct T e s t 

O p eration s O f f ic e .  (This d ev ice  i s  capable o f  e x e r tin g  a dynamic fo rc e  

o f  700 lb s .  over a range from 0 .0 1  t o  30 Hz.) The magnet was shaken a t  

a v a r ie ty  o f  fre q u e n c ie s ; measurement o f  helium  b o i l  o f f  was made on ly 

a t  resonan ce (2 .3  Hz). At 2 . 3  Hz, a magnet v e r t i c a l  am plitude o f 

± 0 . 5 7  cm (corresponding to  a peak a c c e le r a t io n  o f  0 . 1 3  g) caused e x c e ss  b o i l

o f f  e q u iv a le n t to  0 .027  w a tts . An am plitude o f  1 . 1 4  cm (corresponding to
*

0 . 2 6  g) caused e x ce ss  b o i l  o f f  e q u iv a le n t to  0 .1 2  w a tts .

(2) Experim ents D em onstrating C ontrol

F ig u re  2 .2 8  shows measurements o f  th e  v e r t i c a l  resp on se o f  th e  

magnet to  a s te p  d isp lacem en t, both  w ith  and w ithout a c t iv e  c o n t r o l . W ith

o u t c o n tr o l th e  magnet i s  r a th e r  p o o rly  damped, w ith  a damping tim e 

t  ^  1 second. The c a lc u la te d  damping tim es f o r  th e  v a rio u s  aluminum s h ie ld s  

in  th e  c r y o s ta t  a re  given in  T able 2 . 7 .  I t  i s  seen th a t  th e  damping tim e 

f o r  th e  in te rm e d ia te  tem perature s h ie ld  i s  f a i r l y  c lo s e  to  th a t  which i s  

observed  fo r  th e  system . In  f a c t ,  s in c e  th e  in te rm e d ia te  tem perature s h ie ld  

i s  n ear th e  optimum th ic k n e s s  fo r  maximum damping, th e  e f f e c t  o f  th e  o th e r  

two aluminum p la t e s  i s  such as to  d ecrease  th e  damping somewhat from th a t  

o f  th e  p re d ic te d  0 .8 5  s e c .

*
C a lc u la tio n s  based on th e  eq u atio n s in  S e c tio n  5 .2  o f  r e fe r e n c e  1 g iv e  
a c  lo s s e s  o f  0 .0 2  w atts  and 0 .0 4  w atts  fo r  th e se  two c a s e s ,  r e s p e c t iv e ly .
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ACCELERATION CONTROL CURRENT

MAGNET CURRENT 33,000 AT 
VERTICAL DISPLACEMENT-1.8cm (t=0) 
FL~ 5 K g
SPEED ~  240 Km/hr.

Fig. 2.28. Vertical response of magnet to a step displacement, with and 
without active control.
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TABLE 2•7.  C a lc u la te d  Damping Times fo r  the

Various Damping Plates in the Ford Cryostat
------- —,---- ---- ----— *
Plate t (Calculated)

Liquid He Plate 2.0 sec
Intermediate Temp. 0.85 sec

Shield (Liq. N2)
Outer Can 2.9 sec

Active control was achieved by sensing the magnet acceleration 
with an accelerometer and using a signal proportional to velocity to 

control the current in the control coil. As seen from Fig. 2.28 dis
turbances with peak accelerations of 0.25 g can be damped out in about 

1 cycle with control currents of the size studied in (1) above.

(3) Effect of Helium Motion
The magnet was also shaken by the electrohydraulic shaker when 

there was no current in the magnet in order to determine the effect of 

sloshing the liquid helium. With accelerations of 0.3 to 0.4 g the in

crease in helium boil off was less than 5% over ambient. This implies 
that the boil off results described on the preceding page are due to 

ac loss.

* Each T'is calculated as if only one damping plate is present.
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2.7. AC Loss .S tudies

One of the serious problems anticipated in the operation of a 
superconducting magnetically-levitated vehicle is the large loss expected 
in the superconducting coils when they are disturbed from their equilibrium 
current by interaction with irregularities in the guideway and by the 

active control magnets used to improve the ride quality of the vehicle 
over such irregularities."'' An understanding of the magnitude of cryo
genic losses from this source is important since some estimates'*' suggest 

that they will contribute from 1/3 to more than 1/2 the total cryogenic 
losses. A general review of ac loss has been given by Wipf. "*■'*'

In conducting modeled experiments on ac loss one hopes to be able 
to use realistic values for both the static magnetic field and the ac field so 

that no theoretical interpretation will be necessary on these aspects.
We operate with smaller coils for which the overall field configuration 
is quite different from that of the projected revenue vehicle though the 
field variations at the surface of the coil of wire will be quite similar.
We have attempted to calculate the loss expected for the model coils and 
for the different types of wire under consideration using a variety of 

approximations. Although incomplete theoretical understanding of the de

tailed mechanisms still leads to discrepancies with the experiments we 
believe that the present experiments do model the behaviour of the pro
jected revenue vehicle in a straightforward way which is essentially 

independent of the details of the theory.
2.7.1. Modeling

For lift coils on a revenue vehicle having a design current of
2.6 x 10"* ampere-turns in a 3m x 0.5m coil and with an average current 

8 2density of 10 A/m we can deduce a reasonable figure for the operating
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dc field at the windings. For a wire packing fraction of 0.75 to allow
for liquid helium ventilation, the field at the surface of the bundle
will be of order 1.6 tesla. It should be possible to reduce the peak
fields and decrease the loss significantly by winding the coil with an
expanded wire bundle of still lower average current density.

We consider the ac loss situation for three different control

strategies, for which other relevant calculations are performed in this
report. Each is expected to give acceptable ride quality for a guideway

“6roughness A = 5 x 10 ft. Case 1 involves control using compensating 
current directly in the windings of the lift magnets and requires at 1.2 Hz 
an rms ac current 2.71% of the dc level. Case 2 uses a separate control 

coil and requires only ±1.27% at 1.2 Hz. Case 3 uses a secondary suspension 
with optimum passive damping and requires ±1.12% at 3 Hz. We have per
formed our experiments to investigate the losses through this amplitude 
range as a function of frequency and dc field.

The actual loss mechanism involves the motion of trapped flux 
vortices against their pinning centers but this process itself is not 

subjected to detailed calculation here. Rather the penetration of the
ac field into the superconductors is assumed to follow according to the

12Bean-London critical state model and Maxwell's equations are then used 
to deduce the resulting loss when a current flows by employing the relation

Loss per unit volume = E_(B). J dV (2.27)

Calculations using this approach are presented in Appendix A for the sample 
coils used in the present experiments and predict quite different loss rates 
for multicore wire and for single core wire. These differences result from 
the size of the superconducting strands which in typical multicore and 
single core wires straddle a critical size region.
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2.7.2. Experimental Approach
The ac loss in our experimental coils was measured using the helium

boil off technique"^ which consists simply of monitoring the increase in
gas flow from the dewar under ac excitation and calibrating this against
a known heat input, provided, in this case, by joule heating in a resistor

contained in the sample chamber. In order to avoid possible uncertainties
due to variable input currents to the sample coil, an inductive technique

persistent mode
was used to induce the ac currents in the/test coil. This also provides 

a more accurate simulation of the conditions anticipated for a real vehicle 
since the sample coil is also in the persistent mode during the model experi

ment. The experimental arrangement is shown in Fig. 2:29. A nested set of 
3 dewars is used so that the large superconducting driving coil may be run 
independently of the sample coil which has its own. dewar. Trapped fields 
are introduced into the sample coil by operating a heater switch while 
a dc field 'is applied using the drive coil. Trapped currents up to the 

critical current of the sample coil may be introduced by this method.
In order to avoid ambiguities in the determination of the 

equilibrium flow the flow was monitored every 10 seconds using a Precision 

Scientific Co. "Wet Test" flow meter with a digital shaft encoder readout, 
an averaging electronic counter, a digital to analogue converter and a 
strip chart recorder. This system allows the approach to equilibrium to 
be monitored even for the rather low differential flow rates of order 
1 ml/sec which are often encountered in these experiments on small sample 
coils (see Fig. 2.29).

The field trapped in the sample coil is monitored using a small 
bismuth magnetoresistance probe (American Aerospace Controls, Inc.-MRA-ll) 
mounted at the center of the sample coil. From this and the known coil



F i g .  2 . 2 9 Diagram of the apparatus for meastWing power dissipation in a 
persistent mode superconducting coil subjected to an ac 
magnetic field. .. - V .'?- •■ ■■
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geometry the trapped current is easily deduced. The additional heat loss
introduced by this measurement is less than a microwatt and is negligible.

The coupling between the drive and sample coils can be readily
calculated. Using this relation we have measured the critical current in
the sample by noting the drive current at which substantial flux leakage 
into the sample coil first occurs.
Typical calculations are discussed in Appendix A. In this report we
shall discuss mainly the loss results for three "ventilated" coils for
which the sample coil current I = 1.94 I. (I, = the drive coil current).s d d
Two of these coils were wound with a multicore NbTi wire ("Kryoconductor"- 
180 strands) and the other one with a single core NbTi wire ("SC 8-15").
Both wires have the same outer diameter and all three coils have essentially 
identical dimensions and number of turns.

Initial calibration runs were made in the absence of a sample 
coil so that the bismuth magnetoresistance probe could be calibrated 
against the known field of the superconducting drive coil without the 
shielding effect of the sample coil. A check was made at this point to 
see if ac excitation of the drive coil (which produces boiloff from the 
drive-coil dewar) had any effect on helium loss from the sample dewar.
For the experimental configuration used, such effects were found to be 
negligible.

Typical procedure involves a background boil off rate determina-
ncltion with no ac excitation, a loss test with excitation and a 2—  back

ground level reading. Typical equilibrium times (to ~95% of final value) 
range from 2 to ~10 minutes and are shorter for the ventilated sample coils 
than for the potted coils tested earlier. Measurements of the critical 
current obtained by noting the drive coil current at which flux leaks
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into the sample coil yields values in rather good agreement with the
manufacturer's data for the sample coil wire, thus lending further support
to the calculations performed on the drive coil fields and the coupling.

In the early experiments with potted coils (Torr-seal epoxy; Pliobond)
difficulties were encountered for loss rates above about 60 to 80 milliwatts
as the result of internal heating of the coils. For the multicore coils
this led at higher frequencies and drive levels to thermal runaway and
extreme losses. Those tests were terminated to prevent the coil from
reaching its transition temperature. For the ventilated coils there is no
evidence of inadequate cooling at the test levels we have employed.

In Fig. 2.30 we have plotted for both single core and multicore
ventilated coils the loss per cycle Q/f as a function of the driving
field level which is indicated by I. (the peak amplitude of the currentao
in the drive coil). In Appendix A it is shown that anticipated revenue
vehicle conditions are simulated by I. from 0.3 to 1.0A. The losses have.do
been plotted for experiments run at a variety of frequencies as shown and 
illustrate the ejected fact that at these field and frequency levels the 
losses are linearly proportional to the frequency of the applied signal.
At higher frequencies this is direct evidence that there is no thermal 
runaway problem which would necessarily bring in non-linear terms. This 
is further evidence in the multicore case that eddy current losses due to
insufficient decoupling of the filaments are not important at these levels
. 2 since eddy current losses scale with f rather than with f linearly.

In Fig. 2.31 we have shown the actual loss rate i"> as a function
of driving field for three coils at a variety of persistent current levels.
As will be readily seen from the consistency of the data for both types of
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Fig. 2.30. Energy loss per cycle vs. driving field level.
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Pig. 2.31. AC loss in ventilated coils at 2.0 Hz.
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coil the loss rate is not appreciably affected by the presence of a per
sistent current.within the range studied. For this coil geometry the 
persistent current needed to simulate the dc field levels.expected for. 
revenue vehicle coils is about 30 amperes. Note that because these
experimental coils have a smaller bundle size ( 2 cm diameter VS 4 cm) 

a smaller effective coil diameter the 
an<y much/ current densities required to achieve these fu l l  scale fie lds

are larger, and closer to the critical value. Nevertheless the dc self
field levels at I = 30 A are not sufficient to appreciably lower the
critical current density of the NbTi and we thus do not expect much change
in the loss rate at these dc levels.

It may easily be seen that the losses for the multicore wire are
much greater than for the single core wire throughout the range studied
and at all persistent current levels. This is a result of the fact that
the maximum penetration depth of the ac field is larger than the multicore
filament radius and smaller than the single core radius throughout the
experimental field ranges.

The solid curve for the single core wire is a cubic fit to the
data, as suggested by the analysis discussed in Appendix A. The solid
curve for the multicore wire is merely drawn through the data points.
Eq. (A2) can give nearly as good a fit, but only if we permit an adjustment
of J . Data are shown for both coils #8 and #9 made of the same multicore c
wire and in the standardized configuration. The results are quite re
producible suggesting that accidents of the assembly process do not bear 
strongly on the observed loss.

I n  th e  c o u r s e  o f  t h e s e  e x p e rim e n ts  w it h  t h e  p e r s i s t e n t  c o i l s

s u b je c t e d  t o  a c  c u r r e n t s  some 4 t o  5 t im e s  l a r g e r  th a n  we n o r m a lly
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anticipate for the revenue vehicle we do not see any evidence for sub
stantial decay of the persistent current over periods of several hours.
The stab ility  of the single core wire may. well turn out to be adequate 

for the purposes envisioned and one can expect to find significantly lower 

losses for this material than for the multicore wire generally proposed 

for these magnets. .

2.7.3. Conclusions
The implications of these results are rather striking. It is 

clear from our early work that adequate ventilation of the levitation coils 
to liquid helium is essential to avoid excess loss due to thermal runaway. 
For the 1.2 Hz separate control coil case discussed above we project a per 
coil loss on the revenue.vehicle of Q « 2.5 watts for the 180 strand 
Kryoconductor wire and Q = 0.08 to 0.3 watts for.the SC 8-15 wire (see 
Appendix A for details).

It  would appear advisable to learn more about the stab ility

of ventilated coils made from single-core wire since for small ac fields
these coils have losses lower than their multicore twins by as much as a
factor of 6. Expansion of the wire bundle to provide better cooling w ill

also reduce the average current density and ac field levels seen by the
wire, and thus should further reduce the loss.. In this connection it
appears likely that the single-core wire will be more responsive to such

-3field reductions, with anticipated losses dropping as a where.a is the 
radius of the wire bundle forming the coil.
2.8. Magnetic Shielding

The superconducting magnets required for the repulsive-force 
magnetic suspension must produce a 0.15 to 0.2 tesla field at the track 
in order to support the weight of the vehicle. With no shielding the
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magnets will produce a comparable field 0.3m above the magnet. Calcu
lations show that the maximum field produced by the 0.5 x 3m coil at the 
floor of the passenger compartment (70 cm above coil) is around 0.05 T 
(500 gauss). Such fields are probably not harmful to human beings, but 

,they may cause a certain amount of inconvenience. A magnetic field of 
200 gauss or larger will affect the operation of some watches, and such a 
field may also influence the operation of certain electronic equipment 
such as electronic pacemakers. It is believed, therefore, that some 
magnetic shielding will be required in the revenue vehicle to reduce 
the field in the passenger compartment.
Reduction to below 50 gauss at all parts of the passenger compartment 
would be a desirable goal, but it is not clear whether this can be 
accomplished without either an excessive shield weight or the loss of 
potential passenger space.

There is substantial literature on the biological effects of 
14magnetic fields. The breadth of the biomagnetic, experiments which

have been reported is large; however, the depth of the experimentation
has been quite limited. In very few cases have more than one author done
the same experiment, and in essentially no case has a clear-cut physical
or chemical interpretation of the experimental data been established.
Concerning static field biomagnetic phenomena, which is the area of interest
here, the principal deliterious effects which have been reported involve
either large magnetic fields (>5000 gauss) or large field gradients
(>5000 gauss/mm). An exception to this, and one which bears directly on

14ath e  p ro b le m  a t  h a n d , i s  th e  o b s e r v a t io n  t h a t  p e r s o n s  ex p o se d  t o  low

i n t e n s i t y  m a g n e t ic  f i e l d s  u n d e r i n d u s t r i a l  c o n d it io n s  o f t e n  show a: s h o r t

term  d e s y n c h r o n iz a t io n  i n  t h e i r  e le c tr o e n c e p h a lo g r a m  ( E E G ). On th e  o t h e r  hand
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14bFriedman, Becker and Bachman studied the response time of humans 
subjected to static fields of 5 to 17 gauss and found no effect; when 
this was changed to a slowly modulated field (0.1 to 0.2 Hz) it was 
found that the subjects exposed to the magnetic field had a decreased 
response time. This area, functional changes in the central nervous 
system produced by low intensity static fields, is one which deserves 

further study. Other low field effects involve the observation that 
certain animals, such as migratory birds and insects, are sensitive to 

small magnetic fields and do in fact use the geomagnetic field for 
orientation, but such effects do not appear to have any analogue in 
terms of human response..

14cAmong the high field effects studied M. and J. Barnothy
exposed mice to fields of 9000 gauss and found that platelets in the

blood increased 25% by the third day, then decreased to normal by the
10th day; the amount of platelets also increased upon removal of the
field. It is believed that the amount of platelets in. the blood is

affected by Stress; however, it is not known whether the magnetic field
effect is proportional to the field or requires a threshold. Beischer
exposed squirrel monkeys to fields up to 92,000 gauss; he noted an increase
in both the frequency and amplitude of the EEG traces. A number of investi-

4gators have exposed pupating insects to large field gradients (~10 gauss/mm) 

for periods of several minutes to an hour and have observed effects such 
as increased development time, sterility, and in some cases death to the 
insect.

Since there are no decisive low-field biomagnetic experiments which 
show harmful effects to man, we conclude that the levels suggested in the 
first paragraph are reasonable; i.e., the passenger compartment should be 
shielded to below 200 gauss; and a 50 gauss goal would be desirable.
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It should be noted that the maximum field in the passenger compartment 
occurs at floor level. As will be seen in Fig. 2.33 the field drops by 
more than a factor of two for a 40 cm increase in distance above the coil. 
Thus a 200 gauss field at the floor would translate to somewhat less than 
100 gauss at seat level. Further research on changes in the electro
encephalogram of persons exposed to static fields in the range of 50 to 
500 gauss would be desirable, to establish whether there are any low 

grade effects (such as fatigue) or long term effects.
2.8.1. Types of Magnetic Shields

Shielding of the superconducting magnets can be accomplished in 

one of three ways: through the use of (i) ferromagnetic shielding material,

(ii) a superconducting shielding coil or coils or (iii) a sheet of super
conducting material. The simplest shield uses ferromagnetic material 
(e.g., iron) placed between the magnet and passenger compartment. There 
is no need to put the shield inside the dewar. For the same magnet current 
the lift force is increased somewhat by using the shield. The disadvantage 

of this scheme is the added weight of the- shield; with the weight of 
material that one can afford to carry, shielding is incomplete and the 
material is magnetically saturated.

Schemes (ii) and (iii) should be capable of much better shielding 

per unit weight of shield material but do require that the shield material 
be at liquid helium temperature. In scheme (iii) the shielding can be 
quite effective provided the shield material extends considerably beyond 
the coil dimensions; this would require a larger and more complicated 
dewar system. In both schemes (ii) and (iii) the currents in the dia
magnetic shield reduce the net lift force achievable with a fixed magnet 
current.
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Consider first ferromagnetic shielding (scheme i). The configura
tion would be something like that shown in Fig. 2.32. The shield material 
is iron or some other ferromagnetic alloy of similar density. Because we 
want the shield to be relatively thin (to reduce shield weight), the 
material will be at or near magnetic saturation. We can reduce the tendency 
toward saturation by placing the shield farther from the coil, but then 

the shield must overlap the coil more and this adds weight to the system. 
Because of magnetic saturation the analytic problem is non-linear; the 

only practical method of solution is to use a relaxation procedure.

Magnetic Corporation of America (see reference 8) has used this technique-
to evaluate various thickness iron shields for a 0.5 x 3m coil carrying 

53.0 x 10 ampere turns. Actually the relaxation procedure used is a two- 
dimensional one so that the coil length does not enter except in the calcu
lation of shield weights. Since the levitation coils are quite long 
compared to their width, the procedure is fairly accurate for fields in 
a vertical plane which passes transversely through the midpoint of the coil.

Fig. 2.32 shows the magnetic field at various heights z above 
the 0.5 x 3m coil for two different shield thickness (2 and 4 cm of iron), 

z = 70 cm might perhaps be taken as the floor of the passenger compartment 

although from the dewar design of Section 7.4, the floor of the compartment 
could be situated as low as z = 50 cm. The shield weights for the 2 and 

4 cm shields are 2250 lbs and 4300 lbs respectively. The maximum field 
at several heights above the coil as a function of shield thickness is 
shown in Fig. 2.33. (The field of the unshielded coil can be obtained

5from Fig. 2.34; since that figure pertains to a coil with NI = 2.6 x 10 
A-turns, the field of the 3 x 10^ A-turn coil is 15% larger,)

Fig. 2.34 shows the effect of shielding with a superconducting 
coil. The 0.5 x 3m suspension coil carrying 2.6 x 10^ ampere turns is
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Fig. 2.32. Effect of shielding the levitation coil with various thicknesses of iron.
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1.

shielded by an identical coil, carrying -0.65 x 10 ampere turns, which 
is situated 30 cm above the suspension coil. The reduction in lift 
caused by the shielding coil is about 14%; i.e., the currents in the 
magnets would have to be increased by about 7% to get the same lift 
as the unshielded magnet. Even so this seems to be more effective 

shielding than 2 cm of iron. The extra weight needed for the shielding 
requirement is estimated as 200 lbs for the shielding coil and its helium 

can, 130 lbs for enlarging the outer dewar, and 40 lbs for additional 

structural support.
Of the two methods the second is the better one because the weight 

penalty is so much smaller. Nevertheless, even with an optimization of 
the latter scheme it does not appear possible to reduce the field in the 

passenger compartment much below 200 gauss unless one uses more than one 
shielding coil.

The most effective shielding is a sheet of superconducting material.
The local supercurrent required to shield a magnetic field B is B/u, ; thuso
a 0.2 T field requires a shielding current of 160,000 amperes. But the

. 14bcritical current density of both Nb^Sn and NbTi alloys is larger than
6 210 amperes/cm at 2000 gauss; thus a 2 mm shield thickness is adequate 

magnetically. Of course such a thickness would not be adequate from a 
structural point of view since there are large magnetic forces on the 

shield. Thus the shield must be reinforced with light-weight ribbed 
structures. Furthermore, to be effective the sheet shield must extend 
considerably beyond the levitation coil dimensions, and all parts of the 
shield must be maintained at liquid helium temperature. No design of a sheet 
superconducting shield has been made, but it seems clear that the weight penalty 
would be substantially larger here than for the coil shield discussed in the 
preceeding paragraphs.

5
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3. ELECTROMAGNETIC (ATTRACTIVE) SUSPENSION 
In this suspension ordinary electromagnets, moving with the vehicle 

are suspended below a steel track. This type of arrangement is unstable, so 
that the position of the magnets relative to the track must be sensed and the 
current in the magnets controlled by a feedback-control system. In order to 
operate with reasonable amounts of suspension powers the nominal gap between 
magnets and track should be 15 mm or smaller.

The attractive suspension achieves its maximum lift FL at zero speed;, 
at higher speeds the lift force is degraded due to the generation of eddy 
currents in the track. This eddy current generation also produces a drag 
force Fd at the higher speeds. Guidance- forces- can be produced by approp
riate design.of the magnet and track or by the use of separate guidance 
magnets.

PB-210-506 (reference 1) discussed some early calculations made 
by us of the lift and drag forces, and their dependence on the material 
parameters of the tra.ck, for a flat, rectangular, levitation coil. Such a 
coil is not very realistic for a levitation magnet, however, since its mag
netic circuit has rather large reluctance. In Section 3.1 we make a similar
parametric study for U-shaped electromagnets of the type used by MBB and 

15Krauss-Maffei.
3.1 . Parametric Study of the Lift and Drag Forces

In this section we shall determine the lift and drag forces, FL and 
Fd, on an electromagnet consisting of a coil of wire surrounding a U-shaped 
iron core, which is suspended below a plate of relative permeability k = yA*0 
and conductivity cr . The magnet is moving with velocity v relative to the 
plate, but the gap between magnet and plate is held constant. Non-linear 
effects of saturation are neglected; i.e., both k  of the plate and the 
magnetization of the iron core are assumed constant as a function of velocity.
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In Fig. 3.1 a schematic of this type of magnet suspension is 
shown. The length of the magnet in the direction of motion is 2b, the 
pole width is 2a, the pole separation c, and the gap is h. To model such 
a configuration exactly would be difficult. A simple model that contains 
the main features of the real system, for which the calculation of FL and 
Fq versus v is still tractable, is shown in Fig. 3.2. The magnetized 
core is replaced by surface magnetization currents J. These currents are 
assumed uniform. Furthermore, the actual current windings are taken to be 
far from the track. The track is to be infinitely wide and of arbitrary

depends upon the required lift, velocity, and detailed magnetic circuit; 
(this will be discussed in more detail in Section 3.2). Although still a

hn whose center is at y = 0. The eddy currents induced by this current 
element give rise to a magnetic field above the track whose Fourier trans
form involves

thickness T. The permeability y  =  < y o is an effective permeability which

somewhat crude model, it is more realistic than considering single coils'*"
16or the single Fourier component model of Meissenholder and Wang.

Referring to Fig. 3.2, consider the nth current element at height

components,

where

wn = In W0 e-k (hn-h), (3.1)

/ (3.2)
and

In *= JAh. (3.3)
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Fig. 3.1. Schematic design of magnet and track in the attractive-force 
suspension.



Fig. 3.2. Model of the attractive-force suspension, simplified for 
calculational purposes.



The c o r r e s p o n d in g  lo o p  a t  y  =  - c  in v o lv e s

— *
cos ky (y+c) 
sin ky (y+c)

e“kz w,n"

Now it is straightforward to show that the force on the mth loop 
with center at y = 0, z = hm involves^ WmWn (1 - cos kyc). The total 
force on the loops at the right involves the sums

J I I e_k (hn + Ifo. ” 2h) (1 - cos kvc) WQ2.„ _ m n y . .m,n .
Letting hn = h + (n - l)Ah, n = 1, 2, . . . , we find in the limit that
Ah -K) the total lift and drag forces on the magnet are. .

-00 .00 _

Fl = (16ir2J2/y0) I dk.ifJ o

Fd = (16tt2J2/v0)
' o

00 C O

dky ,r\ J

dkx | WQ |2r̂  (1 - cos kyc) /kx , (3.4)

dkx | WQ |2r2 (1 - cos kyc)/k kx.(3.5)

where
(1 - g/K) 1 - e-2gkT

rl  + 1 r o = (1 + 3A ) ~  .1 -  3/k 2 -2gkT
ll + 3/tc ' ®

(3.6)

The remaining quantities are defined in reference 4.
Some sample results are shown in Tables 3.1 and 3.2. Our numerical

1/2studies indicate that FL/FD «  C-̂  ( k/cv) where depends upon a, b, c,
1/2and h. FL/FD is also proportional to (length of magnet) and is larger 

for narrower magnets. Tables 3.1 and 3.2 are for an infinitely-thick iron- 
alloy plate, but the results are changed very little for a plate of thickness
2.5 cm; the zero velocity lift would be slightly smaller, but above a few 
miles/hour the skin depth would be less than 2.5 cm and thus the results 
would be almost identical.
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It is evident that a large FL/FD can be obtained over the entire 
speed range, provided the magnets are long enough and the ratio </o is 
large enough. In the next section we shall discuss the high-speed performance 
in more detail; in particular we show that because of saturation effects in 
the track k drops substantially below 1000.

TABLE 3.1. Lift and Drag Forces in the Attractive 
.System [2a = 2cm, 2b = 1.0m, c = 18cm, 
h = 1.5cm, k = 50, T = “
a“l = 50 yfi-cm, F^ = 2y0 [(Jh)2 (a + b)/h]

V
(mi/h) v * i fd/f i fl/fd

0 0.741 0 00

100 0.653 ..0195 33.5
200 0.610 .0242 25.3
300 0.579 .0269 21.5

TABLE 3.2 Lift and Drag Forces in the 
System (Parameters the same 
except c = 7cm, k = 1000)

Attractive 
as Table 3.1

V
(mi/h)

V F X FD/Fi fl/fd

0 0.661 0 00

100 0.648 .00226 287
200 0.642 .00312 206
300 0.638 .00374 170
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3 . 2 H ig h -S p e e d  D ra g  P ro b le m

An analytic study of the lift and drag forces in a electromagnetic
(attractive) suspension has uncovered a serious problem for high-speed
operation. As reported in Section 3.1, the lift-to-drag ratio for a ferro-
magnetic suspension is proportional to (yp/v)B where y is the permeability ,
p the resistivity of the alloy in the track, and v is the vehicle speed.
A practical upper limit for the resistivity of metallic, ferromagnetic alloys
is 50-100 y ft cm. If the relative permeability < is greater than 1000 there
is no problem with the lift-to-drag ratio at 300 mi/h, but as we shall see
shortly such large values of k cannot be obtained.

The problem arises because the magnetic flux in the track must be
carried in the skin depth. The skin depth is proportional to (p/yv) . As
the vehicle speed increases the skin depth becomes smaller; this causes the
flux density in the track to approach saturation and y to drop precipitously.
This situation cannot be avoided because efficient magnet design requires
them to operate at high flux density.

Let us consider the problem in more detail. A long electromagnet
of length L is suspended below a ferromagnetic track as shown in Fig. 3.3
(transverse section through the coil and track).

4According to Reitz and Davis the skin depth for penetration of the 
electromagnetic field is

5 = 2 '/['{(yavky)2 + k4}1/2 + k2]1/2 * (3.7)
o o 2where k + kx + ky , a = 1/ p and kx, ky are appropriate wave numbers; 

x is in the direction of motion. We are dealing with a range of material 
parameters such that, except at the lowest speeds,
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Fig. 3.3. Magnetic circuit of the attractive-force suspension.



(3.8)Oyavkx »  k ,

so that
1/26 (2/Ky0avkx) . (3.9)

kx ~  tt/ L .  k depends on th e  f l u x  d e n s i ty  B w hich in  tu r n  depends on th e  

t o t a l  f l u x  in  th e  m a g n e tic  c i r c u i t  and on 6 .

Now th e  e le c t r o m a g n e t  and t r a c k  form  a  m a g n e tic  c i r c u i t .

The f l u x  th ro u g h  th e  m agnet $ i s  g iv e n  by

$ =  N I/R (3.10)

where the reluctance R is

R = Rq + R1R2/(Ri + R2 ) • (3.11)
Here RQ is the reluctance of the magnet core, R^ is the reluctance of the 
track and the air gap, and R2 is leakage reluctance. The energy of the 

magnetic circuit
W = (NI)2/2R , (3.12)

and the lift force is given by
Fl = - (N2I2/2) d(l/R)/dz. (3.13)

If we neglect Rq since it is small compared to either R^ or R2 , and if we 
assume that the leakage flux does not depend upon gap height, and since

Rl — 2z/Ag]jQ, (3.14)

where &•£, At are t*ie length and cross-section of the flux path in the 
track, z = h is the gap, and A is the flux cross-section in the gap, we 

find
$ =  $]_ +  $ 2 ( 3 . 1 5 )

and
F l  =  $-|_2/y o A g . ( 3 . 1 6 )

Here <5̂ is the flux through the track.
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Now the flux in the track can be expressed as the flux density B times
the area through which it passes (Lfi):

$> = BL<S . (3.17)
Combining (3.9), (3.12) and (3.13), we obtain

K = 2L3B2________ (3.18)
y 0 zCTTAgFL v

and since the pole face area Ag = pL where p is the pole face width:

k = ■ ■2L2B2--- • (3.19)
V - o ^ Q  i r p F L v

Equation (3.19) can be combined with the characteristic B-H 

curve for the material to obtain both k and B. However, a simpler 

procedure is to anticipate that B is in the vicinity of the saturation 

field Bg and obtain k  directly from (3.19). If we take the following 
set of magnet and track material parameters: Bg = 2T,

a = 2 x 106 mho/m (appropriate to a 4% Si-Fe alloy), L = lm, p .= .03m,
v = 134 m/sec, and if we assume that 32 of these magnets support a
50 ton vehicle (FL = 1.38 x 101* N) , then k &  16.

This is clearly a serious problem since such a low value of k  

will adversely affect the lift/drag ratio. Calculations show that at 
300 mi/h the lift/drag ratio of a 1 m x 0.15 m U-channel electromagnet 

cruising at 1.5 cm below a 4%-Si-Fe plate is only 18. How then can we effectively 

increase k? The most obvious way is to increase the resistivity of the 

track. It does not appear that one would want to use a ceramic material 
such as a ferrite since these materials are brittle and not suitable for 
tensile loads. One can effectively increase the resistivity of a metallic 
track by laminating it; however, it appears that vertical laminations will 
be required. The weight of the vehicle would then be supported by a series
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of cross bolts through the laminations. Laminating the track will increase 
its cost substantially.

Equation (3.19) suggests several other methods for increasing k 
One can increase the number of support magnets, thus decreasing FL; this 
possibility is quite limited, however. A better solution is to make the 
individual magnets longer. If we support the entire vehicle with four 

magnets, each 10 meters long, k could be increased to about 200. The 

longer magnets would also improve the lift/drag ratio (in addition to the 
improvement obtained with the higher k). However, from the control view

point it would seem that more numerous, shorter magnets would be desirable.

Although the model discussed in this section is somewhat crude,
we believe that the conclusions which have been obtained are essentially
correct. Other studies which support these conclusions are some analog

17modeling studies by Oberretl and rotating wheel experiments. Oberretl' 
used an analog method to determine the magnetic field penetration and eddy 

current losses in ferromagnetic material when the material is near satura
tion. His results for large magnetic fields (field at the surface of 2 

tesla) show that the penetration depth is much more sharply defined than 

that for simple exponential penetration, and his ^effective values are 
indeed rather low (in the- range which we would predict from our model).

3.2.1. Rotating Wheel Experiments

A series of lift and drag force measurements were made on a 5 x 10

fern superconducting coil (mounted in a Dewar) situated above a rotating
*steel wheel. The wheel.is 1 ft. in diameter. The experimental results 

for two different heights are shown in Fig. 3.4.
Calculations of lift and drag were made for a 5 x 10 can coil

suspended at 3.0 cm below a ferromagnetic plate at coil speeds up to
The material constants, a and k , are not known very well. They had to be 
inferred from the experimental data as described below.
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Fig. 3.4. Experimental results for lift and drag using the rotating 
steel wheel.



300 mi/h. A resistivity of 10 y ft-cm was assumed; several different 
values of k were used. In comparing the experimental results with the 
calculations it is evident that k is not a constant, independent of velo
city. In fact, if the calculations are "fit" to experiment we can deter
mine < as a function of speed. These results are given in Table 3.3. If 

p is actually larger than 10 y ft-cm, then the K-values would be smaller 

than shown in the table.

TABLE 3.3. Effective relative permeability of a cold-rolled 

steel- wheel as a function of rim speed when subjected to the 

field of a current-carrying coil, p assumed to be 10 y . . f t-cm.

v (mi/h) K

50 . 1000

100 690

250 450

Now the coil above the steel wheel does not form a very good 

magnetic circuit. We can, however, use magnetic circuit analysis and 

skin depth concepts to estimate k and see how it compares with the 

results from Table 3.3. The lift force on the coil is calculated to be 

Fl = 0.234 y0 (NI) 2 (perimeter)/4irh , (3.20)

and the flux generated by the coil is estimated to be
5> = 0.7 y0NI. (length) . (3.21)

We assume that 3/4 of this flux is channeled through the steel, and we 
estimate that this flux is channeled through an effective area equal to
1.5 x (perimeter of coil) x 6; Using an analysis very similar to that 
of Eqs. 3.9 through 3.19, and choosing p = 10 y ft-cm we obtain k = 23
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for v = 250 mi/h. This does not agree very well with the last entry 
in Table 3.3. We can, however, repeat the calculations for other 
assumed values of p; the results are given in Table 3.4.

TABLE 3.4. Effective relative permeability of a cold-rolled 
steel wheel at 250 mi/h rim speed when subjected 

to the field of a current-carrying coil.

p
Cy 2 cm)

K
(from fit to 

experimental L/D)

fC
(from magnetic circuit- 
skin depth analysis)

10 450 23
20 225 46
30 150 69
40 112 92

We see that if p is 45 y f2 cm the two analyses give about the 

same value for k . It seems very unlikely, however, that p of cold-rolled 

steel is larger than 25 y cm, so the crude magnetic circuit analysis can 

probably not be trusted in this case. Nevertheless, the effective reduction 

in k , which was predicted, appears to be well documented.

Several other experiments were performed with the rotating steel 

wheel using a small iron-core magnet (7 cm wide and 12.5 cm long) shaped 
to fit the wheel. Fig. 3.5 shows the variation of the magnetic field in 
the air gap for high-speed operation. This is just what is expected; the 
skin depth is largest near the trailing edge of the magnet, and hence the 
reluctance of the parallel magnetic circuits is lowest in this region. 
Measurements of FL/FD at v = 130 m/sec were also made as a function of current
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in the magnet windings. These latter measurements were difficult to make 

on an absolute basis because of the large forces involved, but the relative 

measurements are believed to be correct. Plotting FL/FD versus field in 

the air gap, one finds that lift/drag is reduced about 60 percent in going 

from 0.3 to 1.1 T. This is indicative of a saturation-induced reduction 

in k .

3.3. Control Requirements

In this section we examine the control power requirement for a 

vehicle using the electromagnetic (attractive force) suspension. Such a 

system with a secondary suspension can be modelled as a spring-damper 

with sprung mass M and unsprung mass m, the latter containing magnets 

which are controlled to follow the guideway up tp a certain frequency 

(see Fig. 3.6). We represent the guideway as: (note, x = vt)
00

zG (x) = z q (vt) = £ Hn sin(finx) , =* H2L = ^  (3.22)
n=l L v

where L is the length of the track and v is the velocity of the vehicle. 

Then '

nc
zm (t) = l Hn sin tont + h (3.23)

n=l

where h is the nominal gap between the magnet and guideway and the cutoff 

frequency is u)c = ncirv/L.

The equations of motion are:

MS^ = - Mg - k(zM - zm - 2,) - 0(ZM - .4*) ,

n»zm = - mg + k(zM - zm - A) + 3(*M - + Fz

where Fz is the magnetic force on m.

(3.24)



*

Fig. 3.6. Dynamic model of a vehicle with an attractive-force suspension 
following a guideway ZG  •



It can be shown- that

where

and

zM (t) = hM + Ifti { l an e } (3.25)
n=l

k(hM - h - £) = Mg , (3.26)

w 2 + 2iyw = 0 n
n U)0Z - ton2 + 2iyo)n H» ' 1[3.27)

0)o2 = , (3.28)

3
y = 2m * (3.29)

hM is the nominal height of M and Im { • • • } means the imaginary part

of ... and i is the unloaded separation of m and M. The force, Fz,

necessary to give the prescribed zm (t) is then

^nc  ̂ iuî t r oiQ2 + 2iyton ^
Fz - (m + M)g - Im' { l  Hna)n2e (m + M M 2-l0 2+2iY(1) ) > (3.30)

n=l o n  n

The average mechanical power (work done by Fz per sec) is
nr

. < F ^ ( t )  > = y M l
u 6h 2 n nn

n-1 <<»o2 ' % Z >2 +  (2a,ny)2 (3.31)

Now Hn2 is related to the power spectral density of the guideway,

$ (J2) , by v

H„2 - ^ * W n >  " * ( T - )  <3-32)
where, in the usual approximation,

$ ( 0 )  =  A / f t2 . ( 3 .3 3 )
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The a v e ra g e  m e c h a n ic a l pow er c a n  th e n  be c o n v e r t e d  t o  th e  f o l lo w in g

i n t e g r a l

< F z (t)> = 2 MAv z m
do) mtt_________

(o)oZ-o)z )z + (2yto )2 . (3.34)

This power .is supplied by the propulsion system, not the control system, 
and is dissipated in the damper. This can be seen as follows. Ignoring 

the high frequency components (i.e., to > coc) , the magnet follows the 
guideway. The guideway exerts a force on the magnet, FN , normal to the 
guideway surface (as shown in Fig. 3.7), where FN cos a = Fz. The drag 

force on the magnet is then FD = FN sin a = Fz tan a. tan a is related 

to the slope of the guideway by

d z r  1 d z r  itan a -—  = —  -—  = —  zdx v dt v m (3.35)

Hence the drag power is

V  ‘  Fz ' (3-36>
This power is then supplied by the propulsion system. (Obviously this
argument can be extended to account properly for the high frequency com-

• • «ponents.) One can also show, by direct calculation of < 8 (z„ - z )z> ,M m
that this power is dissipated in the damper.

The average mechanical power - can be written as

<F z > = 2yMAv u) J(co /to ,6) z m o c o
where

and

ca. /a
C  0

J(0) /<o ,6) =C 0
dx x^

(x2-l)2 + .(26 x)2

(3.37)

(3.38)

6 = Y/co = 8/2M(ju o o (3.39)
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TABLE 3.5. Tabulation of the Functions J(io /toQ,l) 
l/2and I (toc/a)0, 1, 0.1) versus / m 0

For critical damping (6=1), J is given in Table 3.5

J 1 1//2

1 0.0072 0.551 ;
2 0.539 2.53
3 1.28 5.43
4 2.13 8.98
5 3.04 13.1
8 5.89
10 7.84 40.8
20 136.

For <i>cA>0 >> 1, 6 1
' 0)

J ~~ 462>• 0 • (3.40)

The control power is dthe product of the voltage V = ^  (LI)
and the current I,

P = VI = I (LI) dt • (3.41)
We neglect the resistive loss in the windings. To a good approximation,
the gap (zg-zm) is held constant so .that 

dwP = dt W = i LI2 (3.42)

99*.



is the field energy and is given approximately by

Hence,
W = Fzh.

dF z
p s 3 T  h

(3

(3

The average power. < P > vanishes, but the rms power is given by
„ • ■ 2 1 / 2  p = <  p2 > 1 / 2  =  h [ < ( d p  / d t )rms z

Hence, after some manipulation we find that,

P _ = h [Aval 5 M2 I (a) /a) , 5, m/M)] rms . , o c o
1/2

l/2 5/2 m tI/2= h (Av) to MIJ
0

c

where

I (a) /to , 6 , m/M) = c o
0) /u)c o dx xH | w + 1 + 2i6x

M 1 - x2+<$2i x
1/2For critical damping (6 = 1) and m/M = 0 . 1 ,  I is given in Table 

For oic/o)0 »  1, 6 = 1
I = 0.2 (m/M)2 (ojc/o)0)5 + (4 + 6 m/M) (0)c/a)o) 3/3. (3
For some typical parameters (A = 5 x 10“6 ft. v = 300 mi/h, 

M + m = 50 tons, m/M = 0.1, 6 = 1, a)0 = 8.5 sec \  h = 15 mm) , we 
find that

(3< F2 zm > = 1.3 x 10 x J (watts)

(watts)1 3 1/2Pyrno = 1'.93 X 10 I rms (3

For <i)c = 5 0)o, this gives a mechanical power
. < Fz,zm> = 0.08 kW/ton supported weight, 

and a control power
(3

prms = 0*5 kVA/ton supported weight, (3

.43)

.44)

1.45)

1.46)

[3.47)

3.5.

.48)

.49)

.50)

.51)

.52).,
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which are not large. For fixed n>c/o)0 , . < F z zm  > is proportional to Av 
and Prms is proportional to (Av)1/2. Thus even a roadbed with a 16 x larger, 
A coefficient (4 times rougher) does not use exhorbitant amounts of power.
It should be noted, however, that the (Av) 1/^ dependence for is based

on a small signal theory, and probably underestimates the control power for 
rougher tracks.

If ioc is increased to 10xoj0 the power increases substantially: the
mechanical power is increased by 260% and the control power by 310% relative
to io /(ju = 5- An increase in m/M also increases the control power.c o
3.4. Criterion for Maximum Track Roughness

In any- noncontact suspension system there is a maximum track rough
ness which can be tolerated in order to prevent vehicle contacts with the 
track. Such considerations are independent of those involving ride quality. 
For large-gap magnetic suspensions, ride quality considerations will limit 
the maximum allowable track roughness, but this is not necessarily so for 
small-gap, ferromagnetic suspensions of the attraction type. In this section 
we derive a criterion for maximum allowable track roughness for the electro
magnetic suspension.

We assume that the guideway roughness zG is given by a power spectrum
of the usual type:

00 °0
zq  =  f = Av / dco/e)2 . (3.53)to 2

We want the primary suspension to follow track irregularities accurately 
up to some cutoff frequency wc. Ride quality is not considered; it will 
be handled by the secondary suspension. The maximum roughness criterion 
arises because (i) displacement amplitude in the uncontrolled frequencies 
(u) > a)c) must be less than the gap; this puts a lower limit on a)G.
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(ii) The vehicle with a controlled ferromagnetic suspension cannot fall
away from the track with accelerations greater than g; this puts an upper
l i m i t  on to. (i) and (ii) are incompatible if Av exceeds a maximum value.

From  ( i )
AV J dto/to2 < h 2/ 4

to
( 3 .5 4 )

c

w here h i s  th e  g a p . The f a c t o r  1 / 4  on th e  r i g h t  hand s id e  i s  th e  p ro d u c t  

o f  1 / 2  ( to  c o n v e r t  p eak  t o  rm s) and a n o th e r  1 / 2  (a  f a c t o r  o f  s a f e t y  t o  

h a n d le  s t a t i s t i c a l  v a r i a t i o n s  in  a m p li tu d e ) .  T h is  g i v e s :

toc  > 4A v /h 2 . ( 3 .5 5 )

In  th e  c o n t r o l l e d  f re q u e n c y  ra n g e  th e  m a g n e t 's  a c c e l e r a t i o n  sh o u ld  

re sp o n d  t o  th e  c o n t r o l  s t r a t e g y ;  h o w e v e r, th e  v e h i c l e  c a n n o t  f a l l  away 

from  th e  t r a c k  w ith  a c c e l e r a t i o n s  g r e a t e r  th a n  g . .  On th e  o t h e r  hand th e  

i n i t i a l  downward a c c e l e r a t i o n  o f  th e  p rim a ry  s u sp e n sio n  ca n  be a s  l a r g e  a s  

(M/m)g w here M i s  t o t a l  v e h i c l e  m ass and m i s  th e  m ass o f  th e  p r im a ry  s u s 

p e n s io n . T h is  i s  due t o  th e  r e l e a s e  o f  e n e rg y  i n  th e  co m p ressed  s p r in g  

b etw een  p rim a ry  and s e c o n d a ry . A g a in , t o  c o n v e r t  p eak  t o  rm s and p ro v id e  

some f a c t o r  o f  s a f e t y ,  we assum e th e  maximum allo w e d  a c c e l e r a t i o n  i n  th e  

c o n t r o l l e d  ra n g e  t o  be 0 .5  (M /m )g. Then ( i i )  y i e l d s

03
C

g 2 (M/m) 2/ 4  > Av /  a)2d(D«=Av u 3/ 3  . ( 3 .5 6 )
'  c“1

U sin g  ( 3 .5 5 )  and ( 3 .5 6 )  t o  e l i m i n a t e  oiG y i e l d s

(A v)max =  3g2h6(M /m )2 / 2 5 6  ' ( 3 .5 7 )

o r  (A y)max =  6 0  x 1 0 _lt m2/ s e c  f o r  h  =  1 2 .5  mm, M/m =  1 0 .  (Remember

t h a t  A =  5 x l o _ 6 f t  and v  =  3 0 0  mph g iv e s  Av =  2 .2  x 1 0 _tfm2/ s e c . )  Thus 

t h i s  maximum ro u g h n ess c o rre s p o n d s  t o  1 3 6  x  1 0 - 6  f t  w hich i s  somewhat 

ro u g h e r  th a n  an a v e ra g e  high w ay.
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I t  i s  n o t  c o m p le te ly  c l e a r  t h a t  we h av e  u sed  l a r g e  enough

f a c t o r s  o f  s a f e t y  t o  re d u c e  m agn et-gu id ew ay c o n t a c t s  t o  i n s i g n i f i c a n c e .

N e v e r th e le s s ,  i t  d o e s  n o t a p p e a r t h a t  t h e s e  c o n s i d e r a t i o n s  would re d u c e

(Av) by m ore th a n  a  f a c t o r  o f  4 .  W ith (Av) =  60  x 10  4 m2/ s e c ,IU3.X max

th e  c u t o f f  f re q u e n c y  to / 2 tt =  17 Hz w hich from  a  p r a c t i c a l  p o i n t  o f
c

v iew  may be l a r g e r  th a n  d e s i r e d  f o r  th e  c o n t r o l  s y s te m . On th e  o th e r  

hand u ^ /2 ir sh o u ld  p ro b a b ly  be a t  l e a s t  8 Hz; (A t 3 0 0  mph, u s in g  an  

e l e v a t e d  gu idew ay w ith  a  75 f t  sp a n , t h e r e  would be a p p r e c i a b l e  guidew ay  

i r r e g u l a r i t y  pow er in  th e  v i c i n i t y  o f  6 Hz and one w ould hope t o  c o n t r o l  

beyond t h i s  f r e q u e n c y .)

I t  th u s  a p p e a rs  t h a t  a  c o n t r o l  sy ste m  ca n  be d e s ig n e d  i n  th e

f e r r o m a g n e t ic  a t t r a c t i o n  c a s e  to  f o llo w  gu id ew ays w hich a r e  a b o u t a s

rou gh  a s  an  a v e r a g e  h igh w ay; (A =  35 t o  70  x 1 0  6 f t )  i f  h  ^  0 .5  in c h e s

and M/m i s  ~  1 0 .  (Av) i s  p r o p o r t i o n a l  t o  th e  3 / 2  pow er o f  th e  gap
max

and i s  p r o p o r t i o n a l  t o  (M/m)1^  T h is  s a y s  n o th in g  a b o u t r i d e  q u a l i t y  

w hich m u st be h a n d led  by th e  s e co n d a ry  s u s p e n s io n  ( e i t h e r  p a s s i v e  o r  

a c t i v e ) .

3 . 5  A n a ly s is  and D em o n stra tio n  o f  M agnet C o n tr o l  System

The u se  o f  a  fe e d b a ck  c o n t r o l  sy stem  i s  n e c e s s a r y  t o  c o n t r o l  th e  

c u r r e n t  t o  s t a b i l i z e  th e  e q u ilib r iu m  p o s i t i o n  o f  th e  m a g n e t. We have  

b u i l t  two e le c t r o m a g n e ts  w ith  t h e i r  r e q u ir e d  fe e d b a ck  c o n t r o l  s y s te m s ,  

b o th  f o r  p u rp o s e s  o f  d e m o n s tra tio n  and f o r  s tu d y in g  th e  c h a r a c t e r i s t i c s  

o f  th e  s u s p e n s io n  o b ta in e d  u s in g  o r d in a r y  e le c t r o m a g n e t s .  T h ese two 

m agn ets a r e  d i s c u s s e d  i n  th e  fo llo w in g  s e c t i o n s .

' 3 . 5 . 1 .  S m all M agnet A n a ly s is

Our f i r s t  m odel m agnet f o r  d e m o n s tra tin g  th e  e l e c t r o m a g n e t i c  

su sp e n sio n  and s tu d y in g  i t s  c h a r a c t e r i s t i c s  i s  shown s c h e m a t i c a l ly  in
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F ig u r e  3 . 8 .  The w eig h t o f  th e  m agnet in c lu d in g  th e  c o i l  and i r o n  c o re

was 2 5 . 4  l b .  The m agnet was r e s t r i c t e d  t o  v e r t i c a l  m o tio n  o n ly  by p la c in g

i t  on th e  end o f  a  r a t h e r  lo n g  l e v e r  arm a s  shown i n  F ig u r e  3 . 9 .  D ata  were

ta k e n  w hich g iv e  th e  a i r  gap  f l u x  d e n s i t y ,  B a s  a  f u n c t io n  o f  c o i l  c u r r e n ta g ,

f o r  gap s ra n g in g  from  1 /1 5  i n .  ( 1 . 5 9  mm.) t o  3 / 4  i n .  ( 1 9 . 1  mm. ) .  T h ese d a ta  

w ere ta k e n  by h o ld in g  th e  m ag n et a t  a  g iv e n  gap and p a s s in g  a  d c c u r r e n t  

th ro u g h  th e  c o i l .  T hus, th e y  do n o t c o rre s p o n d  t o  th e  m agn et l e v i t a t i n g  

in  an e q u ilib r iu m  p o s i t i o n  w ith  fe e d b a ck  c o n t r o l .  The d a t a  f o r  a i r  gap  

f l u x  d e n s i ty  v e r s u s  c o i l  c u r r e n t  a r e  shown in  F ig u r e s  3 . 1 0  and 3 . 1 1 .  I t  

sh o u ld  be n o te d  in  F ig u r e  3 . 1 0  t h a t  some r e s i d u a l  m agn etism  i s  p r e s e n t  s in c e  

a  n o n -z e ro  f l u x  d e n s i ty  i s  m e a s u ra b le  a t  th e  s m a l le r  g a p s  w ith  z e ro  c u r r e n t .

From th e s e  c u rv e s  o f  f l u x  d e n s i t y  v e r s u s  c o i l  c u r r e n t ,  th e  c o i l  

in d u c ta n c e  can  be c a l c u l a t e d .  The r e l u c t a n c e  o f  th e  m agn et c o r e  can  p r o 

b a b ly  be n e g le c te d  w ith  r e s p e c t  t o  b o th  t h e , a i r  gap r e l u c t a n c e  and le a k a g e  

r e l u c t a n c e  t o  a good a p p ro x im a tio n . T h u s, from  e q u a tio n s  ( 3 . 1 0 )  and ( 3 . 1 1 ) ,  

th e  c o i l  in d u c ta n c e  i s  found t o  be

L
N$ N (§ +  $ )
__ T _  ag e
I I

w here

N =  number o f  tu r n s  in  th e  c o i l

I  =  c o i l  c u r r e n t

$ =  t o t a l  f l u x  l in k in g  th e  c o i l

$ =  a i r  gap  f l u xag

3>e =  le a k a g e  f l u x

I f  we n e g l e c t  le a k a g e  f l u x ,

( 3 . 5 8 )

L '= N • . B • A ______ a_____
I ( 3 . 5 9 )
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SMALL MODEL ELECTROMAGNET

L * II 1/16 IN. H = I 1/2 IN.
Wt =6 7/8IN. N = 418 (13 GAUGE WIRE)
Wc=6 IN. t = 1/2 IN.

CORE 8 PLATE MATERIAL -  ARMCO IRON

R cOIL = 1-7
1/16 IN. < g  < 3/4 IN.

Fig. 3.8. Schematic design of small electromagnet.
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K A M A N  D I S P L A C E M E N T  
S E N S O R

Fig. 3.9. Method for restricting motion of small magnet.
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AIR GAP FLUX DENSITY VS. COIL CURRENT

P i g .  3 . 1 0  A i r  gap f l u x  d e n s it y  o f  s m a ll  e le c t r o m a g n e t .
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AIR GAP FLUX DENSITY VS. COIL CURRENT

S M A L L  C O IL - 4 1 8  T U R N S

F i g .  3 . 1 1 .  A i r  gap f l u x  d e n s it y  o f  s m a ll  e le c t r o m a g n e t .
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where

= air gap flux density

A = cross sectional area of air gap (3.57 x 10 m2 

for magnet of Figure 3.8)

From the data of air gap flux density versus coil current, a plot of in

ductance can be made. Theoretically the inductance should be independent 

of the current, but experimentally there is some variation. The induct

ance versus air gap as calculated from (3.59) using Figs. 3.10 and 3.11 

for current values of 2A, 5A and 7A are indicated in Figure 3.12, and 

the solid curve represents an approximate fit to these data.

The inductance can also be theoretically calculated from the 

. magnet geometry. The inductance is

L
($ + $ ) ag (3.60)

or

L (3.61)

Again, we neglect the leakage term; if we also neglect the track reluct

ance compared to the air gap reluctance in (3.14), we obtain

L = N2 y A (3.62)o
2z

The values of L calculated from (3.62), are also plotted in Figure 3.12.

It is seen that the agreement between the two procedures is quite good, 

differing by at most 15% over the range of gaps considered. Recall that 

leakage flux, and thus a leakage inductance term, was neglected. Its 

inclusion would only add a constant value to both curves if the leakage 

flux is indeed independent of the gap over the range considered and if
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Pig. 3.12. Inductance vs air gap for small magnet.
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the core reluctance is negligible. Such a constant term does not contribute 

to the force on the magnet.

Since the two curves of Figure 3.12 do not agree exactly, we con-
j

elude that either the neglect of track reluctance [Eq. (3.62)] is unjusti

fied or the effective pole-face area is changing as a function of gap.

In any case, the "experimental" inductance obtained from (3.59) is 

probably a better indication of the gap-dependent inductance of the system.

The current required for levitation can be computed given the 

inductance versus air gap curve of Figure 3.12, since

W = ^  L (z) I 2

and
p  = -a w
L dz

1  2 'dL (z)
2 dz

(3.63)

(3.64)

assuming that I is constant. dL/dz can be obtained from 

graphical differentiation of the "experimental" curve in 

If a stable equilibrium position can be achieved

system (i.e. 2 ,z = 0), then the average lift force is mg
iL (2 

dz
-  1 12 dL(z)

mg = f l = - 7

(3.62) or by 

Figure 3.12. 

with a control 

so that

(3.65)

and

I2 =  i2 = -2mg/(dL/dz). (3.66)rms
Thus, the current required to levitate the magnet can be calculated from 

(3.66). The resultant values of levitation current versus air gap for 

the theoretical and experimental cases are shown in Figure 3.13. Also 

shown in this Figure is the measured rms value of the current required to 

levitate the magnet with our feedback control system controlling the 

magnet current. Note that the current is indeed quite linear over a fairly 

large range of gaps.
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Fig. 3.13. Levitation current vs air gap (small electromagnet).
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I t  sh o u ld  be n o te d  t h a t  th e  m easu red  c u r r e n t  i s  n o rm a liz e d  in  

F ig u r e  3 . 1 3  so  t h a t  i t  i s  e q u a l t o  t h a t  o b ta in e d  u s in g  th e  c a l c u l a t e d  

L ( z )  a t  a  gap  o f  1 / 2  in c h . The m easu red  c u r r e n t  w as , in  f a c t ,  somewhat 

lo w er th a n  t h a t  p r e d i c t e d  e i t h e r  t h e o r e t i c a l l y  o r  c a l c u l a t e d  u s in g  th e  

"m easu red " L ( z ) .  There, a r e ,h o w e v e r , s e v e r a l  f a c t o r s  w h ich , i f  c o n s id e r e d ,  

c o u ld  im p rove th e  ag re e m e n t; th e s e  a r e  ( i )  th e  e f f e c t i v e  a i r  gap a r e a  

i s  r e a l l y  l a r g e r  th a n  th e  p o le  f a c e  a r e a ,  and ( i i )  th e  e x p e r im e n ta l  gap  

i s  n o t  u n ifo rm  a lo n g  th e  le n g th  o f  th e  m agnet a s  i s  assum ed in  th e  

c a l c u l a t i o n s .

The r e a l  pow er r e q u ir e d  t o  l e v i t a t e  th e  m agnet ca n  be c a l c u l a t e d  

from  th e  c u r r e n t ,  and o b v io u s ly  i n c r e a s e s  a s  th e  gap i n c r e a s e s .  F o r  a  

gap o f  1 / 8  in c h  t h i s  power re q u ire m e n t i s  0 . 2 8  w a .t t s / l b .  w h ereas a t  a  

gap o f  1 / 4  in c h  t h i s  d e g ra d e s  t o  1 . 7 7  w a t t s / l b .  F o r  th e  s i z e  o f  th e  

m agn et c o n s id e r e d  h e r e ,  th e  n om inal o p e r a t in g  gap sh o u ld  p ro b a b ly  be  

l e s s  th a n  o r  e q u a l t o  1 /4  in c h . T h ese f i g u r e s  a g r e e  q u i te  w e ll  w ith  th e  

f i g u r e s  g iv e n  e ls e w h e re  f o r  co m p arab le  l e v i t a t i o n  w e ig h t t o  gap  r a t i o s ,  

e g . in  M e ise n h o ld e r and W a n g ^ .

3 . 5 . 2 .  D esig n  o f  C o n tro l  System

The i d e a  b eh in d  th e  c o n t r o l  sy stem  f o r  th e  m agn et c u r r e n t  c o n t r o l  

i s  q u i te  s t r a i g h t f o r w a r d  and i s  d is c u s s e d  in  M e ise n h o ld e r and W a n g ^

45
(A ls o , any c o n t r o l  sy stem  a n a l y s i s  would be s i m i l a r  t o  t h a t  i n  W ilk ie  

f o r  th e  s u p e rc o n d u c tin g ' su sp e n sio n  sy stem  e x c e p t  f o r  a  chan ge in  th e  

s ig n  o f  th e  s p r in g  c o n s ta n t  term  in  the- l i n e a r i z e d  e q u a t i o n s .)  T h u s, th e  

th e o r y  i s  n o t  d is c u s s e d  in  d e t a i l  h e r e .  B a s i c a l l y ,  th e  id e a  i s  t h a t  th e  

c o n t r o l  c u r r e n t  m ust be made p r o p o r t i o n a l  t o  th e  d e v i a t i o n  o f  th e  m agn et
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gap from  i t s  e q u ilib r iu m  v a lu e 1 in  o r d e r  t o  overcom e th e  n e g a t iv e  s p r in g  

c o n s t a n t  o f  th e  m a g n e tic  f o r c e .  T h is  w i l l  g u a r a n te e  t h a t  any e r r o r s  in  

th e  gap due t o  d is tu r b a n c e s  w i l l  n o t  grow  e x p o n e n t i a l l y .  Such a  c o n t r o l  

sy stem  r e q u i r e s  s e n s in g  th e  m a g n e t - t o - t r a c k  g a p . In  o r d e r  t o  damp o u t  

any d is tu r b a n c e s  and a v o id  o s c i l l a t o r y  r e s p o n s e s ,  i t  i s  n e c e s s a r y  t o  add 

a te rm  to  th e  c o n t r o l  c u r r e n t  w h ich  i s  p r o p o r t i o n a l  t o  th e  v e r t i c a l  v e l o 

c i t y  o f  th e  m ag n et. F i n a l l y ,  i f  i t  i s  d e s i r e d  t h a t  th e  e q u il ib r iu m  gap  

h e ig h t  sh o u ld  be in d ep en d en t o f  th e  l o a d , a term  m ust be added to  th e  

c o n t r o l  c u r r e n t  w hich i s  p r o p o r t i o n a l  t o  th e  i n t e g r a l  o f  th e  gap e r r o r .

A s c h e m a tic  d iagram  o f  a  fe e d b a ck  c o n t r o l  sy stem  t o  c o n t r o l  th e  

m agn et p o s i t i o n  in  th e  above d e s c r ib e d  m anner i s  shown in  F i g u r e  3 . 1 4 .

When th e  gap i s  e x a c t l y  e q u a l t o  th e  e q u ilib r iu m  v a lu e  h ,  V( h)  =  V.e £ (h) 

and th e  c o n t r o l  c u r r e n t  i  i s  z e r o .  The m agnet c u r r e n t  i  i s  th e n  e q u a l  

t o  th e  e q u ilib r iu m  c u r r e n t  need ed  f o r  l e v i t a t i n g  th e  m agn et a t  th e  d e s i r e d  

gap h . The v o l t a g e  s u p p lie d  t o  th e  m ag n et i s  se e n  t o  be p r o p o r t i o n a l  t o  

a l i n e a r  co m b in a tio n  o f  th e  gap  e r r o r ,  v e r t i c a l  m agn et v e l o c i t y ,  and  

i n t e g r a l  o f  th e  gap e r r o r ,  and th u s  th e  m agn et c u r r e n t  i s  p r o p o r t i o n a l  

t o  t h i s  co m b in a tio n . T h ere  a r e  a number o f  a s p e c t s  o f  t h i s  c o n t r o l  

sy stem  w hich sh ou ld  be n o te d  i n d i v i d u a l l y .  F i r s t ,  th e  v e r t i c a l  v e l o c i t y  

s i g n a l  i s  shown a s  b ein g  o b ta in e d  by d i f f e r e n t i a t i n g  th e  p o s i t i o n  e r r o r  

s i g n a l .  In  g e n e r a l ,  d i f f e r e n t i a t o r s  sh o u ld  be a v o id e d  in  p r a c t i c a l  sy stem s  

s in c e  th e y  te n d  t o  a g g r a v a te  an y  n o is e  p ro b lem s p r e s e n t  in  th e  sy ste m  and 

c a u s e  s t a b i l i t y  p ro b le m s. We o b ta in e d  th e  v e l o c i t y  s i g n a l  in  t h i s  way f o r  

th e  s m a ll m agn et b e ca u se  we d id  rio t h ave v e l o c i t y  s e n s o r s  a v a i l a b l e ,  and  

a c c e l e r o m e t e r s  s u i t a b l e  f o r  th e  a p p l i c a t i o n  w ere n o t  a v a i l a b l e  a t  th e  tim e  

th e  c o n t r o l  sy stem  was c o n s t r u c t e d .

- i l l ; -
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Second, a pulse width modulator (PWM) and power switch are used
t o  d r iv e  th e  m agnet w ith  th e  a m p litu d e  o f  th e  c o i l  v o l t a g e  V f i x e d  b u tc

i t s  p u ls e  w id th  v a r i a b l e .  The p u ls e  f re q u e n c y  u sed  was 4kH z. T h is  PWM

and power s w itc h  co u ld  e a s i l y  h av e  b een  r e p la c e d  by a  l i n e a r  a m p l i f i e r

f o r  o u r p u rp o se s  h e r e .  H ow ever, t h e  PWM -  pow er s w itc h  co m b in a tio n  i s

i n h e r e n t l y  much more e f f i c i e n t  th a n  a  s t r a i g h t f o r w a r d  l i n e a r  a m p l i f i e r

and i s  d e s i r a b l e  in  an e v e n tu a l  r e a l  s y s te m . We th u s  f e l t  i t  d e s i r a b l e

t o  u se  t h i s  ap p ro ach  t o  th e  m agn et v o l t a g e  c o n t r o l .

F i n a l l y ,  in  th e  c i r c u i t  o f  F ig u r e  3 . 1 4 ,  th e  m agn et v o l t a g e  i s

c o n t r o l l e d  t o  be p r o p o r t i o n a l  t o  th e  l i n e a r  co m b in a tio n  o f  p o s i t i o n

e r r o r ,  i n t e g r a l  o f  p o s i t i o n  e r r o r ,  and v e r t i c a l  v e l o c i t y ,  w h ereas i t  was

s t a t e d  ab ove t h a t  th e  m agnet c u r r e n t  sh o u ld  be p r o p o r t i o n a l  t o  th e s e

q u a n t i t i e s .  S in ce  th e  m agnet v o l t a g e  i s

d iV =  L T 7  +  R i  c  c  d t  c ( 3 . 6 7 )

w here L and R a r e  th e  m agnet in d u c ta n c e  and r e s i s t a n c e ,  i t  i s  a p p a re n t  c  c

t h a t  i  i s  l i n e a r l y  r e l a t e d  t o  a s  lo n g  a s  ^  «  R ^ i .  Thus ,  th e  

m agn et c o n t r o l  sh ou ld  be good a t  th e  lo w er f r e q u e n c i e s .  H ow ever, we 

d id  e x p e r ie n c e  some n o is e  p ro b lem s w ith  o u r f i r s t  m odel m agn et w hich  

would be p a r t l y  due t o  th e  e x t r a  tim e  l a g  in tro d u c e d  by th e  d i / d t  

te rm  w hich d o m in ates  th e  v o l t a g e  a t  h ig h e r  f r e q u e n c i e s .

W ith  th e  c o n t r o l  sy ste m  o f  F ig u r e  3 . 1 4 ,  we w ere a b le  t o  l e v i t a t e  

th e  s m a ll e le c tr o m a g n e t  o v e r  a ra n g e  o f  g ap s from  ab o u t 1 / 8  in c h  t o  3 /4  

in c h . The d a ta  o b ta in e d  r e g a r d in g  th e  l e v i t a t i o n  c u r r e n t  w ere d is c u s s e d  

i n  th e  p r e v io u s  s e c t i o n .  We e x p e r ie n c e d  some n o is e  p ro b lem s due t o  th e  

d i f f e r e n t i a t o r  i n  th e  c i r c u i t  and due t o  c o n t r o l l i n g  th e  v o l t a g e  r a t h e r  

th a n  th e  c u r r e n t .  The n o is e  p ro b le m s a p p e a re d  a s  a  h ig h  f r e q u e n c y , sm a ll  

a m p litu d e  v i b r a t i o n  ab o u t th e  e q u il ib r iu m  p o s i t i o n .



3.5.3. Large Magnet Analysis
The l a r g e  model e le c tr o m a g n e t  t h a t  we b u i l t  t o  s tu d y  th e  e l e c t r o 

m a g n e tic  s u s p e n s io n  i s  shown s c h e m a t i c a l ly  in  F ig u r e  3 . 1 5  a lo n g  w ith  th e  

im p o rta n t  d im e n sio n s . In  o r d e r  t o  r e s t r i c t  th e  m agnet m o tio n  t o  one d e g re e  

o f  fre e d o m , th e  m agnet was m ounted on an aluminum p l a t e  a s  shown in  

F ig u r e  3 . 1 6 .  The h y d r a u l ic  c y l i n d e r  w hich i s  c o n n e c te d  t o  th e  aluminum  

p l a t e  t o  w h ich  th e  i r o n  p l a t e  ( r a i l )  i s  a t t a c h e d  i s  c o n t r o l l e d  by o u r  

e l e c t r o h y d r a u l i c  sh a k e r (Fo rd  M in i-S e rv o  System ) t o  p ro d u ce  v a r i o u s  

v i b r a t i o n s  o f  th e  to p  p l a t e .  The p l a t e s  a r e  r e s t r a i n e d  t o  v e r t i c a l  

m o tio n  by l i n e a r  b e a r in g s  w hich t r a v e l  a lo n g  th e  fo u r  colum ns a t  th e  

c o r n e r s  o f  th e . p l a t e s .  We have m o d ifie d  th e  m agnet f i x t u r e  som ewhat 

s i n c e  th e  p h o to g ra p h  o f  F ig u r e  3 . 1 6  was ta k e n  b e ca u se  o f  p ro b lem s w ith  

f l e x i n g  o f  th e  p l a t e s  u n d er lo a d  and f r i c t i o n  in  th e  l i n e a r  b e a r i n g s .

E a ch  p l a t e  i n  th e  f i x t u r e  now c o n s i s t s  o f  two p l a t e s  b o l te d  t o g e t h e r  

f o r  s t r u c t u r a l  r i g i d i t y .  T h ese added p l a t e s  a l s o  h ave l i n e a r  b e a r in g s  

a t  e a c h  c o r n e r  w hich t r a v e l  a lo n g  th e  v e r t i c a l  co lu m n s. T h u s, th e  com

b in e d  p l a t e s  e a c h  h ave two l i n e a r  b e a r in g s  a t  e a c h  c o r n e r  and t h i s  

g r e a t l y  re d u c e s  th e  f r i c t i o n  from  th e  b e a r i n g s .  The t o t a l  w e ig h t th e  

m agn et m u st l i f t  i s  th u s  e q u a l t o  th e  sum o f  i t s  w e ig h t p lu s  th e  two 

aluminum p l a t e s  t o  w hich i t  i s  a t t a c h e d ,  and t h i s  t o t a l  w e ig h t i s  a p p r o x i 

m a te ly  275  l b .  The c o i l  w in d in gs w ere p la c e d  on th e  c o r e  a s  shown i n  

F ig u r e  3 . 1 5 ,  i n s t e a d  o f  in  th e  way i n d i c a t e d  in  F ig u r e  3 . 8 ,  f o r  e a s e  

o f  c o n s t r u c t i o n .

D ata  on a i r  gap f l u x  d e n s i t y  v e r s u s  c o i l  c u r r e n t  f o r  v a r i o u s  

gap w id th s  b etw een  th e  m agnet p o le  p i e c e s  and to p  p l a t e  a r e  shown in  

F ig u r e  3 . 1 7 .  N ote t h a t  th e s e  d a ta  w ere o b ta in e d  b e f o r e  th e  se co n d

-1 1 7 -
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F i g .  3 . 1 7 .  F lu x  d e n s i t y .v s .  c u r r e n t  ( l a r g e  e le c t r o m a g n e t ,  
u sin g  85  o f  th e  1 6 0  t u r n s ) .
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(75  tu r n )  c o i l  was wound and th u s  a r e  o n ly  f o r  th e  85 t u r n  c o i l .

S a t u r a t i o n  i s  e v id e n t  f o r  th e  s m a l l e s t  gap o f  1 / 1 6  in c h  f o r  c u r r e n t s  

g r e a t e r  th a n  3 0  am p eres. The c o i l  in d u c ta n c e  ca n  be c a l c u l a t e d  from  

th e  flllX  d e n s i t y  v e r s u s  c u r r e n t  c u r v e s  in  F ig u r e  3 .1 7  i n  th e  same 

m anner i n d i c a t e d  p r e v io u s ly  f o r  th e  sm a ll m agn et (e q u a tio n  ( 3 . 5 8 ) ) .

A ls o , th e  in d u c ta n c e  can  be c a l c u l a t e d  from  th e  a i r  gap r e l u c t a n c e  a s  

was done f o r  th e  s m a ll m agnet (e q u a tio n  ( 3 . 6 2 ) ) .  The ag re e m e n t betw een  

th e s e  c u r v e s  i s  n o t  p a r t i c u l a r l y  good f o r  g ap s b elow  1 / 4  in c h  and l a c k s  

e x p la n a t io n  a t  t h i s  t im e .

The c u r r e n t  r e q u ir e d  t o  l e v i t a t e  t h i s  m agn et ca n  be c a l c u l a t e d  

a s  d is c u s s e d  p r e v i o u s l y  s in c e  L ( z )  i s  known (e q u a tio n  ( 3 . 6 6 ) ) .  The r e 

q u ire d  d e r i v a t i v e  d L /d z  ca n  be o b ta in e d  a n a l y t i c a l l y  from  th e  e x p r e s s io n  

f o r  L ( z )  o b ta in e d  from  th e  r e l u c t a n c e  o r  by g r a p h i c a l  d i f f e r e n t i a t i o n  o f  

th e  c u r v e  L ( z )  o b ta in e d  u s in g  th e  m easu red  a i r  gap f l u x  d e n s i t y  v e r s u s  

c u r r e n t  d a t a .  The r e q u ir e d  l e v i t a t i o n  c u r r e n t  v e r s u s  gap  i s  p l o t t e d  in  

F ig u r e  3 . 1 9 .  The s t r a i g h t  l i n e  ( l a b e l l e d  t h e o r e t i c a l )  i s  o b ta in e d  u s in g  

th e  a n a l y t i c a l  e x p r e s s io n  f o r  d L /d z  t h a t  f o l lo w s  from  d i f f e r e n t i a t i o n  o f  

e q u a tio n  ( 3 . 6 2 ) .  The p o i n t s  m arked ® c o rre s p o n d  t o  th e  c u r r e n t  c a l c u l a t e d  

u s in g  th e  v a lu e s  f o r  d L /d z  o b ta in e d  by g r a p h i c a l  d i f f e r e n t i a t i o n  o f  th e  

L ( z )  c u rv e  o b ta in e d  from  th e  a i r  gap  f l u x  d e n s i t y  v e r s u s  c u r r e n t  d a t a ,  

and th e  p o i n t s  m arked w ith  a c i r c l e  i n d i c a t e  th e  m easu red  v a lu e s  o f  

c u r r e n t  w ith  th e  m agnet c o n t r o l  sy ste m  o p e r a t in g  and th e  m agnet l e v i t a t e d  

a t  th e  v a r i o u s  g a p s . The ag reem en t betw een th e  t h e o r e t i c a l  and m easu red  

v a lu e s  i s  n o t  p a r t i c u l a r l y  g o o d . H ow ever, t h i s  i s  n o t  s u r p r i s i n g .  R e c a l l  

t h a t  in  t h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  th e  in d u c ta n c e  and i t s  d e r i v a t i v e s  

t h a t  th e  e f f e c t i v e  a r e a  o f  th e  a i r  gap was ta k e n  t o  be th e  p o le  f a c e  a r e a .
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F i g .  3 . 1 9 .  L e v i t a t i o n  c u r r e n t  a s  a  f u n c t io n  o f  m agn et t o  t r a c k  
gap f o r  th e  l a r g e  e le c t r o m a g n e t .
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In  f a c t ,  a s  th e  a i r  gap i s  i n c r e a s e d ,  th e  e f f e c t i v e  a i r  gap a r e a  w i l l  

i n c r e a s e  c a u s in g  l a r g e r  v a lu e s  f o r  L ( z )  ( e q . ( 3 . 6 2 ) )  and i t s  d e r i v a t i v e s .  

T h is  th e n  im p lie s  lo w er v a lu e s  o f  th e  l e v i t a t i o n  c u r r e n t  would be r e 

q u ire d  th a n  th o s e  c a l c u l a t e d  assu m in g a  c o n s t a n t  a i r  gap a r e a .  I f  th e  

e f f e c t i v e  a i r  gap a r e a  in c r e a s e d  l i n e a r l y  from  th e  p o le  f a c e  a r e a  a t  

z e ro  gap t o  1 .5  t im e s  th e  p o le  f a c e  a r e a  a t  1 / 2  in c h  g a p , th e  t h e o r e t i c a l  

and m easured  c u rv e s  f o r  th e  l e v i t a t i o n  c u r r e n t  r e q u ir e d  f o r  a g iv e n  gap  

would a g r e e  a lm o s t e x a c t l y .

The pow er r e q u ir e d  f o r  l e v i t a t i o n  ca n  be c a l c u l a t e d  from  th e  

l e v i t a t i o n  c u r r e n t  v e r s u s  gap d a ta  s i n c e  th e  c o i l  r e s i s t a n c e  i s  known 

t o  be 0 . 1 5  ohms. The r e q u ir e d  l e v i t a t i o n  pow er p e r  to n  f o r  v a r io u s  

gap s i s  g iv e n  in  T ab le  3 . 6 .

TABLE 3 . 6 .  R e q u ire d  L e v i t a t i o n  Power 
(275  l b .  e le c t r o m a g n e t  o f  F ig u r e  3 . 1 5 )

gap ( i n . )
*

l e v i t a t i o n  pow er (k w /ton )

1 /4 0 . 4 4

3 / 8 1 . 2

1 / 2 1 . 6 2

5 / 8 2 . 2 2

*
C a lc u la te d  u s in g  m easu red  v a lu e s  o f  c u r r e n t

T h ese d a ta  i n d i c a t e  good ag reem en t w ith  o t h e r  s t u d i e s  o f  su ch  a s y s te m "^  

and i n d i c a t e  we have an e f f i c i e n t  m agnet d e s ig n .

3 . 5 . 4 .  A n a l y t i c a l  and E x p e r im e n ta l  S tu d y  o f  C o n tr o l  System

In  t h i s  s e c t i o n  we a n a ly z e  v a r i o u s  c o n t r o l  sy stem  d e s ig n s  f o r  

th e  l a r g e  m odel e le c tr o m a g n e t  and com pare th e  r e s u l t i n g  s u s p e n s io n  c h a r 

a c t e r i s t i c s  w ith  o u r e x p e r im e n ta l  r e s u l t s .
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The e q u a tio n  o f  m o tio n  f o r  th e  l e v i t a t e d  m agn et w hich i s

s u b je c te d  t o  d i s tu r b a n c e s  w hich p e r tu r b  i t  from  i t s  e q u ilib r iu m  p o s i t i o n

i s  d i r e c t l y  o b ta in e d  from  th e  p r e v io u s  d i s c u s s i o n s  in  w hich th e  l i f t

f o r c e  a s  a  f u n c t i o n  o f  m a g n e t - t o - t r a c k  gap was o b ta in e d . From e q u a tio n

( 3 . 6 4 )  and u s in g  th e  c o o r d in a te  sy stem  i n  F ig u r e  3 . 2 0 ,  i t  f o llo w s  t h a t

d L ( Z j
m Zm =  mg -  F ^ )  =  mg +  -  I  ( 3 . 6 8 )

w here Z =  z -  Z, . L i n e a r i z i n g  e q u a tio n  ( 3 . 6 8 )  a b o u t th e  nom inal 
r  m t  .

e q u i l ib i r iu m  p o s i t i o n ,  d e f in e

AZ =  Z -  Z m m m AZt  "  Zt  ~ Zt  ' ( 3 . 6  )

and assu m in g  AZ^ i s  sm a ll com pared t o  th e  e q u ilib r iu m  g a p , Z i and  

f u r t h e r ,  assu m in g  t h a t  th e  c u r r e n t  i s  g iv e n  by

I  =  I  +  ie c
( 3 . 7 0 )

w here i  i s  th e  c o n t r o l  c u r r e n t  and I  th e  e q u ilib r iu m  l e v i t a t i o n  c u r r e n t ,

i  «  I  , th e n  we o b ta in  c  e
2

•• 1 e d L
m 2 m . „ 2dZr

( z  - z e ) +  - 2 .  I I -r  r  m dZ d-Ie) ( 3 . 7 1 )

The s u b s c r i p t s  and s u p e r s c r i p t s ,  e ,  im ply e q u ilib r iu m  v a l u e s .  T h is  ca n  

be f u r t h u r  s i m p l i f i e d  to

AZ =  a  (AZ -AZ. ) +  b  i  m m t  c ( 3 . 7 2 )

w here

a  = 2 m
d 2L

dZ
and b =  —e_ dL 

m dZ

The v o l t a g e  a c r o s s  th e  m agnet c o i l  i s  th e n  g iv e n  by

E = R I + L ^ - + I ^ -  ,
c o i l  d t  d t ( 3 . 7 3 )

- 1 2 5 -
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w h ic h  i n  te rm s o f  th e  s m a ll  s i g n a l  v a r i a b l e s  c a n  be w r it t e n

d i  I dz. . c  dL r
AE . =  E . -  R I =  R i +  L —  + 1  — “ — ttc o i l  c o i l  e  c  e d t  e dZ I d tr ' e

( 3 .7 4 )

T ak in g  th e  L a p la c e  tra n s fo rm  o f  e q u a tio n s  ( 3 .7 2 )  and ( 3 .7 4 )  we o b t a i n ,

S AZ =  a(AZ -AZ. ) +  b i  m m t  c
( 3 .7 5 a )

AE . =  (R+SL ) i  +  m b -S -z  , ( 3 .7 5 b )
c o i l  ,e c r  ■

w here i t  i s  im p o rta n t  t o  remember t h a t  AZ , A Z , , i  ,AZ and AE > n a l lm t  c  r  c o i l

r e p r e s e n t  th e  L a p la c e  t r a n s f o r m s  o f  th e  r e s p e c t i v e  tim e  v a r i a b l e s  d e f in e d  

i n  e q u a tio n s  ( 3 .6 9 )  th ro u g h  ( 3 . 7 4 ) ,  and S i s  th e  L a p la c e  t r a n s f o r m  

v a r i a b l e  a + ju ). The b lo c k  d iag ram  r e p r e s e n t a t i o n  o f  e q u a tio n s  ( 3 .7 5 a ,b )  

i s  g iv e n  i n  F ig u r e  3 . 2 1 .

The v a r i o u s  c o n t r o l  s t r a t e g i e s  u sed  t o  o b ta in  a  s t a b l e  

e q u il ib r iu m  w ith  th e  m agnet a r e  i n d i c a t e d  s c h e m a t i c a l ly  in  F ig u r e  3 . 2 2 .

We h av e  th e  c a p a b i l i t y  o f  u s in g  b o th  th e  m a g n e t - t r a c k  gap in f o r m a tio n  

and m ag n et a b s o lu te  a c c e l e r a t i o n  i n  v a r io u s  c o n t r o l  s t r a t e g i e s .  The 

gap s e n s o r  u sed  i s  a  Kaman in d u c t iv e  s e n s o r  w h ich  g i v e s  an o u tp u t  o f  

1 v o l t  p e r  in c h  o f  m a g n e t - t o - t r a c k  gap and th e  a c c e l e r o m e t e r  i s  a  

K i s t l e r  s e r v o a c c e le r o m e te r  w hich p ro d u ce s  an  o u tp u t  o f  1 / 4  v o l t  p e r  g  

o f  a c c e l e r a t i o n .  T h u s, v a r io u s  l i n e a r  c o m b in a tio n s  o f  a b s o lu te  

a c c e l e r a t i o n ,  a b s o lu te  v e l o c i t y ,  and r e l a t i v e  (m a g n e t- tr a c k )  p o s i t i o n  

ca n  be u se d  t o  o b ta in  d i f f e r e n t  su sp e n sio n  c h a r a c t e r i s t i c s  f o r  th e  

l e v i t a t e d  m a g n e t. F u r th e rm o r e , t h i s  l i n e a r  co m b in a tio n  o f  s i g n a l s  

ca n  be p a s s e d  th ro u g h  a  co m p en satio n  n etw ork  a s  i n d i c a t e d  i n  th e  f i g u r e  

t o  f u r t h e r  a l t e r  th e  su sp e n sio n  c h a r a c t e r i s t i c s .  The c o n t r o l  s t r a t e g i e s  we 

i n v e s t i g a t e d  f a l l  i n t o  th e  f o llo w in g  th r e e  c a t e g o r i e s :
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TRACK PLATE

FIGURE 3.22-SCHEMATIC OF MAGNET CONTROL SYSTEM



Type I  : P o s i t i o n  and v e l o c i t y  fe e d b a ck  =  0 ,  >  0 ,  K >  0

and th e  co m p en satio n  n etw ork  i s  n o t u s e d . T h is  r e s u l t s

i n  a  f a i r l y  s o f t ,  slo w  s u sp e n sio n  w ith  a  h ig h  fre q u e n c y

re s o n a n c e  in  th e  v i c i n i t y  o f  10Hz w hich ca n  be a l t e r e d

v e r y  l i t t l e  by th e  a d ju s tm e n t o f  and K^.

Type I I  : P o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a t i o n  fe e d b a c k ,

K >  0 ,  K >  0 ,  K > 0  and th e  co m p en satio n  n etw ork  i s  
a  v  p

n o t  u s e d . T h is  r e s u l t s  i n  a  s t i f f e r ,  q u ic k e r  s u s p e n s io n .

Type I I I : R e l a t i v e  p o s i t i o n  fe e d b a ck  w ith  c o m p e n sa tio n ,

K =  0 =  K , K >  0 and a  co m p en satio n  n etw ork  w ith  a  t r a n s -  
a  v  p

f e r  f u n c t io n  o f  th e  form  i s  u s e d . T h is  a p p ro a ch(S + c )(S + d )

r e q u i r e s  e x tre m e ly  l a r g e  v a lu e s  f o r  th e  g a i n ,  K ^, and r e s u l t s  

i n  a  v e r y  s t i f f  s u s p e n s io n . H ow ever, i t  i s  v e r y  s u s c e p t i b l e  

t o  n o is e  p rob lem s b e c a u s e  o f  th e  v e r y  h ig h  g a in s  and w ide  

b an d w id th .

In  e a c h  o f  th e s e  a p p ro a c h e s , th e  c o n t r o l  s i g n a l  i s  u sed  a s  th e  

in p u t  t o  a  p u ls e  w id th  m o d u la to r  w hich th e n  d r i v e s  a  pow er a m p l i f i e r  

w h ich  d r i v e s  th e  m ag n et. T h u s, th e  c o n t r o l  s i g n a l  i s  u sed  t o  v a r y  th e  d u ty  

c y c l e  o f  a  f i x e d  am p litu d e  v o l t a g e  p u ls e  t r a i n  w ith  a  4 kHz f re q u e n c y  

w hich  i s  u sed  t o  e n e r g iz e  th e  c o i l .  I t  i s  im p o rta n t t o  d i s t i n g u i s h  t h i s  

a p p ro a ch  from  th e  c a s e  w here th e  m agnet i s  d r iv e n  by a  pow er su p p ly  in  

w hich th e  c u r r e n t  in  th e  c o i l  i s  d i r e c t l y  c o n t r o l l e d  s i n c e  s i m i l a r  c o n t r o l  

s i g n a l s  t o  th e  in p u t o f  th e  pow er a m p l i f i e r  would p ro d u ce  d i f f e r e n t  dynam ic  

c h a r a c t e r i s t i c s  o f  th e  m a g n e tic  s u s p e n s io n . We ch o se  th e  v o l t a g e  c o n t r o l  

a p p ro a ch  b e c a u s e  we f e l t  t h a t  i t  would be m ore e f f i c i e n t  in  an  e v e n tu a l  

f u l l - s i z e  v e h i c l e ,  s in c e  i t  a p p e a rs  t h a t  l e s s  pow er would be d i s s i p a t e d
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in  th e  pow er a m p l i f ie r  i t s e l f  u s in g  t h i s  a p p ro a c h . H ow ever, n e i t h e r  

th e  v o l t a g e  c o n t r o l  n o r c u r r e n t  c o n t r o l  a p p ro a ch  sh ou ld  be c o n s id e r e d  

to  be th e  "o n ly  way t o  do i t "  a t  t h i s  t im e .

The L a p la c e  t r a n s f o r m  b lo c k  d iag ram  r e p r e s e n t i n g  th e  m agnet 

in c lu d in g  a l l  o f  th e  c o n t r o l  v a r i a b l e s  we i n v e s t i g a t e d  i s  shown in  

F ig u r e  3 . 2 3 .  The b lo c k s  la b e le d  PWM and PA r e p r e s e n t  th e  p u ls e  w id th  

m o d u la to r  and power a m p l i f i e r .  T h ese b lo c k s  w ere a p p ro x im a te d  in  o u r  

a n a l y s i s  by a  sim p le  l i n e a r  g a in  o f  1 . 6 6  w hich was d e te rm in e d  e x p e r i 

m e n ta l ly . The r e s u l t s  o f  th e  a n a l y s i s  i n d i c a t e  t h i s  was a  good a p p r o x i

m a tio n . We p ro c e e d  now t o  a co m p a riso n  o f  th e  a n a l y t i c a l  and e x p e r im e n ta l  

r e s u l t s  u s in g  th e  v a r io u s  c o n t r o l  a p p r o a c h e s .

Type I  C o n tro l  S ystem : P o s i t i o n  and V e l o c i t y  Feed b ack

In  a l l  c a s e s ,  th e  t r a n s f e r  f u n c t io n  o f  i n t e r e s t  i s  th e  t r a n s f e r

f u n c t io n  from  Z t o  £Z , i . e . , we a r e  i n t e r e s t e d  in  knowing how th e  
t  m

m agnet re sp o n d s  t o  d is tu r b a n c e s  i n  th e  t r a c k  p o s i t i o n .  In  t h i s  c a s e ,
)

th e  t r a n s f e r  f u n c tio n  o b ta in e d  by s e t t i n g  K =  0 and n o t u s in g  a  com pen-
3.

s a t i o n  n etw ork  (a s  d e f in e d  above f o r  th e  Type I  c o n t r o l  a p p ro a ch ) and 

a p p ly in g  M aso n 's G ain Form u la i s  found t o  be

AZm 1 , . 2 , N(S)------  =  —  (mb / L - a )  . ^Z± t t D(S)
(a)  ( 3 . 6 8 )

N(S) = [S - (K b/L-a/T )] (tt S+l) p c l
(b)

4 1 3  2
D(S)  =  S +  —  S +  S 

TP TI Tc

b ^  mb ]---- + ------ -  a !
V L L

♦  S | -  K t  -  a / T +  5 *
pL p Lt

K b (c )
l t  tt tI  I  c

w here Tc = L/R ,

Tp = V / ' W

T =  i n t e g r a t o r  tim e  c o n s t a n t  .
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FIGURE 3.23
MAGNET WITH FEEDBACK C O N T R O L



N ote t h a t  we u se  a  n o n -id e a l  i n t e g r a t o r  w ith  a  tim e  c o n s ta n t  t t o  o b ta in  

th e  v e l o c i t y  s i g n a l .  T h is  i s  done b e c a u s e  o f  l i m i t a t i o n s  in  th e  e l e c t r o n i c  

c i r c u i t r y  w hich p re v e n t  good o p e r a t i o n  o f  th e  c i r c u i t  f o r  v e r y  l a r g e  t . 

H ow ever, t h i s  d o es n o t have a  m a jo r  e f f e c t  on th e  re s p o n s e  f o r  t >  1 s e c . ,  

and we have used t =  1 s e c .  in  m o st c a s e s .  N ote a l s o  t h a t  a t  low f r e 

q u e n c ie s , i . e . ,  S -» 0 ,  AZ /Z  -* 1 and a t  h ig h  f r e q u e n c i e s ,  i . e . ,  S -» » ,m t

AZ /z. -> 0. T h is  i s  th e  d e s i r e d  b e h a v io r  s in c e  th e  m agn et sh o u ld  f o llo w  m t

th e  t r a c k  a t  low f r e q u e n c ie s  and ig n o r e  i t  a t  h ig h  f r e q u e n c i e s .

The fre q u e n cy  re s p o n s e  t y p i c a l  o f  t h i s  c o n t r o l  s t r a t e g y  i s

shown in  F ig u r e  3 . 2 4 .  I t  i s  c h a r a c t e r i z e d  by a f i r s t  o r d e r  r o l l o f f  
o c c u r r i n g  above ab o u t 0 .6  Hz and a  r a t h e r  undamped r e s o n a n t  p eak  
o c c u r r in g  in  th e  r e g io n  from  8 - 1 2  Hz f o r  re a s o n a b le  v a lu e s  o f  th e  two

g a in s  and K . T h is  s u s p e n s io n  i s  b a s i c a l l y  r a t h e r  s o f t  due t o  th e

r o l l o f f  around 1 Hz and th u s  h a s  a  slo w  t r a n s i e n t  r e s p o n s e . The re s o n a n c e

in  th e  10  Hz r e g io n  c a u s e s  d i f f i c u l t i e s  in  c o n t r o l  b e ca u se  i t  le a d s  t o

s a t u r a t i o n  o f  th e  r a t h e r  low v o l t a g e  c o n t r o l  e l e c t r o n i c s  we u s e d .

I f  one i n v e s t i g a t e s  th e  r o o t  c o n to u r s  f o r  t h i s  s y s te m , i . e . ,

th e  movement o f  th e  r o o t s  o f  th e  c h a r a c t e r i s t i c  e q u a tio n  in  th e  com plex

p la n e  a s  K and K a r e  v a r i e d ,  i t  i s  found t h a t  th e  re s p o n s e  shown in  v p

F ig u r e  3 . 2 4  c a n n o t be im proved upon by any co m b in a tio n  o f  and K .

\
The low fre q u e n c y  r o l l o f  and l i g h t l y  damped h ig h  fre q u e n c y  re s o n a n c e  w i l l  

alw ay s be p r e s e n t .  Thus, w h ile  i t  i s  d i f f i c u l t  t o  d e f in e  an o p tim a l  

s u sp e n sio n  f o r  t h i s  a p p ro a c h , i t  i s  r e a s o n a b le  t o  sa y  t h a t  th e  re s p o n s e s  

in  F ig u r e  3 . 2 4  a r e  ab o u t th e  b e s t  t h a t  ca n  be a c h ie v e d .

I t  sh ou ld  be n o te d  t h a t  th e  p a ra m e te rs  o f  c u rv e  A c o rre s p o n d  

t o  th o s e  m easured  e x p e r im e n ta l ly  when th e  f re q u e n c y  re s p o n s e  d a ta  shown 

w ere ta k e n . Curve B , w hich a g r e e s  b e t t e r  w ith  th e  e x p e r im e n ta l  r e s u l t s ,
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F R E Q U E N C Y  R E S P O N S E - R E L A T I V E  POSITION/ 
A B S O L U T E  VELOCITY F E E D B A C K

F re q u e n cy  r e s p o n s e -c u r v e s  f o r  e l e c t r o m a g n e t i c  s u s p e n s io n . The p a ra m e te rs  
a r e :  C urve A -  T =  1 s e c ,  K = 7 7 . 5  v o l t  s e c / f t ,  K =  3 1 9  v o l t / f t .
C urve B -  K = 3 8 . 7 5 ,  a l l  o tK e r  p a r a m e te r s  th e  sam e?
The e x p e r im e n ta l  r e s u l t s  w ere o b ta in e d  u s in g  th e  v a lu e s  o f  c u r v e  A.

F i g .  3 . 2 4 ,



was g e n e ra te d  u s in g  e q u a l t o  one h a l f  th e  m easu red  v a l u e . We f e e l  

t h a t  th e  ag re e m e n t betw een th e  e x p e r im e n ta l  and a n a l y t i c a l  r e s u l t s  i s  

v e r y  good d e s p i t e  t h i s  m in or d i s c r e p a n c y . Q u a l i t a t i v e l y ,  th e  ag re e m e n t  

betw een a n a l y s i s  and e x p e rim e n t i s  a lw ay s e x c e l l e n t .  We have s t r o n g  

e x p e r im e n ta l  i n d i c a t i o n s  t h a t  a  sim p le  c o n s t a n t  R and c o n s ta n t  L e q u iv a -  

. l e n t  c i r c u i t  f o r  th e  m agnet a s  u sed  in  o u r  a n a l y s i s  c a n n o t p r e c i s e l y  

d e s c r ib e  th e  b e h a v io r  o f  th e  m agnet f o r  f r e q u e n c ie s  above ab o u t 5 Hz.

Due to  eddy c u r r e n t s  in  th e  c o r e ,  th e  m agn et r e s i s t a n c e  i n c r e a s e s  w ith  

fre q u e n cy  and th e  in d u c ta n c e  d e c r e a s e s . F u r th e r m o r e , i t  a p p e a rs  t h a t  

th e  le a k a g e  in d u c ta n c e  i s  n o t  in d e p e n d e n t o f  th e  gap and c o u ld  a f f e c t  

th e  r e s u l t s .  H ow ever, b e ca u se  th e  b a s i c  ag re e m e n t betw een a n a l y s i s  

and e x p e rim e n t i s  so  g o o d , we do n o t  f e e l  t h a t  th e  m in or n u m e ric a l  

d is a g re e m e n t i s  c a u se  f o r  c o n c e r n .

F i n a l l y ,  th e  p h ase  s h i f t  c u r v e s  f o r  th e  g iv e n  fre q u e n cy  

re s p o n s e s  a r e  n o t shown s in c e  th e y  do n o t  co n v ey  much a d d i t i o n a l  

in f o r m a tio n . G e n e ra lly  th e  p h a se  l a g  i n c r e a s e s  from  ab o u t z e r o  d e g r e e s  

a t  0 .1  Hz t o  a b o u t 60  d e g re e s  a t  10 Hz.

Type I I  C o n tr o l  S y stem : P o s i t i o n / V e l o c i t y / A c c e l e r a t i o n  Feed b ack

In this case, the transfer function is found to be

^ Zm _  1 _  .mb2 _ N(S)
Z “  T 1 L a  * D (S) t  I  a

( 3 .6 9 a )

w here N(S) i s  th e  same a s  f o r  th e  Type I  c o n t r o l  sy stem  (e q . ( 3 .6 8 )  ( b ) ) and

. ,  . K b
Da (s) = S4 + S ( ------ &-)

P

+ s2 {t T -  + I T  - » -  ‘V W  !}■I  c

+ Sf-K b/ -• - a/t + 7 -̂ 
P  t  P  L-T.J

-13b-
-) - Kb/LTl - a/TlTc ^ 3 .69b )



T y p ic a l  fre q u e n c y  re s p o n s e  c u rv e s  f o r  th e  s u s p e n s io n  r e s u l t i n g

from  t h i s  c o n t r o l  ap p ro a ch  a r e  shown in  F ig u r e  3 . 2 5 .  As b e f o r e ,  th e

e x p e r im e n ta l  p o i n t s  a r e  m arked by a  ® and c u rv e  A was o b ta in e d  from

e q u a tio n s  ( 3 .6 9 a )  and (3 .6 9 b )  u s in g  th e  e x p e r im e n ta l ly  m easu red  v a lu e s

f o r  K , K , and K . Once a g a i n , e x c e l l e n t  ag reem en t i s  o b ta in e d  b e -  a  v  p

tw een  th e  a n a l y t i c a l  and e x p e r im e n ta l  r e s u l t s  i f  a  v a lu e  f o r  i s  used

w hich  i s  somewhat l e s s  th a n  h a l f  th e  m easured v a l u e .  We f e e l  t h a t  t h i s

r e l a t i v e l y  m in or d is a g re e m e n t r e s u l t s  from  th e  somewhat s i m p l i f i e d  m odel

o f  th e  m agnet a s  d is c u s s e d  e a r l i e r .

B a s i c a l l y ,  th e  u se  o f  a c c e l e r a t i o n  fe e d b a ck  a llo w s  h ig h e r  v a lu e s

o f  K t o  be u sed  w ith o u t g e n e r a t in g  a  l i g h t l y  damped h ig h  fre q u e n c y  P
r e s o n a n c e . The h ig h e r  K le a d s  t o  a  s t i f f e r ,  q u ic k e r  s u s p e n s io n  a s  

e x e m p lif ie d  by th e  f a i r l y  f l a t  re s p o n s e  o u t t o  10  Hz. The p h a se  la g  

a t  1 0  Hz f o r  c u rv e  B i s  a b o u t 9 0 ° .

We f e e l  t h a t  th e  re s p o n s e  o f  cu rv e  B i s  th e  b e s t  re s p o n s e  in  

te rm s  o f  s u sp e n sio n  s t i f f n e s s ,  q u ic k n e s s , and s t a b i l i t y  w hich  we c o u ld  

o b t a i n .  Such a su sp e n sio n  c o u ld  e a s i l y  f o llo w  a  t r a c k  o f  r e a s o n a b le  

ro u g h n e ss  i f  e l e c t r o n i c  c i r c u i t r y  w ith  a h ig h  enough v o l t a g e  r a t i n g  

w ere u s e d . H ow ever, we w i l l  s e e  t h a t  th e  r i d e  q u a l i t y  w ith o u t a  s e c o n d a ry  

s u s p e n s io n  would n o t be a c c e p t a b l e .

Type I I I  C o n tr o l  S ystem ; C om pensation  N e tw o rk /P o s it io n  F eed b ack

In  t h i s  a p p ro a c h , th e  a c c e le r o m e te r  s i g n a l  i s  n o t in c lu d e d  

in  th e  c o n t r o l  s i g n a l .  The r e l a t i v e  p o s i t i o n  s i g n a l  i s  p a s s e d  th ro u g h  

a co m p e n sa tio n  n etw ork  in  o r d e r  t o  o b ta in  th e  d e s i r e d  s t a b i l i t y .  W ith  

a co m p e n sa tio n  netw ork  o f  th e  form

K
(s+z1 ) ( s + z 2)

c  (S+P1 ) (S + P 2 ) ( 3 .7 0 )
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F R E Q U E N C Y  R E S P O N S E
POSITION/VELOCITY/ACCELERATION F E E D B A C K

F i g .  3 . 2 5 .  F re q u e n cy  re s p o n s e  c u r v e s  f o r  e l e c t r o m a g n e t i c  s u s p e n s io n s .
The p a r a m e te r s  a r e :
C urve A and e x p e r im e n ta l  -  K =  0 .7 7 5  v o l t  s e c  / f t ,
K =  2 3 8 0  v o l t / f t ,  K =  1 2 9  v o l t  s e c / f t .  p v
Curve B -  K = 5 0  v o l t  s e c / f t ,  a l l  o t h e r  p a r a m e te r s  th e  sam e. 

* r v  * t



th e  t r a n s f e r  f u n c t io n  AZ /Z ^  i s  found t o  bem t

. mb2 , . V S)
4V zt - <—  ■ a> 51ST (a ) ( 3 .7 1 )

w here

N (S) =  S +  
c

K b

V  *2+R/L - ~L~' mb
-  a)

+  S
K b  (Z + Z ,)c  1 2

{P1P2+P1R/L+I,2R/L l . 2
.mb . 
(— -  a )

}

P_P„R K b ZnZ 1 2 c____ 1 2
L ,2,mb

(—  -  a )

(b) ( 3 .7 1 )

and
K b

D (S) =  S +  (P + P „ + R /L )S  -  - 7 -  Z ^ .  -  a P nP _R /LC 1 2  I i l 2  1 2

+ s 3 (P1P2+P 1R /L + P 2R /L +  - -  a )

K b
+  s ^ p ^ r / L  -  a ( P 1 + P 2 + R / L )  +  = | -  ( P 1 + P 2 ) -  - S - }

+ f r PlP2 - ¥ (V Z2> - «(V 2 +P1R/L+P2R/L>} - <<=’ (3-71>

T h is  c o n t r o l  ap p ro a ch  c o rre s p o n d s  t o  a  more c l a s s i c a l  c o n t r o l  

a p p ro a c h  th a n  th o s e  d ic u s s e d  e a r l i e r .  The n etw ork  o f  e q . ( 3 . 7 0 )  i s  known 

a s  a  d o u b le  p h a se  le a d  n etw ork  and i s  e a s i l y  r e a l i z e d  u s in g  r e s i s t o r / c a p a c i t o r  

n etw o rk s w ith  o p e r a t i o n a l  a m p l i f i e r s  a s  b u f f e r s .  The z e r o e s ,  Z^ and Z2 , 

m u st be much l e s s  th a n  th e  p o le s  P^ and P 2 in  o r d e r  t o  be a b le  t o  s t a b i l i z e  

th e  u n s ta b le  m agn et e q u il ib r iu m . H ow ever, f o r  any c h o ic e  o f  t h e s e  z e r o e s  

and p o l e s ,  e x tr e m e ly  h ig h  v a lu e s  o f  th e  g a in  K^ a r e  needed t o  d r iv e  th e
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th e  p o le s  o f  th e  sy stem  ( i . e . ,  th e  r o o t s  o f  D(S)  =  0) i n t o  th e  l e f t

h a l f  o f  th e  com plex S p la n e  a s  r e q u ir e d  f o r  s t a b i l i t y .  The movement

o f  th e  sy stem  p o le s  in  th e  com p lex p la n e  a s  K i s  v a r i e d  ca n  be s tu d ie dc

f o r  v a r io u s  co m p en satio n  p o le s  and z e r o e s  by f in d in g  th e  r o o t s  o f  ( 3 . 7 1 c )  

Such r o o t  l o c i  s tu d ie s  i n d i c a t e  t h a t  a  co m p en satio n  n etw ork  g iv e n  by

(S +20) (S +25)
Kc  ( S + 8 0 0 ) ( S + 9 0 0 ) ( 3 . 7 2 )

y i e l d s  a b o u t th e  b e s t  r e s p o n s e . The minimum v a lu e  o f  K needed f o r
c

4
s t a b i l i t y  w ith  t h i s  n etw ork  i s  a b o u t 6 x  10  , w ith  v a lu e s  o f  K in  th e

c

ra n g e  2 .5  x  1 0 5 g iv in g  th e  b e s t  sy ste m  re s p o n s e s  a s  i n d i c a t e d  by th e  

t r a n s f e r  f u n c t io n .

The t r a n s f e r  f u n c t io n  AZ /Z ^  o f  a  m agnet w ith  t h i s  ty p e  o fm t

fe e d b a ck  c o n t r o l  w ith  two d i f f e r e n t  v a lu e s  f o r  i s  shown in  F ig u r e  3 . 2 6  

The e x tr e m e ly  l a r g e  g a in  v a lu e s  le a d  t o  v e r y  w ide bandw idth re s p o n s e s  and  

an i n c r e d i b l y  s t i f f  s u s p e n s io n . H ow ever, i t  i s  a p p a re n t t h a t  n o is e  

would be a s e v e r e  prob lem  w ith  su ch  h ig h  g a in s  a s  would s a t u r a t i o n  o f  

th e  c o n t r o l  e l e c t r o n i c s .  F o r  e x a m p le , a  s i g n a l  o f  50|i v o l t  a t  th e  

t r a n s d u c e r  would be 2 .5  v o l t  a f t e r  th e  g a in  o f  5 x  1 0 ^ .  H ow ever, su ch  

a s i g n a l  c o rre s p o n d s  t o  a movement o f  o n ly  5 0  m ic r o n s . F u r th e rm o r e ,  

u n le s s  th e  s i g n a l - t o - n o i s e  r a t i o  o f  th e  t r a n s d u c e r  i s  o f  th e  o r d e r  o f  

1 0 0 0 ,  e l e c t r o n i c  n o is e  w i l l  be a  p ro b lem  w ith  su ch  h ig h  g a i n s .

E x p e r im e n ta l ly , w ith  g r e a t  c a r e  we w ere a b le  t o  g e t  su ch  a  

su sp e n sio n  t o  be s t a t i c a l l y  s t a b l e .  H ow ever, any movement o f  th e  t r a c k  

o r  v a r i a t i o n  o f  th e  r e f e r e n c e  s i g n a l  c a u s e d  s a t u r a t i o n  o f  th e  c o n t r o l  

c i r c u i t r y  and n o is e  p rob lem s made th e  s t a t i c  s t a b i l i t y  v e r y  p r e c a r i o u s .  

T h u s, i t  was im p o s s ib le  t o  o b ta in  a f re q u e n c y  re s p o n s e  e x p e r i m e n t a l l y .
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F i g .  3 . 2 6 .  T h e o r e t i c a l  f r e q u e n c y  re s p o n s e  c u r v e s  f o r  e l e c t r o m a g n e t i c  s u s p e n s io n  
w ith  co m p e n sa tio n  n e tw o rk . The co m p e n sa tio n  n etw ork  h a s  th e  t r a n s f e r  

(S + 2 0 ) (S +25)f u n c t i o n  K
c  (S + 8 0 0 ) (S + 9 0 0 )

and th e  numbers by th e  c u r v e s  c o rre s p o n d

t o  v a l u e s  o f  K



While this type of control leads to a suspension which would

fo llo w  th e  t r a c k  e x a c t l y  t o  a b o u t 50  Hz, we do n o t f e e l  i t  would be a t  

a l l  p r a c t i c a l  due t o  th e  n o is e  p ro b lem s and c o n t r o l  c i r c u i t  s a t u r a t i o n  

a s s o c i a t e d  w ith  th e  e x tr e m e ly  h ig h  g a i n s .

C o n tro l  Power R eq u irem en ts

The n a tu r e  o f  th e  l i m i t i n g  b e h a v io r  o f  th e  l e v i t a t e d  m agnet 

when s u b je c te d  t o  d is tu r b a n c e s  due t o  t r a c k  ro u g h n e ss  depends on th e  

c o n t r o l  s t r a t e g y ,  th e  c a p a b i l i t i e s  o f  th e  e l e c t r o n i c  c i r c u i t r y  u sed  t o  

c o n t r o l  th e  m agnet power su p p ly , and on th e  pow er a v a i l a b l e  from  th e  

power su p p ly . T h u s, w h eth er th e  m agnet s t r i k e s  th e  t r a c k  f i r s t  o r  

" f a l l s  o u t  o f  c o n t r o l "  f i r s t  when s u b je c te d  t o  s i n u s o id a l  s i g n a l s  o f  

i n c r e a s in g  m agn itu d e depends v e r y  much on th e  p a r t i c u l a r  d e t a i l s  o f  

th e  c o n t r o l  sy stem  u sed  and g e n e r a l i z a t i o n s  r e g a r d in g  " c o n t r o l  l i m i t s "  

a r e  somewhat d i f f i c u l t  t o  m ake. H ow ever, i t  i s  se e n  in  th e  a n a ly s e s  

w hich f o llo w  t h a t  r a t h e r  m od est am ounts o f  c o n t r o l  pow er w i l l  be r e 

q u ire d  t o  a llo w  a  v e h i c l e  t o  t r a v e l  a t  3 0 0  m i/h  o v e r  t y p i c a l  gu idew ays  

o f  random ro u g h n e ss  w ith o u t " f a l l i n g  o u t o f  c o n t r o l " ,  and th e  c o n t r o l  

l i m i t  w i l l  be d e f in e d  by th e  c o n d i t io n  when th e  m agnet r e p e a t e d l y  s t r i k e s  

th e  t r a c k .

We e x p e r im e n ta l ly  d e te rm in e d  th e  l i m i t  when o u r m agnet would  

b e g in  s t r i k i n g  th e  t r a c k  by sh a k in g  th e  u p p er p l a t e  ( t r a c k ) , u s in g  o u r  

m in i-s e r v o  s y s te m , a t  v a r y in g  a m p litu d e  f o r  v a r i o u s  f r e q u e n c i e s .  B e ca u se  

o f  an id io s y n c h r o s y  in  o u r p u ls e  w id th  m o d u la tio n  c i r c u i t r y ,  th e  m agnet 

would clam p t o  th e  t r a c k  on ce i t  b egan  t o  s t r i k e  th e  t r a c k ,  and th u s  

th e  l i m i t  o f  s t r i k i n g  th e  t r a c k  in  te rm s  o f  th e  in p u t d is tu r b a n c e  a m p li

tu d e  was r a t h e r  e a s y  t o  d e te rm in e  e x p e r i m e n t a l l y .  The c o n t r o l  l i m i t  in



terms of track amplitude versus frequency is shown in Figure 3.27. These
r e s u l t s  w ere o b ta in e d  u s in g  C o n tro l  Type I  a s  d is c u s s e d  e a r l i e r ,  i . e . ,

u s in g  r e l a t i v e  p o s i t i o n  and a b s o lu te  v e l o c i t y  fe e d b a ck  c o n t r o l  o f  th e

m agnet v o l t a g e .  The fre q u e n c y  re s p o n s e  f o r  th e  s u s p e n s io n  o b ta in e d  w ith

th e  p a ra m e te rs  =  5 6 ,  =  338  a s  used in  t h i s  t e s t  was v e r y  s i m i l a r

t o  th o s e  shown in  F ig u r e  3 . 2 4 .  T h is  c o n t r o l  s t r a t e g y  was u sed  t o

d e te rm in e  th e  c o n t r o l  l i m i t s  m a in ly  b e ca u se  i t  was th e  one w ith  w hich we

had had th e  m ost s u c c e s s  a t  th e  tim e  t h i s  t e s t  was ru n . U n f o r tu n a te ly ,

b e c a u s e  o f  th e  n a tu r e  o f  th e  m agnet v o l ta g e  and c u r r e n t ,  i . e . ,  a  p u ls e

w id th  m od u lated  4 KHz p u ls e  t r a i n ,  i t  was n o t p r a c t i c a l  t o  m easu re  th e

a v e ra g e  v o l t a g e  and c u r r e n t  a t  th e  c o n t r o l  l i m i t .  T h u s, we do n o t have

m easu red  q u a n t i t i e s  t o  i n d i c a t e  w hat c o n t r o l  pow er was b e in g  expended

a t  th e  l i m i t  when th e  m agn et s t r u c k  th e  t r a c k .  H ow ever, th e  m agn et v o l t a g e

and c u r r e n t  r e s u l t i n g  from  th e  t r a c k  v i b r a t i n g  a t  th e  a m p litu d e  g iv e n  by

th e  c o n t r o l  l i m i t  cu rv e  ca n  be c a l c u l a t e d  from  a  l i n e a r  a n a l y s i s  by th e

same te c h n iq u e s  a s  w ere u sed  t o  d e te rm in e  th e  t r a n s f e r  f u n c t io n  AZ /Z
m t

in  e a r l i e r  a n a l y s e s .  The t r a n s f e r  f u n c tio n s  f o r  th e  c o n t r o l  v o l t a g e  and 

c u r r e n t  can  be shown t o  be

E (S) c ( 3 . 7 3 a )AZfc (S) T D(S)

and

I  (S) c ( 3 . 7 3 b )
AZt (S) R+SL

w here D(S)  i s  a s  g iv e n  in  e q u a tio n  ( 3 . 6 8 c ) .  R e c a l l  t h a t  th e  t o t a l

v o l t a g e  a c r o s s  th e  c o i l ,  E , n , i sc o i l

E . ,  =  e ( t )  + RI 
c o i l  c

( 3 . 7 4 )
e

1>1
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F i g .  3 . 2 7 .  C o n tr o l  l i m i t  re s p o n s e  o f  e l e c t r o m a g n e t i c  s u s p e n s io n  o b ta in e d  u s in g
r e l a t i v e  p o s i t i o n / a b s o l u t e  v e l o c i t y  fe e d b a ck  w ith  g a in s  K = 5 6  v o l t  s e c / f t ,  
K =  338  v o l t / f t .  The m agnet " l a t c h e d "  t o  th e  t r a c k  when i t  h i t .  The 
p S in ts  m arked o c o rre s p o n d  t o  th e  p eak  a m p litu d e  in  a  1 Hz bandw idth  
a b o u t th e  v a r i o u s  f r e q u e n c ie s  f o r  a  t r a c k  w ith  random ro u g h n e ss  pow er 
s p e c t r a l  d e n s i t y  A /fi^ , A =  5 x  i p - ^ f t .

r



w here R i s  th e  c o i l  r e s i s t a n c e  and I  th e  e q u ilib r iu m  c o i l  c u r r e n t ,  and 

th e  t o t a l  c u r r e n t  th ro u g h  th e  c o i l  i s

I  . =  i  ( t )  +  Ic o i l  c  e ( 3 . 7 5 )

Then E (S) and I  (S) a r e  th e  L a p la c e  t r a n s fo rm s  o f  e ( t )  and i  ( t ) , 
c  c  c  c

r e s p e c t i v e l y .  The a v e ra g e  pow er s u p p lie d  t o  th e  c o i l  i s

P = E  . , 1  . ,  =  e i  +  e I  +  RI i  +  R I2av  c o i l  c o i l  c  c  c  c  e c  e

P =  e i  +  R I2 • ( 3 . 7 6 )
a v  c  c  e

Where th e  two te rm s e I  and RI i  a r e  z e r o  f o r  s i n u s o i d a l  s i g n a l s .c  e e c

The mean sq u a re d  v o l t a g e  and c u r r e n t  a r e  th u s  g iv e n  by

2 2 2
E =  E . =  e +  (RI )

rms c o i l  c  e
( 3 . 7 7 )

and

rms c o i l
( 3 . 7 8 )

The a p p a re n t pow er s u p p lie d  t o  th e  c o i l ,  w hich  i s  a  m easu re  o f  th e  

p eak  r a t i n g  t h a t  th e  m agnet pow er su p p ly  m ust h a v e , i s  g iv e n  by

P =  E I  . ( 3 . 7 9 )
app rms rms

The v a r io u s  q u a n t i t i e s  o f  i n t e r e s t ,  e g . c o n t r o l  p o w er, a v e ra g e  p o w er, 

a p p a re n t  p o w er, e t c .  a s  c a l c u l a t e d  f o r  o u r m agnet when s u b je c te d  to  

s i n u s o i d a l  t r a c k  o s c i l l a t i o n  a t  th e  am p litu d e  i n d i c a t e d  f o r  th e  c o n t r o l  

l i m i t  i n  F i g u r e , 3 . 2 7  a r e  g iv e n  i n  T ab le  3 . 7 .



TABLE 3.7. Power Quantities at the Control Limit (Fig. 3.27)

Freq u en cy
(Hz)

1 E 11 c 1
(V o lts )

\ ZJ
(Amps)

P
c o n t r o l

(W a tts )

P*a v e ra g e
(W a tts)

P*a p p a re n t
(V olt-A m ps)

1 . 1 0 . 6 5 8 . 4 256 477 8 4 0

2 . 1 4 . 1 5 6 . 4 238 4 6 0 10 4 2

3 . 2 1 . 7 6 4 . 3 313 535 1 6 7 7

4 . 2 8 . 1 6 5 . 6 322 543 21 7 8

5 . 3 1 . 7 6 0 . 5 274 495 2 3 0 6

6 . 3 7 . 0 5 9 . 6 266 487 2653

7. 3 8 . 0 5 2 . 8 2 0 9 4 3 0 25 0 8

8 . 3 2 . 6 3 9 . 9 1 1 9 340 1 8 3 1

9. 2 7 . 6 3 0 . 1 68 289 1377

10 . 2 3 . 2 2 2 . 8 39 260 1 0 6 9

Je
C a lc u la te d  u s in g  m easu red  e q u il ib r iu m  c u r r e n t .

I t  sh o u ld  be ree m p h a siz e d  t h a t  E and I  w ere c a l c u l a t e d  u s in g  ( 3 . 7 3  a , b )c  c

and assume a  s t r i c t l y  l i n e a r  sy s te m . T h u s, th e y  do n o t c o rre s p o n d  to  

th e  am p litu d e s  t h a t  would be d i r e c t l y  m e a s u re a b le  in  o u r sy stem  w ith  th e  

p u ls e  w id th  m o d u la to r  s in c e  th e  v o l t a g e  a p p lie d  to  th e  c o i l  i s  f i x e d  in  

a m p litu d e , i s  o n ly  p o s i t i v e ,  b u t h a s  a  v a r i a b l e  d u ty  c y c l e .  H ow ever, th e  

pow er q u a n t i t i e s  c a l c u l a t e d  sh o u ld  c o rre s p o n d  t o  th e  pow er q u a n t i t i e s  

d e l iv e r e d  by th e  pow er su p p ly  in  th e  r e a l  c a s e  w ere t h e r e  no s a t u r a t i o n  

o f  e i t h e r  th e  pow er su p p ly  o r  th e  c o n t r o l  c i r c u i t r y .  In  t h i s  c a s e  i t  

a p p e a rs  t h a t  t h e r e  may have been  s a t u r a t i o n  o f  b o th  o f  th e s e  and th u s  

th e  power c a l c u l a t e d  i s  an u p p er l i m i t  f o r  th e  pow er w hich was a c t u a l l y  

b ein g  exp en d ed .

I t  i s  se e n  from  T a b le  3 .7  t h a t  th e  c o n t r o l  pow er expended a t  

th e  d is tu r b a n c e  am p litu d e  a t  w hich th e  m agn et h i t  th e  t r a c k  i s  a t  th e  

m ost ab o u t 1 w a t t / l b .  a t  5 Hz. The s t a t i c  l e v i t a t i o n  pow er o f  2 2 1  w a t ts



i s  th u s  a b o u t th e  same a s  th e  maximum c o n t r o l  p ow er. H ow ever, th e  a p p a re n t  

p o w er, w hich p ea k s a t  6 Hz w ith  a  v a lu e  o f  2 . 6 5 3  KVA r e a c h e s  a b o u t 10  V A /lb . 

T h u s, th e  pow er su p p ly  m ust p ro v id e  p eak  c u r r e n t s  and v o l t a g e s  w hich a r e  

l a r g e r  th a n  would be i n f e r r e d  from  th e  a v e ra g e  pow er r e q u ir e m e n ts , and  

t h i s  w i l l  be im p o rta n t in  pow er su p p ly  d e s ig n .

The p o w er, b o th  r e a l  and a p p a r e n t , w hich would be r e q u ir e d  f o r  

a m agn et s u b je c te d  t o  a random t r a c k  ro u g h n ess w ith  ro u g h n e ss  pow er s p e c t r a l  

d e n s i t y  g iv e n  by

P =  Av/u)2 , ( 3 . 8 0 )z z
t  t

as used in the ride quality analyses, can also be calculated. It is easy

t o  show t h a t  th e  pow er would be i n f i n i t e  i f  cu i s  ta k e n  t o  v a r y  from  some

lo w er c u t o f f  fre q u e n c y  uo t o  oo, s i n c e  th e  c o i l  v o l t a g e  pow er s p e c t r a lc
d e n s i t y  a p p ro a ch e s  a  c o n s ta n t  f o r  h ig h  f r e q u e n c i e s .  H ow ever, i f  we assum e 

t h a t  a  low p a s s  f i l t e r  w ith  a c u t o f f  fre q u e n cy  o f  50  Hz i s  u sed  in  th e  

c o n t r o l  lo o p  t o  e l im in a te  f r e q u e n c ie s  above 5 0  Hz, th e  r e a l  and a p p a re n t  

pow er d e l i v e r e d  t o  th e  c o i l  ca n  be c a l c u l a t e d .  T h is  pow er c a n  be c a l c u 

l a t e d  t o  a  good a p p ro x im a tio n  by a p p ro x im a tin g  th e  random ro u g h n e ss  by 

d i s c r e t e  s i n u s o id a l  com ponents a t  1 Hz i n t e r v a l s  w ith  an rms a m p litu d e  

c o rre s p o n d in g  t o  th e  rms s i g n a l  p r e s e n t  in  th e  random s i g n a l  in  th e  1 Hz 

band o f  f r e q u e n c i e s .  The a m p litu d e s  c a l c u l a t e d  i n  t h i s  m anner f o r  an A 

c o e f f i c i e n t  o f  5 x  10  f t  and a  v e l o c i t y  o f  3 0 0  m i/h  a r e  i n d i c a t e d  in  

F ig u r e  3 . 2 7 .  N ote t h a t ,  th e  c o n t r i b u t i o n  o f  a l l  f re q u e n c y  com ponents  

ab ove 1 0  Hz a r e  in c lu d e d  in  th e  a m p litu d e  a t  10 Hz. T h en , i n  a  m anner

similar to that above, E and I , the voltage and current componentsc. c.
t h  1 1in the i frequency band can be calculated. Then the quantities of

i n t e r e s t  a r e
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The c o n t r o l  p ow er, a v e ra g e  p o w er, e t c .  a s  c a l c u l a t e d  f o r  th e  t r a c k  w ith  

ro u g h n ess d e s c r ib e d  by ( 3 . 8 0 )  a r e  g iv e n  in  T a b le  3 . 8 .

TABLE 3 . 8 .  Power R eq u irem en t o v e r  Guideway w ith  Roughness Power S p e c t r a l  
D e n sity  Av/u) t a t  3 0 0  m i /h .

A Pc o n t r o l
P

a v e ra g e Pa p p a re n t

5 x  10  ^ f t  70  w a tts

. 2 5 4  w a t t s / l b

281  w a tts

1 . 0 2  w a t t s / l b

622  v o l t  amps 

2 . 2 6  v o lta m p /lb

W hile th e s e  c a l c u l a t i o n s  w ere made f o r  o u r  m agnet w ith  a  l i f t /  

w e ig h t r a t i o  o f  2 . 5 ,  a  t o t a l  l e v i t a t e d  w e ig h t o f  275  l b ,  and d im en sio n s a s  

i n d ic a te d  in  F ig u r e  3 . 1 5 ,  we f e e l  t h a t  th e  p e r  pound v a lu e s  g iv e n  in  

T ab le  3 .8  a r e  v a l i d  f o r  m ag n ets  o f  v a r i o u s  s i z e s  and w e ig h ts . T h is  i s  

b orn  o u t by o u r s tu d ie s  w ith  th e  s m a lle r  m agn et and th e  u n p u b lish ed  r e s u l t s  

o f  o t h e r s .

T h u s, we ca n  co n clu d e  t h a t  a  t o t a l  a v e ra g e  pow er o f  ab o u t 1 w a tt  

p e r  pound i s  s u f f i c i e n t  f o r  o p e r a t io n  o v e r  a  guidew ay w ith  s t a t i s t i c a l  

ro u g h n ess p a ra m e te r  A =  5 x  1 0 ^  f t  a t  3 0 0  m i /h .  H ow ever, th e  p eak  pow er 

su p p ly  r a t i n g  would be a lm o s t d ou b le  t h a t  am ount. S in ce  th e  c o n t r o l  

pow er i n c r e a s e s  l i n e a r l y  w ith  A , a  v a lu e  o f  A o f  20  x  10  ® f t  would



require a control power of 1 watt/lb and average power of almost 2 watts/lb 
It appears however, that the limit of operation is really determined by 
the point at which the magnet strikes the track rather than when it falls 
out of control.

Two important points regarding control should be noted. First, 

there are other control strategies that could be tried and which would 

yield different frequency responses. Two examples are magnet current 

control instead of magnet voltage control, and adding a feedback term 

proportional to the magnet current. In essence these are both similar 
strategies which would yield frequency responses similar to that of the 

Type I control system but without the peak around 10 Hz. This would be 
desireable from a ride quality point of view but would probably not be 

useable because of clearance requirements. We used a voltage control 
approach since it seemed inherently more efficient than a current con

trolled power supply. However, this tradeoff should be investigated in 
mere depth if the controlled current approach could be shown to have 

definite advantages.
The second point to note is that the voltage rating of the 

control system electronic circuitry is an important factor in limiting the 

performance of the magnetic suspension. We found that the control cir
cuitry which we used (15 volt supply) saturated and degraded the system

performance for rather small track amplitudes with frequencies in the 
range of 10 Hz. We would recommend using electronics with at least a 
100 V (and preferably higher) rating.
Ride Quality

The ride quality resulting from traveling over a guideway with
random roughness characterized by the power spectral density in equation



(3.80) can be determined for the various control approaches with the 
ferromagnetic suspension from the frequency responses depicted in Figures 
3.24-3f26. The resulting vertical acceleration power spectral densities at 
300 mi/h over a guideway of roughness parameter A= 5 x 10 6 ft for typical 
responses of each of the three control strategies are shown in Figure 3.28.
It is seen that each of these greatly exceeds the Urban TACV specification. 
There is no possibility of meeting the specification with either the 

Type II or Type III control approach without a secondary suspension.

However, based on the studies in Section 6, we conclude that the character
istics of such a secondary suspension (i.e., natural frequency ~.4 Hz., 
stroke-6 inches peak to peak, static load carrying capability— 25,000 lb.)

would require that it be an active secondary suspension. Furthermore, the 
lateral ride quality specification is slightly more stringent and would 
probably imply the need for an active lateral secondary suspension. This 

certainly adds to the complexity of such a system and greatly lessens its 
advantages. Using the current control strategy with the Type I control 

system would probably help to eliminate the resonance near 10 Hz which 
would make the ride quality almost acceptable. However, our previous 
studies indicate that the resulting rms value of the change in magnet to 

track clearance would be about equal to the gap of 1/2 inch. This is not 
acceptable. We thus conclude that the ferromagnetic suspension cannot be 
used over a guideway with roughness parameter A = 5 x 10  ̂ft at 300 mi/h 

without using a secondary suspension to achieve ride quality. If a secondary 

suspension is used, there are strong indications it will have to be active.
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Fig. 3.28. Vertical acceleration power spectral densities for 
various electromagnetic suspension characteristics 
as discussed in the text.
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4 .  PROPULSION

It has been determined that a 5o ton magnetically-suspended vehicle 

requires approximately 10,000 lb of thrust at 300 mi/h to overcome aerodynamic 
and magnetic drag forces.'*' To have the capability of 0.1 g acceleration, an 
additional 10,000 lb of thrust is required, making a total (at peak speed) of

420.000 lb (8.9 x 10 N ). Pour propulsion systems capable of supplying
thrust of this order of magnitude are considered: (i) the linear in

duction motor (LIM), (ii) two forms of the newly proposed rotating 

superconducting motors, (iii) the linear synchronous motor (LSM), and 
(iv) the Q-fan turbojet engine. Aside from the obvious differences in 

construction between a double-sided LIM and a single-sided LIM, these 

two motors have essentially the same operating characteristics for our 

purposes. Hence, we restrict our attention to the double-sided motor.

Most of the useful literature on the LIM can be found in Refs. 18-29, or 
references cited therein.

A double-sided LIM is currently being tested by the Department of 

Transportation at its Pueblo test facility. Two different motors have 

been built by Garrett Research Corporation: a 2,500 hp motor for testing

in the LIM rail vehicle and a 4,000 hp motor for the TACRV (research 
TACV).

The design specifications for the 4,000 hp Garrett LIM call for 
7,500 lbs peak thrust for 1.5 min. This is not enough thrust for the

100.000 lb revenue vehicle we are considering, but presumably multiple units 
could be built to give 20,000 lb peak thrust. The continuous cruise thrust 
of the Garrett LIM is to be 10,000 lb for twin 4000 hp LIMS which is adequate 
for the magnetically suspended vehicle to cruise at 300 mi/h.
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The principal disadvantage of the LIM for our application is its 
weight (approximately 26,000 lb for the unit discussed above including 
power conditioning equipment, etc., but exclusive of LIM air cushions).
The'small gap, (0.3125 inch per side between the reaction rail and the 

ablative surface of the primary) which is required to obtain efficiencies 

of 60-80% and reasonable power factors, might appear to be incompatible 

with the large clearance of the superconducting suspension system. An 

analysis of this problem is given in Section 4.2. The small gap is of 

no particular disadvantage to the ferromagnetic system. An additional 

problem is that of wayside power collection. A system which must ulti

mately collect megawatts of power at 300 mi/h is currently under test 

and development by Garrett for DOT.

4.1. LIM Studies
No three-dimensional analysis of the linear induction motor has 

been published thus far to our knowledge. (K. Oberretl of Brown Boveri 

Co., Zurich has informed us of his work on the 3-D LIM. His techniques 

are different from ours and will be published soon.) Standard analysis

assumes an infinitely wide motor, although finite length effects have been
24 25studied. ' Since the width of a real motor is generally less than the 

pole pitch, such two-dimensional models are not completely realistic. As 

we have had experience in Fourier transform analysis of 3-D problems, i.e., 

the calculation of lift and drag on moving magnets, it was thought to be 
desirable to apply these techniques to the 3-D LIM problem.

We consider two types of motors. (i) series connected-constant 
current LIM and (ii) parallel connected-constant voltage LIM. A schematic 
drawing of (i) is shown in Fig. 4.1. The primary is assumed to consist of 
an infinite iron core with permeability y = 00 and conductivity a = 0. The 

windings are replaced by a sinusoidal current sheet in the region 0 < x < L
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Fig. 4.1. Coordinate system and schematic model of LIM. The y coordinate 
is perpendicular to the plane of the drawing, pointing inward.
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and - a < y < a for z = h. In the interest of simplicity, the model
further assumes that the reaction rail can be treated as a thin plate
(conducting sheet) with a characteristic velocity w = 2/y aT. This lasto
assumption can be relaxed and the more general skin-depth problem can be 

solved. The more serious assumptions concerning the boundary conditions 

at z = + h, however, are difficult to generalize in the Fourier transform 

method. More accurate calculations would require more complicated numeri

cal techniques such as relaxation methods of solving for the fields in the
. 28 motor.

The resulting expressions for the thrust and power loss due to

joule heating in the reaction rail are
:2 ... „ 9 9

oo co 2. (oj— k v) sin^k a sin^ (q-k )L/2 (4.1)
/ dk / dk -------- ------'— 2------ 1---------* x J ti

8y iz w o o
> =  

X y K ( q - y 2

and

<P > = rr
8y i2 w o o , 2 (11- k v)2 sin2k a

/ v  r  dk -*•— s--------
J V * V iy k*x

sin2 (q-kx)L/2 

(q - kx)2
(4.2)

where

D = (kw)2 sinh2 kh + (to- k^ v)2 cosh2kh ,

k = (k2 + k 2)1/2 x y
. , . . ■ • r. i (qx + cot),
1  (x,y,t) = Re { 1 e } ,y o
q = 2ir/X , X/2 — pole pitch ,

to = 2irf , fX = v, = phase velocity ,<P
v = vehicle velocity
The efficiency neglecting any stator losses is

<F > v____x_________
Efficiency = _  ̂ ^<F > v + <P >• x rr

(4.3a)

(4.3b)

(4.3c)

(4.3d)
(4.4d)
(4.4e)

(4.5)
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The evaluation of <FX> and the efficiency are shown in Figs.
4.2 and 4.3 for a motor similar to, but not identical to, the Garrett
TACRV machine. A comparison is made between the 3-D results and the 2-D
results (a -»■ °°) . The thrust is normalized to the peak thrust/unit area
for an infinitely long and wide machine (L,a -* 00) : y i2/sinh(2q h) .o o
Gaps h. We note that the thrust/unit area is larger in the 3-D case, 
but the efficiency is lower. The peak efficiency is about 60% at a slip 
(= 1 - v/v^) of 0.2. This estimate neglects stator losses so that the 
overall efficiency would be lower, perhaps only 50-55%.

One of the methods suggested to overcome the degradation of the 
LIM performance is to have a parallel connected,, constant voltage pri
mary. Leaving aside any practical problems involved in operating in such 
a mode, let us examine the predicted performance.

The model used to calculate the performance was based upon the 
assumption that the appropriate boundary condition at z = h in Fig. 4.1 
(stator surface) is

B (x,y,h,t) = B cos (qx+wt) , 0 < x < L and -a < y < a , (4.6)z o
= 0 , otherwise

In this case, the thrust and power loss are

8 B 2 w oo oo k (co-k v) s m 2 k a sin2 q-k )L/2
F -------  J dk I dk ---- —:--  ----- --------- -------x ? J x J y D' o , , . 2y tt -~ o k 2 (q - k )2o y ^ x

(4.7)

8 B2 w

where

v W  ;dV  —
(to- k v) sin k a sin (q-k )L/2y - *

(<J- V 2
(4.8)

D* = (kw)2 cosh2kh + (M-kx v)2 sinh2 kh. (4.9)
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pig. 4.2. Thrust vs slip for a 2-dimensional and a, 3—dimensional model 
of the series connectedf constant current LIM.
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In Fig. 4.4, the thrust/unit area vs. slip is shown for a motor 
with the same parameters as that of Fig. 4.2 and 4.3. The thrust is normali
zed to Bq/Vq sinh 2qh , the peak thrust/unit area, for an infinitely long 
and wide motor. We note that the 3-D model has considerably less thrust 
than the 2-D case and the shape of the curves for both models is different 
from that of the series connected, constant current motor.

The efficiency is shown in Fig. 4.5. In the parallel connection, 
the 3-D model has the higher efficiency, about 50% at a slips* 0.25. This
is somewhat lower than the series connected case. It is far below the

251-slip curve, a-result predicted-by Iwamoto, et.-al, for-this case. -
Two main conclusions follow from our analysis. First, the corre

lation between two and three dimensional models is poor. It is difficult 
to reliably predict motor performance from a 2-D model. Second, the effi
ciency predicted by the 3-D models is substantially lower than that predicted 
by others.
4.2. Integration of LIM with High Clearance Suspension

Consider the situation in which a linear induction motor (LIM) is 
used for propulsion with a high clearance superconducting magnet levitation 
and guidance scheme. In such a scheme, some means of support and guidance 
must be provided for the LIM, and due to the small gap between the motor 
pole faces and the reaction rail, the motor position with respect to the 
rail must be quite rigidly maintained. One approach to controlling the 
motor position is to have an active lateral suspension between the motor 
and vehicle with the motor position controlled by reacting against the 
vehicle. Since the LIM is apparently quite insensitive to vertical posi
tion variations, we can assume the motor is rigidly connected to the vehicle
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Pig. 4.4. Thrust vs slip for a 2-dimensional and a 3-dimensional model 
of the parallel connected, constant voltage LIM. Machine 
parameters are the same as in Figs. 4.2 and 4.3.
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Pig. 4.5. Efficiency vs slip for the two models shown in Fig. 4.4.
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in that direction. This approach to integrating the high clearance 
suspension with a low clearance propulsion system has been critizied 
because it would seem that the motor position could not be controlled 
well enough without degrading the passenger compartment ride to an 
unacceptable level. We have thus analyzed an approximate model of the 
lateral dynamics to determine the effect on lateral ride quality of a 
secondarily suspended LIM.

The scheme analyzed is that shown in Figure 4.6. The lateral 
magnetic suspension is represented by the lateral spring and damper 
characteristics k and D . Note that absolute velocity damping is

X/ A/

assumed in the lateral direction. Such a lateral suspension character
istic can be achieved using separate guidance magnets and/or perhaps by 
suitable control of the current in the lift magnets.

The
lateral suspension between the vehicle and motor is represented merely 
by the forces, F^ , exerted on the vehicle and the motor. This suspension 
is assumed to be active since there is only a small centering force of the 
motor on the reaction rail but yet the motor must be controlled with respect 
to the rail. Finally, the roll motion which is characteristically coupled 
to lateral motion is not included in the analysis. This effect can be 
included, but at this stage we merely want to demonstrate the feasibility 
of separate motor suspension.

The lateral equations of motion for the coupled vehicle motor 
system are then

m x = -F  (4.10)m s

M -v = _k^(2V h2_h3) - 2° A  + Fs t4’115
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w here P i s  th e ' d is tu r b a n c e  f o r c e  on th e  v e h i c l e  r e s u l t i n g  from  th e  m o to r  
s

p o s i t i o n  c o n t r o l  sy s te m . I d e a l l y /  we w ould l i k e . t h e  m o to r t o  f o l lo w  th e  

t r a c k  e x a c t l y  (m a in ta in in g  c o n s t a n t  gap ) up t o  some c u t o f f  f re q u e n c y / f c , 

and t o  ig n o re  t r a c k  v a r i a t i o n s  ab ove f ^ . T h u s/ i f  we ig n o r e  c o n t r o l  

sy ste m  dynam ics and assum e an  i d e a l  c o n t r o l  s y s te m , th e n

x
m

f o r  f  -  f c

(4.12)

x for f y  fv  c i
Substituting (4.12) into (4.10) and (4.11) and taking the Fourier Trans
form yields the results

(to2 -to:+j 2SA “> x v (jco) = 1
2 (H2 (Jto) +H3 (jai)) (02m.

M H (jo») to < to (4.13)

and

(oj| -to2+j 26̂ 01̂ (0) xv (joo)= ^ 2(H2(jto)+H3(jto) ) , to >)■ u>c . (4.14)

w here

2 2k <l .  D<“i ’ V i  - if

\ 2 • “s2 (isr) \

I f  we f u r t h e r  assum e t h a t  h ^ , h ^ , and h^ a r e  u n c o r r e l a t e d  random v a r i a b l e s  

t h a t  a l l  have th e  same b a s i c  pow er s p e c tru m , s a y

i \ h 1(“) = ph2h2(“) ' ph3h3(“> - a v/“' (4.15)
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then the lateral acceleration power spectrum is given by

2 ,  4/r ■ 4 ,  , 2Avuu (ou / 2 + cu (m/M) p)
«“> "] , 2 I 2 . ...---- —* ni l V v

/
j A v q j2 ^  4_______________________

\ 2 [ ( < ^ 2 - uj2 ) 2 +  ( 2 ^ 0 ) ^  ) 2 ]

(JO — U)_,

■ CD >  u>„

( 4 .1 6 a )

A 2 2 M
“ i  “  “ jJ M+m =  5X / v 1+m/M (4 .1 6 b )

F o r  f r e q u e n c ie s  b elow  oi / th e  m o to r gap i s  c o n s t a n t .  H ow ever, f o rc

f r e q u e n c ie s  ab ove we m ust c o n s id e r  th e  ch an ge in  th e  g a p . Assuming 

x ^  =  f o r  u) >  (0c  , th e  pow er sp ectru m  o f  th e  ch an ge in  th e  g a p , (to)

can  be found and th e  r e s u l t i n g  mean sq u are  ch an ge i n  th e  gap i s

- A  4 0  / a 2 2\ .a 2a 2 2_
2 ,  . - K .  *  }  +  N ,  "V “* 3

<A9 * -  L  \ ,A 2  2 , 2  ” .V  2 .  2  2
^ c '  ( uĵ  -  CD ) +  cû  cd

Av diu • ( 4 .1 7 )

We m ust th u s  ch o o se  a  h ig h  enough v a lu e  f o r  cd̂  s o  t h a t  th e  change in  th e  gap  

i s  s t i l l  s u f f i c i e n t l y  s m a ll .  (N ote t h a t  cd̂  c a n n o t  be d e te rm in e d  e x p l i c i t l y  

from  ( 4 .1 7 )  g iv e n  Ag s i n c e  a  t r a n s c e n d e n ta l  e q u a tio n  r e s u l t s ) .

Some e xam p les  o f  l a t e r a l  a c c e l e r a t i o n  pow er s p e c t r a  f o r  d i f f e r e n t  c o n t r o l

c u t o f f  f r e q u e n c ie s  a r e  shown in  F ig u r e  4 . 7 .  The l a t e r a l  n a t u r a l  f re q u e n c y  and

damping a r e  th e  same a s  th o s e  ch o sen  f o r  th e  v e r t i c a l  s u sp e n sio n  f o r  a  good r i d e ,

s in c e  th e  l a t e r a l  a c c e l e r a t i o n  s p e c i f i c a t i o n  i s  v e r y  s i m i l a r  t o  th e  v e r t i c a l  one  

and s in c e  th e  A p a ra m e te r  o f  th e  v e r t i c a l  g u id a n ce  p a n e ls  h a s  been assum ed t o  be 

A = 5 x  10  ^ f t .  W h ile  t h i s  c h o ic e  f o r  A may seem a r b i t r a r y ,  t h e r e  i s  no e v i 

d en ce t o  i n d i c a t e  t h a t  a n o th e r  v a lu e  would be m ore v a l i d .  The A c o e f f i c i e n t  o f  th e  

LIM r e a c t i o n  r a i l  h a s  been  ta k e n  a s  2 .5  x  10  ^ f t .  (A p p a re n tly  th e  LIM r a i l  a t  

th e  P u eb lo  t e s t  s i t e  c o rre s p o n d s  t o  an A o f  1 .5  x  1 0  ^ f t . )  In  any c a s e ,  th e  r e s u l t s  

a r e  n o t o v e r l y  s e n s i t i v e  t o  p a s  lo n g  a s  p <  1 .  The m ass r a t i o  i s  ab o u t th e  

b e s t  t h a t  c a n  be e x p e c te d . Any lo w e rin g  o f  t h i s  m ass r a t i o  r e s u l t s  in  a  

d eg rad ed  r i d e .
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(f = 0.6 Hz, <5. = 0.707, M/m = 9, p = 0.5, A = 5 x 10"° ft,
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The PSD's in Figure 4.7 look- somewhat strange since they are 
discontinuous at the cutoff frequency. This is because an "ideal" 
control system has been assumed. Any real system would of course smooth 
out these discontinuities. For a cutoff frequency of 10Hz the curve OABEF 
is the PSD; OABCF corresponds to f = 5Hz , and OADCF corresponds to 

f = 2Hz. The rms values of vehicle acceleration, vehicle displacement, 

and change in the motor gap for the various curve? are given in Table 4.1.

TABLE 4.1.

fc *v (g's) 
rms

x (in.) 
rms

(in.)rms

2 Hz .0 0 8 .2 9 2 .1 0 8

5Hz .0 1 4 .2 9 2 .0 6 8

10HZ .0 3 4 .2 9 2 .0 4 5

For cutoff frequencies up to 5Hz , it is seen that the ride

quality meets the specification. The clearance requirement for a LIM is
27.3125 in. rail to primary ablative surface .. Thus, even with the cutoff 

frequency as low as 2Hz the gap of the motor is less than the 2a 

level in Ag. With an ablative surface on the primary, this is probably 

good enough. However, simply by increasing the cutoff frequency to 5Hz 

the gap is considerably.greater than the 3a level.

In summary, it appears that the control of the linear induction 
motor gap by an active control system reacting laterally against the main vehicle 

body may be feasible without degrading the lateral ride quality to an 
unacceptable level. Such a control system would require sensing the motor 
gap.
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4.3 Rotating Superconducting Motors

We consider here two on-board propulsion systems that can 
provide adequate propulsive forces over a large clearance gap; and with 
the use of a prime mover such as a gas turbine or diesel engine, current 
collection problems would be eliminated. These two systems utilize 

physically moving static magnetic fields produced by superconducting 

coils, and thus minimize the a.c. loss problem. We choose to call these 

systems the (1) superconducting paddle wheel and the (2) superconducting 
screw or helix.

4.3.1. Superconducting Paddle Wheel

The superconducting paddle wheel derives its forward thrust simi

lar to any induction motor. Namely, a moving magnetic field near a 

conducting surface generates eddy currents in the medium and these eddy 

currents produce a force opposing the motion of this field. In the 

conventional induction motor the moving magnetic field is created with 
multi-phase power. However, in order to take advantage of the large 

fields produced by superconductors and to avoid severe a.c. loss problems, 

only d.c. currents can be used. Hence, the moving magnetic field must be 

generated by mechanically moving the static magnetic field. One method 

of doing this is to mount the coil on the face of a drum and rotate the 

drum in proximity to the reaction rail.
Figure 4.8 shows a sketch of a paddle wheel version of such a 

propulsion unit. This unit consists of two paddle wheels rotating in 

opposite directions and using the guidance rails as the reaction member 
of the motor. Mounting the paddle wheels in this fashion would tend to 
give a more even thrust as the vehicle moves about in the guideway.
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L e t us analyze a tw o-dim ensional model o f  th e  m agnetic paddle

w heel. A schem atic diagram i s  shown in  F ig .  4 .9 .  Around th e  p erim eter

o f  th e  w heel, p i n f i n i t e l y  long w ire bundles a re  p la ce d  p a r a l l e l . t o  th e

a x is  o f  th e  paddle w heel. In  F ig .  4 .9  p = 8 . Each bundle i s  made up o f

N w ire s , each w ire ca rry in g  a c u rre n t I .  The paddle wheel i s  o f  ra d iu s

R and r p ta te s  about i t s  a x is  w ith  ang u lar frequ ency  oj. The v e lo c i ty  o f

th e  a x is  in  th e  x d ir e c t io n  i s  v . The paddle wheel i s  a  d is ta n c e  zo o

above an i n f i n i t e l y  wide cond ucting p la te  o f  th ic k n e s s  T , p e rm e a b ility
-7

y = 4ir x 10 (mks u n its )  , and c o n d u c tiv ity  a .o
We assume th a t  th e  th ic k n e s s  T i s  sm all compared to  th e  sk in  depth 

5 f o r  th e  dominate fre q u e n c ie s  in v o lv ed  in  th e  m agnetic f i e l d .  The 

assum ption o f  a th in  p la te  a llo w s us to  apply th e  t h in - p la t e  th eo ry  o f  

eddy c u r r e n ts . In  th e  event t h a t  6 < T , we can r e p la c e  T by 6 in  th e  

form ulas g iven  below.

In  th e  th in - p la te  th e o ry , th e  m agnetic f i e l d  o f  -the eddy c u rre n ts

induced in  th e conducting p la t e  i s  g iven  by 
P

B ( x ,z , t )  = £ I  { -  b [x -x  ( t ) , z + z ( t ) ]
n = l n n n

J co 3 h  s
-— [x -x  ( t —r ) ,  z+wx + z (t-T )]d -e  } , o a  z n n (4 .1 8 )

where

w = 2/y  a  To (4 .1 9 )

In  4 .1 9  I  = +  N I, b (x ,z )  i s  th e  f i e l d  o f  a w ire a t  th e  o r ig in  c a rry in g  n — —
thu n it  cu rre n t in  th e  -y  d i r e c t io n ,  and th e  p o s itro n  o f  th e  n — w ire i s

denoted by [x ( t ) , z ( t ) ] .n n

The fo rc e  on th e  m—  w ire bundle (per u n it  le n g th ) i s

Fm = ^  t )  . (4 .2 0 )
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Fig. 4.9. S c h e m a t ic  d ia g r a m  o f  th e  t w o - d im e n s io n a l  m o d e l o f  t h e  p a d d le  w h e e l.



The th r u s t  (per u n i t ' len g th ) i s  t o t a l  fo r c e  in  th e  x d ir e c t io n  on th e  

paddle w heel,
P

F = f  =  E Pth r u s t  x , mx m=l

S im ila r ly ,  th e  l i f t  fo r c e  (per u n it  le n g th ) i s

(4 .2 2 )

P
F = P = E F (4 .2 3 )

L z . mz m=l

The eddy c u rre n ts  a ls o  produce a to rq u e , T
y

,  about th e  a x is  o f  th e  paddle
*

wheel which tends to  oppose th e  r o t a t io n .  T h is  torqu e can be c a lc u la te d  

in  a s im ila r  manner. The m otor which d r iv e s  th e  paddle wheel must supply 

an e q u a l, bu t o p p o site  to rq u e , -T ^ . At an angular frequ ency  to, th e  power 

d e liv e re d  to  th e  paddle wheel , i s  -T ^ oj. The u s e fu l power which r e s u l t s  i s  

th e  p ro p u ls iv e  fo rc e  tim es th e  v e lo c i t y  o f  th e  a x is ,  FXVQ* The r e s t  o f  

th e  in p u t power goes in to  th e  r e s i s t i v e  lo s s e s  o f  th e  eddy c u r r e n ts .

Hence th e  e f f i c i e n c y ,  (which we m ight th in k  o f  as an id e a l  o r  m ech anical 

e f f ic ie n c y )  i s

E f f ic ie n c y  = X °  (4 .2 4 )-T(oy
In  F ig . 4 .1 0  we show th e  th r u s t  as a fu n ctio n  o f  th e  v e lo c i t y  o f

th e  bottom  o f  th e  paddle wheel r e l a t i v e  to  th e  conducting p l a t e ,

v = u)R -  v (4 .2 5 )o

f o r  b oth  v = 0 and v = 300 mph. We have chosen p = 8 ,  w =  50 mpho . o
(corresponding to  T — 2 mm f o r  aluminum and T = 1 .2  mm f o r  copper) 

zQ =  0 .2  m, R = 0 .5  m, and NI = 1 .0  x 10 A. In  a l l  c a lc u la t io n s  d is 

p layed  in  t h i s  re p o r t  we have chosen t  =  0 . At th a t  in s t a n t  o f  tim e the 

p o s it io n  o f  th e  paddle wheel i s  a s  shown in  F ig . 4 .9 .  There i s  a sm all 

p e r io d ic  v a r ia t io n  o f  th e  fo r c e  on th e  paddle w heel. We n o te  th a t  fo r  

vq =  0 , th e  p ro p u lsiv e  fo r c e  r i s e s  to  a maximum n e a r , b u t s l i g h t l y  le s s
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V ( mph ) = aiR-V0

F ig . 4 .1 0 .  P ro p u ls iv e  fo r c e  as  a fu n ctio n  o f  th e  r e l a t i v e  speed o f  th e  bottom
o f  th e  paddle wheel and th e  guideway, v. =  “ R -  vq . R e s u lts  a re  shown 
fo r  two d i f f e r e n t  v e l o c i t i e s  o f  th e  a x is  o f  th e  paddle w heel, vq = 0 
and vq =  300 mph. For vq =  0 , Ft h r u s t ("v) =  "  Fth r u s t ( v ) '



th an  v  *  y? and then  drops o f f  w ith  in c r e a s in g  v . T h is  curve i s  s im ila r

to  th e  drag fo r c e  on a re c ta n g u la r  magnet moving w ith  v e lo c i t y  v a t  a

h e ig h t z q above a conducting p la t e .

For v = 300 mph, th e  maximum o f  th e  th r u s t  i s  a t  h ig h e r speeds o

and i s  on ly  45% o f  th e  maximum a t  vq =  0 . A lso th e  shape o f  th e  curve

i s  much d i f f e r e n t .  Whereas fo r  v = 0 ,  F _  . +  0 as  v +  0 ( th e  v alu eo th r u s t

o f  F . , . a t  v  = 300 i s  not very  s e n s i t iv e  to  v , th e  r e l a t i v e  speed,th r u s t  o 1

fo r  v > 0 . However, when v becomes n e g a t iv e , F._ . d e cre a se s  to  z e roth r u s t

near -6 0  mph and becomes n e g a tiv e . For vq =  300 mph and v = 0 ( i . e .

o)R = v ) ,  F . , . =  2 .6 8  x 104 N/m. For fo u r paddle w h eels, each  1 mo , th r u s t

long t h i s  amounts to  2 4 ,0 0 0  lb s .  o f  t h r u s t .  Even allow ing  f o r  some 

d egrad ation  due to  end e f f e c t s ,  t h i s  amount o f  th r u s t  i s  ad equ ate .

In  F ig . 4 .1 1  th e  l i f t  fo r c e  i s  p lo t te d  f o r  th e  same s e t  o f  p ara 

m eters as  in  F ig . 4 .1 0 ,  ex ce p t th a t  o n ly  v > 0 i s  shown. For v < 0 ,

and v = 300 m i/h , Ft i s  r a th e r  in s e n s i t iv e  to  v down to  a t  l e a s t  -1 0 0  o L

mph. In  g e n e ra l th e  l i f t  fo rc e  i s  la r g e r  than  th e  th r u s t .  I t  i s  con

c e iv a b le  th a t  t h i s  l i f t  fo rc e  could be used to  l i f t  th e  v e h ic le  i f  th e  

paddle wheel is .a r ra n g e d  as in  th e  sch em atic  diagram , F ig .  4 .9 ,  in s te a d  

o f  as p ic tu re d  in  F ig . 4 .8 .  T hat i s ,  w ith  th e  a x is  h o r iz o n ta l in  p la c e  

o f  v e r t i c a l .  For fo u r paddle w h eels , each  1 m long th e  l i f t  fo rc e , fo r  

vq =  3 0 0 'mph and v = 0 i s  1 0 0 ,0 0 0  lb s .

A lso shown in  F ig . 4 .1 1  i s  th e  e f f i c i e n c y  f o r  v = 300 mph. (Foro

VQ = 0 , th e  e f f i c ie n c y  i s  id e n t ic a l ly  z e r o .)  I t  can be seen th a t  th e  

e f f i c i e n c y  i s  r a th e r  in s e n s i t iv e  to  v , b ein g  about 60% over a wide range 

o f  v a lu e s . We a ls o  noted from our n u m erical s tu d ie s  th a t  th e  power lo s s  

in  th e  eddy c u r r e n ts , (-T^co) -  F^v^, i s  approxim ately  wF^. (T h is i s  

r ig o ro u s ly  tru e  fo r  th e  tim e av erag es o f  th e s e  q u a n t i t ie s . )
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F ig .  4 .1 1 .  L i f t  fo rc e  and e f f i c ie n c y  as a fu n c tio n  o f  r e l a t i v e  speed
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W hile th e  e f f i c ie n c y  in c re a s e s  s l i g h t l y  f o r  more w ire bundles th e  th r u s t  

d e c re a se s , b eing  a maximum a t  p =  8 .

4 . 3 . 2 .  Superconducting H elix

One d isadvantage o f  th e  sup ercondu cting paddle wheel i s  caused 

by th e  c y c lo id  m otion o f  one o f  th e  r o ta t in g  conducting w ire s . Examining 

t h i s  m otion one se e s  th a t  forward th r u s t  i s  o b ta in ed  on ly  f o r  a s h o r t 

d u ra tio n  o f  th e  w ir e 's  c y c le  w hile  th e  m ajor p o r t io n  o f  th e  w ir e 's  m otion 

i s  in  th e  forw ard d ir e c t io n ,  producing a re v e rs e  th r u s t  and th u s red u cing  

th e  e f f i c i e n c y .  The f a c t  th a t  th e  e f f i c i e n c y  f o r  th e  paddle wheel i s  n o t 

low er than i t  i s , i s  probably due to  th e  more com plicated  m u lt i-p o le  a rran g e

m ent.
; \

One way o f  arran g in g  th e  sup ercondu cting w ire to  prov id e continu ou s 

forw ard th r u s t  as  th e  w ire i s  moved, i s  to  form th e  w ire in to  th e  shape 

o f  a h e l ix .  Then by r o ta t in g  th e  h e l ix  so t h a t  th e  w ire appears to  move 

backward r e la t iv e  to  th e  r e a c t io n  r a i l  a forw ard th r u s t  i s  d eveloped . In  

t h i s  arrangem ent th e  h e l ix  appears to  move as  a screw . An a d d it io n a l ad

vantage o f  th e  h e l ix  over th e  paddle wheel i s  t h a t  th e  f lu c tu a t in g  compon

e n t o f  th e  fo r c e  should be co n s id e ra b ly  sm a lle r  i f  th e  h e l ix  i s  lo n g .

Such a motor i s  d ep icted  in  F ig u re  4 .1 2  where as an a l t e r n a t iv e  

arrangem ent, th e  tr a c k  c o n fig u ra tio n  i s  an in v e r te d . U-Channel.

In  F ig . 4 . 1 3  we show a s e c t io n  o f  an i n f i n i t e l y  long double h e l i x ,  

c o n s is t in g  o f  two id e n t ic a l  in te r p e n e tr a t in g  h e l i c e s .  Each h e l ix  c a r r ie s  

NI ampere tu rn s  o f  c u rre n t , bu t in  opposing d ir e c t io n s .  T h is  arrangem ent 

produces co n sid e ra b ly  more th r u s t  th an  th e  s in g le  h e l ix  shown in  F ig .

4 . 1 2 ,  and i s  p rob ab ly  degraded le s s  by end e f f e c t s .  The ra d iu s  o f  th e 

h e l i c e s  i s  R. They r o ta te  w ith  an g u lar freq u en cy  oi =  2Trf and have a uniform

We have' made similar calculations for several heights for both
this paddle wheel and others with differing numbers of wire bundles, p.
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F i g .  4 . 1 2 .  P o s s i b l e  i n s t a l l a t i o n  o f  s u p e rc o n d u c tin g  sc re w  i n  h ig h  sp eed  
grou n d  v e h i c l e .
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v e l o c i t y  o f  t r a n s l a t i o n  vq i n  th e  n e g a tiv e  x - d i r e c t i o n  ( p a r a l l e l  t o  th e  

a x i s  o f  th e  h e l i c e s ) . ,  The p i t c h  i s  X and th e  gap betw een  th e  h e l i c e s  

and a  c o n d u c tin g  p l a t e  i s  h . As in  th e  a n a l y s i s  o f  th e  p a d d le  w h e e l, th e  

p l a t e  i s  c h a r a c t e r i z e d  by a  sp eed  w [ See E q . 4 .2 0  ] .

I t  i s  c l e a r  t h a t  th e  e f f e c t  o f  th e  r o t a t i o n a l  and th e  t r a n s 

l a t i o n a l  m o tio n  com bined i s  e q u iv a le n t  t o  t r a n s l a t i o n a l  m o tio n  a t  v e l o c i t y

v  =  Xf - v  in  th e  p o s i t i v e  x  d i r e c t i o n  w ith o u t r o t a t i o n .  H en ce , we s e e  o
t h a t

P t h r u s t  =  - F^ v ' h ) '

andI
F =  F ( v , h ) .

co y

The ab ove f o r c e s  a r e  p e r  p i t c h  and a r e  o b ta in e d  by s o lv in g  f o r  th e  f o r c e s

i n  th e  c a s e  w here, to =  0 and v  =  - v .  I t  ca n  be shown t h a t
o

( 4 .2 5 )

( 4 .2 6 )

F (v ,h )  =  —  F (v ,h )  ,
Z  W  X

so  t h a t  th e  pow er d i s s i p a t e d  i n  th e  t r a c k  (c o n d u c tin g  p l a t e )  i s

pow er d i s s i p a t e d  =  wF (v ,h )
z

( 4 .2 7 )

( 4 .2 8 a )

=  -v F  ( v , h ) . 
X

(4 .2 8 b )

The e f f i c i e n c y  i s  th u s

E f f i c i e n c y  =
v  F

o t h r u s t
v  F^ , ^ +  pow er d i s s i p a t e do t h r u s t

v v_ o __ o
v  + v  Xf

o

From th e  t h i n - p l a t e  t h e o r y ,  i t  i s  s t r a i g h t f o r w a r d  

f o r  any m a g n e tic  s o u rc e

( 4 .2 9 a )

( 4 .2 9 b )  

t o  show t h a t

F = f (0,0,2z ) +^ — o 2
o

/°° dx f ( v x , 0 , 2 z  +  wx) ,J 0 — o ( 4 .3 0 )
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w here f j x , y , z )  i s  th e  f o r c e  on th e  s o u rc e  due t o  i t s  im age when th e

c e n t r o i d  o f  th e  s o u rc e  i s  d is p la c e d  by £  =  (x,y,z) from  th e  im ag e . In

( 4 . 3 0 ) ,  z i s  th e  h e ig h t  o f  th e  c e n t r o i d  ab ove th e  c o n d u c tin g  p l a t e ;  f o r  o
th e  h e l i x  z =  R+h.o

We w r i t e  f_ in  th e  form  

- y . ( N i ) 2 r
f  =  ------ ---------- & £ d l l  * d lo  - = L2-o ( 4 .3 1 )
— 4ir 7 r — L :— -  r 1 2 3

w here d l j  i s  i n t e g r a t e d  arou n d  th e  s o u rc e  lo o p  ( h e l i x )  and d l 2 i s

arou n d  th e  im ag e . To o b ta in  f o r c e  p e r  p i t c h ,  dl]_ i s  i n t e g r a t e d  o v e r

o n ly  one p i t c h  b u t d l 2 i s  o v e r  a l l  th e  im ag e . By d o in g  th e  t  i n t e g r a t i o n

f i r s t ,  one can  re d u c e  th e  problem  to  a d o u b le  n u m e ric a l  i n t e g r a l .  The

r e s u l t s  o f  su ch  a c a l c u l a t i o n  a r e  shown in  F i g .  4 . 1 4  w here F . , . and
t h r u s t

F ^  a s  a f u n c tio n  o f  r e l a t i v e  sp eed  v  =  X f -v ^  a r e  p l o t t e d .  B oth  f o r c e s  

a r e  l i n e a r  in  v  f o r  s m a ll v ,  r e a c h  a  p eak  n e a r  v  =  w, and d e c r e a s e  a s  V 1 

f o r  l a r g e  v .  The maximum t h r u s t  p e r  u n i t  le n g th  i s  a b o u t 6 . 4  x 10^ N /m  

f o r  1 0 6 ampere t u r n s ,  w hich i s  co m p arab le  t o  th e  p eak  t h r u s t  p e r  u n i t  

le n g th  o f  th e  p ad d le  w heel f o r  vq =  0 ,  b u t i s  a b o u t tw ic e  th e  p eak  t h r u s t  

f o r  v ^  =  300  mph (s e e  F i g .  4 . 1 0 . )  —  even  th o u g h  th e  c u r r e n t  i s  more d en se  

in  th e  p ad d le  w h eel. I t  a p p e a rs  t h a t  s u p e rc o n d u c tin g  s c re w s  o f  re a s o n a b le  

s i z e  c a n , t h e r e f o r e ,  p ro v id e  a d e q u a te  t h r u s t .

No a tte m p t h as been made t o  a c t u a l l y  d e s ig n  th e  c r y o g e n ic  sy stem  

o r  o t h e r  f e a t u r e s  o f  th e s e  m o to rs . H ow ever, h ig h  p o w er, r o t a t i n g  e l e c t r i c a l  

m a ch in e ry  o f  ab o u t t h i s  s i z e ,  c u r r e n t  d e n s i t y ,  and r o t a t i o n  speed  a r e  un d er  

d evelop m en t f o r  o t h e r  p u r p o s e s .^
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( X f - V 0 )/W

F i g .  4 . 1 4 .  T h ru s t  and t r a n s v e r s e  f o r c e  v s  r e l a t i v e  s p e e d , v  =  X f -  vq , f o r  th e  
h e l i x .  The l i f t  f o r c e  i s  g iv e n  by F l  =  (v /w )F t h r u s t •
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4 . 3 . 3 .  End E f f e c t s  i n  L i n e a r  I n d u c t io n  P r o p u ls io n  S yste m s

24We have adapted a model of the end effects in a LIM to the 
calculation of end effects in the superconducting helix of finite length. 
In this model, the current windings of the helix are replaced by a 
sinusoidal current sheet of finite length in the direction of motion.
This is a two-dimensional model since the current sheet and reaction rail 
are taken to be infinitely wide. We noted that the thrust vs. relative 
speed curve (Pig. 4.14) for the infinitely long double helix was quite 
similar to the results for an infinitely long Sinusoidal current sheet, 
namely

3sThrust/unit length « -— ■— 7-- \ - y
1 +  ( 3s )  *

where

and

3 = v /w
9

s = slip = (v, - v )/vo 9

(4.32a)

(4.32b)

(4.32c)

The phase velocity is v, = Xf. Hence, for the case of a helix of'9 "
finite length, L, we replace the windings with a sinusoidal current 
sheet at z  =  h of the form
i (x,t) = i cos [k(x-v t) + tot] , v t < x <  L + v t  (4.33)y o o o o

= 0- , otherwise ,
where kv, > = to, k = 2ir/X and L = N X .

9 0

It can be shown that the average thrust and lift are given by

< F > = ^ l r  d q e -2 Is lh  ---jf J n  q’T1' 2[ 1 V°v'(r k)L I .<"-34)x  4ir J - (qw ) z +  (<D-v_q)2 (q-k)2—00 w -
y i  2  60

< P > = / dqz 4tt <*
“2 |q |h (to-voq)

____________________ — r ...1  -  c o s  (q-k_)_L
(qw) 2 + (oj-v q)2 (q-k)2

Furthermore, it can be shown that the average power dissipated in the
r e a c t i o n  r a i l  i s  w< F z > . Hence th e  e f f i c i e n c y  i s
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< F x >Vo
Efficiency = < F >v + w< F > x o z

(4 .3 6 )

(T h is i s  th e  id e a l  o r  m echanical e f f i c ie n c y  and does n o t in c lu d e  any 

lo s s e s  in  th e  w in d in gs.)

In  F ig .  4 .1 5  we show th e  r e s u l t s  o f  v ary in g  th e  number No
( i . e . ,  vary in g  N and L w ith  X f ix e d ) .  Even fo r  N = 8 ,  th e  norm alized o o

th r u s t  i s  somewhat lower than th e  r e s u l t s . f o r  NQ= 00 alth ou gh  th e  shape i s  

s im i la r ,  e x ce p t near zero s l i p  where th e  th r u s t  f o r  a f i n i t e  le n g th  motor 

does no t v a n ish . The norm alized th ru s t  i s  th e  a c tu a l  average th r u s t  p er 

u n it  le n g th  d ivided  by ~ ~  i Q2 e

In  F ig . 4 .1 6 ,  th e  e f f i c ie n c y  i s  shown. For 1^= °°, th e  e f f i c ie n c y  

i s  1 -  s .  The m otors w ith  N f i n i t e  show th e  cu rio u s  beh av ior o f  th eo
e f f i c i e n c y  f i r s t  r i s in g  sh arp ly  to  a peak and th en  d e cre a sin g  as th e  s l ip  

i s  made la r g e r .

In  F ig s .  4 .1 7  and 4 .1 8 ,  th e  e f f e c t  o f  changing v̂  /w from 10 (in  

F ig s .  4 .1 5  and 4 .1 6 )  to  50 i s  d isp la y e d . T h is  i s  e q u iv a le n t to  in c r e a s 

in g  th e  c o n d u c tiv ity  o f  th e  r e a c t io n  r a i l .  The th r u s t  i s  s e v e re ly

reduced a t  low s l i p ,  bu t th e  e f f ic ie n c y  i s  in cre a se d  somewhat.

Due to  th e  approxim ate n atu re  o f  th e  m odel, th e  r e s u l t s  in  F ig s .  

4 .1 5  -  4 .1 8  should be viewed as g iv in g  th e  g e n e ra l tre n d s  as  param eters 

a re  v a r ie d , n o t as p r e c is e  q u a n tita t iv e  c a lc u la t io n s .  I t  i s  c le a r  th a t  

Nq > 4  and ^  /w <  10 a re  re q u ired  to  o b ta in  a s ig n i f i c a n t  f r a c t io n  o f  th e  

p re d ic te d  o p e ra tin g  perform ance o f  th e  i n f i n i t e l y  long h e l i x .

4 . 4 .  LSM S tu d ie s

31-34A number o f  au th ors have d iscu ssed  th e  p o s s i b i l i t y  o f  u sin g

superconducting magnets on board th e  v e h ic le  and an a c t iv e  t r a c k  to  form 

a l in e a r  synchronous m otor. P rop u lsion  i s  o b ta in ed  from a tr a v e l in g  f lu x  

wave (from th e  tra c k )  p u llin g  on th e  superconducting m agnets. With th e s e
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Pig. 4.15. Thrust vs slip, for various N = L/X (end effect in the helix for 
different lengths).
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Fig. 4.16. Efficiency vs slip- Same parameters as Fig. 4.15.
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Fig.

v

4.17. Thrust vs slip for larger v,/w.than in Figs. 4.15 and 4.16. This
is equivalent to an increase in the conductivity of the reaction rail.
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Pig. 4.18. Efficiency vs slip. Same parameters as Fig. 4.16.
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high-field magnets, large clearances between the vehicle and track (as 
large as the suspension height in the superconducting levitation system) 
can be obtained with reasonable currents in the track (1 - 2000 A).
Wayside power collection would not be required and some weight savings as 
compared to the LIM should be realized. The disadvantages of the system 

are the cost and complexity of an active track including a wide-range
32 .variable-frequency power supply and the increased number of supercon

ductors required on the vehicle. The latter necessitates not only 

additional cryogenic equipment, but also additional shielding.
We consider a simple model of the LSM shown in Pig. 4.19. Only

one phase of a three-phase track system is shown. The other two phases

are coplanar with the one shown but displaced by c and 2 c, respectively.
Only one vehicle magnet is shown, although, many, magnets in equivalent

force positions will be present in an actual design. We will calculate

the forces on each magnet separately. The magnet carries a constant
current I .v

It greatly simplifies the problem to assume that the track 

carries a balanced current excitation, i.e., the current in the n^*1 loop 

whose center is at x = nc is

i (t) = I cos (u)t-mr/3) . (4.37)n o .
The phase velocity (synchronous velocity) is then 

i v^ = 3u)c/ir = 6c f . (4.38)
The vehicle magnet has dimensions a x b with b parallel to 

the vehicle velocity v. The track coils are the same size as the vehicle 
coil. In addition, we shall take c = b/3. The mutual inductances between 
the vehicle coil and a track coil whose centers are separated by (x,z) is 
denoted by M(x,z). (An expression for M is given in ref. 35)
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Superconducting 
Vehicle Coil

Fig. 4.19. Schematic diagram of a LSM. Only one phase of a 3 phase track 
system is shown.



The flux linking the vehicle coil with its center at (x,z) and
the track is

$ = E M(x-nc ,z) i (t). n (4.39)
n

The forces on the coil are
F < X = IV 9* 9 (4.40)

and (
Fz u H < az • (4.41)

For x = x + v.to 9
and z = h , the average forces are given by

I I V.< F > „ v p-ta c
Z
n

t.
f dt M J a 

0
(x + v.t-nc,h) cos(o)t-nrr/3) ,o ,<P (4.42)

where a = x,z 9

Ma ,
_ ?M

2 “ 9 (4.43a)

J •-©•
<oii (4.43b)

After some manipulation, and recalling M(x,h) is an even function of x, 

one can show that

'21 I / itx \ ~
< Fx > = sin U h  / dx-53r(x'h) sin TTX |

3c (4.44)

21 I v o< F > = — -— - cos z c
TTX
3c /  d x t l ( x ' h )  c o s  S (4.45)

Integrating by parts in the < F^> equation gives the alternative forms
-2 ir I I v o

< Fx> - 3 c* Sln
irx
3^“ J / dx M(x,h) cos ( 3C j (4.46)7TX

and

< F > = ^£. cot < F >z ir l 3c / oh x (4.47)
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(Alternatively, we could have evaluated the average forces from just one 
phase of the three phase system, and then tripled the result to find the 
total.)

Some simple analytic results follow if we take a »  b , h.
In  t h i s  i n s t a n c e ,  i t  ca n  be shown t h a t  ( s e t t i n g  c  =  b /3 )

Z*0 V  “TTh/b-6y a l l  _ o V O .< F > =  ----- ——  ----------  S in
x  b b / . 6 ( 4 .4 8 )

and
-6y a l l  O V O

< F > =  ~—T"----------- --  COSz b

34

7TXo ) -Tfh/b 
e ( 4 .4 9 )

A th e rto n  f i r s t  s u g g e s te d  t h a t  f o r  a  g iv e n  h e ig h t  h and w id th  a  , t h e r e  

i s  an optimum l e n g th  b . M axim izing < F ^ >  w ith  r e s p e c t  t o  b g iv e s  

b =  irh. F o r  s m a l l e r  a  , n u m e ric a l s t u d i e s  g iv e  a  b ro a d  maximum a t  

b -  3.7 h f o r  a  =  lm and b -  4 ,2  h f o r  a  f= 0.5 m , w here h =  0.3 m. 

T h ese r e s u l t s  d i f f e r  by a b o u t a  f a c t o r  o f  2 from  A t h e r t o n 's .  We b e l i e v e  

o u r r e s u l t s  t o  be c o r r e c t .

The a b s o l u t e  m agn itu d e o f  th e  t h r u s t  on a  s i n g l e  v e h i c l e  c o i l  f o r  

some t y p i c a l  p a r a m e t e r s ,

I  =  1 5 0 0  A o

I  =  -  5 x  1 0  A v
h =  0 .3  m 

a  =  lm , 

b = . 1 . 1  m

( 4 . 5 0 )

i s

< F > = 4 5 2  l b .
x s i n

/ irx
h r ( 4 . 5 1 )

Eq.  ( 4 . 5 1 )  r e s u l t s  from  th e  n u m e rica l e v a l u a t i o n  o f  ( 4 . 4 6 )
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We h ave shown t h a t  th e  p eak  t h r u s t  re q u ire m e n t o f  a  m a g n e t i c a l l y  l e v i t a t e d  

v e h i c l e  i s  a p p ro x im a te ly  2 0 , 0 0 0  l b .  H en ce, a b o u t 4 4  v e h i c l e  m ag n ets a r e  

r e q u i r e d .

The m agnet le n g th  b i n  ( 4 . 5 0 )  h a s  b een  ch o se n  t o  g iv e  maximum

t h r u s t  f o r  a  g iv e n  h e i g h t ,  w id th , c o i l  c u r r e n t ,  and t r a c k  c u r r e n t .  To

c o m p le te ly  o p tim iz e  th e  sy ste m  on e w ould a l s o  h ave t o  c o n s id e r  t r a c k  c o s t s ,

m agn et w e ig h t and s h i e l d i n g ,  e t c .  so  t h a t  some o th e r  a s p e c t  r a t i o  may be

m ore f a v o r a b l e .  No a t te m p t  was made t o  p e rfo rm  t h i s  ty p e  o f  o p t i m i z a t i o n .

In  a d d i t i o n ,  we n o te  t h a t  th e  p r o p u ls io n  m agn ets h av e  a  d i f f e r e n t  a s p e c t

r a t i o  (1  x  1 .1  m) th a n  th e  l i f t  m ag n ets  ( 0 . 5  x  3 m ) , w h ich  s u g g e s ts  t h a t

e i t h e r  a  com prom ise d e s ig n  i s  n e e d e d , o r  t h a t  s e p a r a t e  m ag n ets  a r e  r e q u ir e d

f o r  p r o p u ls io n  and l i f t .  C e r t a i n l y ,  i f  we u se  th e  p a r a m e te r s  i n  ( 4 . 5 0 )

and ( 4 . 5 1 )  m ore m agn ets (44)  a r e  n eed ed  f o r  p r o p u ls io n  th a n  l i f t  ( 4 . 8 ) .

I t  i s  a l s o  e v id e n t  from  E q s . ( 4 . 4 8 )  and ( 4 . 4 9 )  t h a t  < F  > i s  an a t t r a c t i v e
. z

f o r c e  i n  th e  r e g io n  w here < F x > i s  p o s i t i v e  and s t a b l e  ( i . e . ,  w here < F ^>

i n c r e a s e s  f o r  a  d e c r e a s e  i n  x  . )  From th e  a p p ro x im a te  r e s u l t s  ( 4 . 4 8 )  ando
( 4 . 4 9 ) ,  we s e e  t h a t  < F  > ca n  be a s  l a r g e  a s  < F > S in c e  < F > i s

z x  z

a t t r a c t i v e ,  i t  a c t s  t o  i n c r e a s e  th e  e f f e c t i v e  w e ig h t o f  th e  sy stem  i n  an  

a rra n g e m e n t su ch  a s  F i g .  4 . 1 9 .

One im p o rta n t p r o p e r t y  o f  a  LSM i s  i t s  s t a b i l i t y .  A sim p le  m odel 

o f  th e  d y n a m ica l b e h a v io r  a llo w s  u s t o  p u t  bounds on th e  v e l o c i t y  e r r o r  

w hich i s  a llo w e d . I t  i s  r e a s o n a b le  t o  assum e t h a t  z -  h ,  and a t  any  

i n s t a n t  o f  tim e

F - F  s in ( k x - a ) t )  ( 4 . 5 2 )x  o

w here
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F =  o
V  O V

3c2 /  dx M ( x , h )  c o s  ( 5 ^ )  '  ( 4 . 5 3 a )

, . TT IT

k ~  3 c  =  b ( 4 . 5 3 b )

and

v ,  -  o)/k(P ( 4 . 5 3 c )

F o r  c o n v e n ie n c e  we ta k e  F q > 0 .  The number o f  m ag n ets  on th e  v e h i c l e  i s  

N^. I f  m i s  th e  m ass o f  th e  v e h i c l e ,  th e n

m =  - F _ ( v )  +  F s in (k x -a ) t )  , v  =  , ( 4 . 5 4 )
d t  D o d t

w here F  (v ) i s  th e  d ra g  f o r c e .  L e t  x" =  x  -  v . ' t  , th e n  
D <p

m =  ^F ( v , + v " )  +  F  s i n  kx^ , v '  =  ~  , . ( 4 . 5 5 ) 
d t  D <p o d t

Now v '  «  v ,  , so9
f d V v ^ V V +  f d (v  v '  +  

We can  r e w r i t e  th e  e q u a tio n  o f  m o tio n  a s

( 4 . 5 6 )

m-.d v '
d t

.  . dV
-fD(V 1 - S T ( 4 . 5 7 )

w here

f D (°  = F D(V V '  +  ” • ( 4 . 5 8 a )

and

V(x') =~FD(vfj>) x ' + ~  cos kx ( 4 . 5 8 b )

V ( x ^ )  ca n  be th o u g h t o f  a s  an e f f e c t i v e  p o t e n t i a l  e n e r g y .

S yn ch ron ou s o p e r a t i o n  c o rre s p o n d s  t o  o p e r a t i o n  a t  a  l o c a l  m in i

mum in  V ( x " )  , i . e . ,  a t  x' =  x  w here F s i n  k x =  F ^  ( v . ) = T" .
o p o D <p D

(S ee F i g .  4 . 2 0 ) .  The p o i n t  b ^ x  g iv e s  th e  same t h r u s t  a s  x  , b u t c o r r e s -o o

ponds t o  an u n s ta b le  e q u ilib r iu m  ( p o t e n t i a l  m axim um ). C l e a r l y  th e  sy stem  

i s  s t a b i e  i f  ( l / 2 ) m v ^2 +  V f x -*) < . H en ce, i f  th e  v e h i c l e  i s  g iv e n  a
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P i g .  4 . 2 0 .  E f f e c t i v e  p o t e n t i a l  e n e rg y  V ( x ' )  v s  x* . S t a b i l i t y  i s  o b ta in e d  
i f  t h e  o p e r a t in g  p o i n t  re m a in s  i n  th e  l o c a l  minimum a b o u t x q .

* « I



(4.59)

velocity error Av = v" = v-v,, but no position<P .
obtained if l/2m(Av)2 < (V2~V ) Or

error, stability is

( A v ) :
4b F
urn f  (1-F2/F2) --2- cos 1 z p ~  ” JL  D o F F J° o

Take cos-1x to be positive, but less than ir/2 . This result is
32similar to a rough estimate given by Richards and Tinkham 

For b = 1.1m , mg = 100,000 lb 
we find

Fq = 20,000 lb and Fq = 10,000 lb ,

|Av| "z. lm/s = 2.2 mi/h ; . (4.60)
Unless one goes to larger F , the permissible velocity error is rather .o
small.

It is desirable to calculate the efficiency of the LSM. The 
track is energized in sections of length L. The efficiency at cruise is

(4.61)

(4.62)

The number of track loops in one phase is N̂_ = L/b and the resistance of a 
single loop is R = p2(a+b)/A where p is the resistivity and A is the cross- 
sectional area of the conductor. Substitnting into (4.61), we find that

Efficiency = Fpv
F v + P. D t

where P̂_ is the energy dissipated in the track,

p t  -  I  N t  E  X o 2'

Efficiency =
1 +/3LRIo2bFDv) (4.63)

For an aluminum conductor (p = 2,8 n fi-cm) of 2.5 cm x 2.5 cm cross
section and with I = 1500 A, a = 1 . 0 m > b = l . l m ,  F^= 10,000 lb, ando D
v = 300 mi/h, we' find that
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23RI
2bFDV° = 0.97 x 10~4 m”1 10km (4.64)

Hence,
Efficiency =

i + (4.65)
10km

Clearly, high efficiencies are available if short sections of track
are energized (e.g., if L = 2km, then the efficiency = 83%)

In Fig. 4.21 we show a possible arrangement of the propulsion
magnets and the lift magnets. In this case, the height of the propulsion
magnets above the track is taken to be 0.15 m.

The full clearance of the suspension system is probably not required
for the propulsion system since the dynamic stroke is < O.i m. In addition,
control coils and/or damping plates must also fit below the lift coils which
makes the suspension height as large at 0.3 m. Reducing h to 0.15 m
decreases the required number of vehicle magnets to 24 as compared to 44 for
h = 0.3 m. The peak thrust Fq v s .  magnet length b is shown in Fig. (4.22).
A maximum occurs at b = 0.5 m. For L = 2 km, the efficiency is shown in
Fig. 4.23 where Iq is adjusted at each value of b so that Fq = 2F^ = 20,000 

instead of being fixed as in Fig. 4.22. 
lb/ There is a broad maximum in the efficiency at b 0.8 m. As a function
of L, Eq. (4.65) gives the efficiency for b « 0.8 m to a good approxima
tion. In Figs. (4.24) and (4.25), the resistance and conductor volume/km 
of track are shown as functions of b. We note these quantities increase
rapidly with decreasing, b for b ̂  0.4 m. Such curves are useful in optimizing 
the system.4.5. Propulsion by a Turbojet Engine

It has generally been concluded that propulsion by a jet engine is 
not an available option for the magnetically levitated revenue vehicle. The 
reasons are noise and air pollution. The noise problem does not, however,
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Fig. 4.21. Possible configuration of lift magnets and propulsion magnets for LSM.



PE
AK

 T
HR

US
T 

(l
b)

COIL LENGTH b (meters)

Pig. 4.22. LSM peak thrust for lm wide coil at 0.15m height as a function of
magnet length. The vehicle is assumed to have 24 magnets on board, 
each carrying 5 x 105A. The track current Iq is 1500 A (Iq is the 
peak track current, not r.m.s.).
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Fig. 4.23. Efficiency and. track current vs coil length b. The track current 
is adjusted so that the peak thrust is 20,000 lb at each value of 
b. Other parameters are the same as in Fig. 4.22. The efficiency 
is calculated for an energized track length of 2km.
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J?ig. 4.24. Resistance/km of track (1 phase) vs coil length b.



i

Fig. 4.25. Volume of conductor/km of track (-1-phase) vs coil length b.



appear to be insurmountable since it has been shown that a substantial
reduction in jet noise can be achieved through appropriate engine design;

36in this connection the Q-fan design by Hamilton Standard is the one
which has received the most development. The current status of noise and
pollution cpntrol for jet engines has been discussed in a recent article by 

36Beheim et al. The turbojet engine has many desirable features as a pro
pulsive power unit for a magnetically levitated vehicle, particularly for 
,a vehicle with a repulsive-type suspension. The engine is light weight 
(even with fuel for a 300 mile trip) , requires no wayside power pickup and 
no close-gap reaction surface. It does not preempt any part of the track 
area, thus allowing greater freedom in guideway choice.

The noise from a jet engine is from two sources: from fan noise and 
from the mixing of the high velocity jets with ambient air. Fan noise 
can be reduced by locating the fan deep in the nacelle and by an acoustical 
treatment of the nacelle. The jet noise can be reduced by going to larger 
bypass ratios. The bypass ratio is the flow rate in the fan stream com
pared to the flow rate in the jet core. From an efficiency standpoint a

/
bypass ratio of about 4.5 is optimum, but the efficiency does not degrade 
very much as one goes to higher bypass ratios. However,* the noise level 
drops by about 10 EPNdB (effective perceived noise level) for each increase 
of 5 in the bypass ratio.

The Q-fan, developed by Hamilton Standard, uses a fan with 8 to 15 
blades (with subsonic tip speed), and a bypass ratio as large as 30. The 
fan diameter is somewhat larger than that of a conventional fan engine. The 
Q-fan has a desirable thrust characteristic; it provides about 50% larger 
thrust at low speeds than at cruise, which would be an advantage in 
overcoming the drag peak. Experiments on the Q-fan, which have been carried
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o u t in  p a r t  u n d er a  NASA c o n t r a c t ,  show t h a t  th e  h ig h -b y p a s s  f e a t u r e  

d oes in d eed  p ro d u ce  much low er n o is e  l e v e l s .

A s tu d y  by H am ilton  S tan d ard  f o r  th e  a p p l i c a t i o n  o f  Q -fan  p r o 

p u ls io n  t o  h ig h -s p e e d  ground t r a n s p o r t a t i o n  showed t h a t  two 4 . 5  f t  d ia m e te r  

Q -fa n s , e a c h  r a t e d  a t  36 0 0  s h a f t  HP, a r e  s u f f i c i e n t  t o  p r o p e l  th e  50  to n  

rev en u e  v e h i c l e  t o  a speed  o f  280  m i/h . The n o is e  l e v e l  i s  p r o j e c t e d  a t  

81 dbA a t  50  f t .  T h is  i s  an a c c e p ta b le  l e v e l  f o r  i n t e r c i t y  o p e r a t i o n .

(F o r co m p a riso n  th e  B e r t i n  a e r o t r a i n  w ith  th e  sh rou d ed  p r o p e l l e r  p ro d u c e s  

106  dbA a t  50  f t . )  In  o r d e r  t o  r e a c h  a  lo w er n o is e  s p e c i f i c a t i o n  f o r  

i n - s t a t i o n  o p e r a t i o n  (61 dbA a t  50 f t . ) ,  th e  e n g in e  would have t o  be 

t h r o t t l e d  t o  25% maximum t h r u s t .

The o t h e r  prob lem  a r e a  f o r  j e t  e n g in e s  i s  p o l l u t i n g  e m is s io n s .  

H yd rocarb on s and CO e m is s io n s  can  be re d u ce d  s u b s t a n t i a l l y  by m o d if ic a 

t i o n s  in  co m b u sto r d e s ig n , b u t c o n t r o l  o f  n i t r o g e n  o x id e  e m is s io n s  i s
0

more d i f f i c u l t .  V a rio u s  ap p ro a ch e s  f o r  a c c o m p lis h in g  th e  l a t t e r  g o a l  

u se  w a te r  i n j e c t i o n  o r  e l e c t r o n i c  en g in e  c o n t r o l .  In  any c a s e  i t  seem s  

p ro b a b le  t h a t  e m is s io n  s ta n d a rd s  w i l l  be d e f in e d  f o r  a i r c r a f t  e n g in e s  in  

th e  n e a r  f u t u r e ,  and c o n s id e r a b le  d e v e lo p m e n ta l e f f o r t  w i l l  be expended  

t o  m eet th e s e  g o a l s .
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5. VEHICLE AERODYNAMICS
5 . 1 .  A erodynam ic Drag

The p r i n c i p a l  d ra g  f o r c e  on a  m a g n e t ic a l ly  l e v i t a t e d  v e h i c l e  a t  

3 0 0  m i/h  i s  th e  aerod yn am ic d ra g  f o r c e ,  u n le s s  th e  v e h i c l e  o p e r a t e s  in  

an e v a c u a te d  tu b e . S in ce  e v a c u a te d  tu b e  o p e r a t io n  i s  n o t a n t i c i p a t e d  

a t  th e  p r e s e n t ,  i t  i s  im p o rta n t  t o  have a s  a c c u r a t e  an e s t i m a t e  o f  th e

( 5 . 1 )

d ra g  a s  p o s s i b l e .  The aero d y n a m ic  d ra g  f o r c e  ca n  be w r i t t e n  a s

F =  ^  C A P v 2 AD 2 D

w here C^ i s  th e  d ra g  c o e f f i c i e n t ,  A i s  th e  f r o n t a l  a r e a  ( g e n e r a l l y

9 - 3assum ed to  be 100  f t z ) , p i s  th e  d e n s i t y  o f  a i r  ( ta k e n  t o  be 2 . 3 8  x  10

3
s l u g / f t  ^ 1 . 2  m i l l i g r a m / m i l l i l i t e r )  , and v  i s  th e  v e h i c l e  v e l o c i t y .  The

dynam ic p r e s s u r e ,  — p v 2 , a t  3 0 0  m i/h  i s  2 3 0  l b / f t 2 . Hence f o r  A =  1 0 0  f t 2

and v  =  30 0  m i/h , F =  2 . 3 0  x  1 0 4 CD l b s .

P r e v io u s ly 1 we e s t im a te d  t h a t  CD =  0 . 2 6 ,  w hich g i v e s  =  6 0 0 0  l b .  
%

A more th o ro u g h  s tu d y  o f  th e  d ra g  c o e f f i c i e n t  h a s  been  done by 

37
AVCO. In  t h i s  s tu d y , th e  d ra g  c o e f f i c i e n t  i s  sum o f  f o u r  c o n t r i b u t i o n s :  

n o se  d r a g , b a se  d r a g , sk in  f r i c t i o n  d r a g , and d ra g  t o  due t o  p r o tu b e r a n c e s .

C = C  + c + C  + C  D n ose b a se  s k in  p r o t . ( 5 . 2 )

We sum m arize t h e i r  r e s u l t s .

5 . 1 . 1 .  Nose Drag

A lth ou gh  th e  n ose d ra g  d epends t o  a c e r t a i n  e x t e n t  on th e  e x a c t  

sh ape o f  th e  n o s e , making th e  n o se  e x c e p t i o n a l l y  p o in te d  d o e s  n o t  re d u ce  

th e  d ra g  s i g n i f i c a n t l y ,  b u t p ro b a b ly  r e s u l t s  in  an u n e co n o m ica l u se  o f  

s p a c e . I t  was co n clu d ed  t h a t  f o r  a  p r a c t i c a l  d e s ig n

C =  0 . 0 8 .  ( 5 . 3 )nose
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5 . 1 . 2 .  B ase  D rag

I f  th e  h y d r a u l ic  r a d i i  o f  th e  b a se  and f r o n t a l  a r e a s  a r e  e q u a l ,

th en

"b ase
0 . 0 2 9

/ c  .sk in

( 5 . 4 )

The b a se  d ra g  depends upon th e  sk in  f r i c t i o n  c o e f f i c i e n t  b e ca u se  th e  s k in  

f r i c t i o n  p a r t i a l l y  d e te rm in e s  th e  flo w  by th e  t r a i l i n g  e d g e . F o r

C . . =  0 . 0 7 ,  we f in d  t h a tsk in

a = 0.11.b ase
( 5 . 5 )

(See f o llo w in g  s e c t i o n  f o r  th e  d e te r m in a tio n  o f  c s k ^ n *)

5 . 1 . 3  Sk in  f r i c t i o n  d rag

The s k in  f r i c t i o n  d rag  i s  com posed o f  two p a r t s ,  t h a t  due t o  th e

w e tte d  a r e a  o f  th e  v e h i c l e  a d ja c e n t  t o  th e  g u id ew ay , A an<^ t h a t  due

to  th e  r e s t  o f  th e  a r e a  A . So
o

A Ac = c 9aP + c —
sk in  f , g a p  A uf  A

where C
f  /g ap

( 5 . 6 )

i s  th e  sk in  f r i c t i o n  c o e f f i c i e n t  f o r  th e  gap r e g io n  ( i . e . ,

th e  r e g io n  a d j a c e n t  t o  th e  guidew ay) and i s  th e  c o e f f i c i e n t  f o r  th e

r e s t  o f  th e  v e h i c l e .  (R e c a l l  A i s  th e  f r o n t a l  a r e a . )

To d e te rm in e  C_ and C ^, i t  i s  n e c e s s a r y  t o  know th e  flo w  
f , g a p  f

R ey n old s number

Re_ =  v L /vii ( 5 . 7 )

w here L i s  th e  v e h i c l e  le n g th  (1 0 0  f t )  and v i s  th e  dynam ic v i s c o s i t y

- 4  o 8( 1 . 7  x  10  f t z / s e c ) . We f in d  t h a t  Re =  2 .7  x  10 a t  3 0 0  m i /h . TheL
flo w  i s  c l e a r l y  t u r b u l e n t .  F o r  th e s e  c o n d i t io n s  th e  t h ic k n e s s  o f  th e  

( v e l o c i t y )  bou n d ary  l a y e r  i s
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0.2
( 5 . 8 )6 0 .3 7 L /R e

L

F o r  a  1 0 0  f t  v e h i c l e ,  <5 = 9  in c h e s  (23  cm) w hich i s  th e  same o r d e r  o f  

m agn itu d e a s  th e  c l e a r a n c e  b etw een  v e h i c l e  and t r a c k  f o r  a  sy ste m  u s in g  

t h e  s u p e rc o n d u c tin g  s u s p e n s io n . (N ote t h a t  h =  0 .3  m =  12 in c h e s  

c o rre s p o n d s  t o  th e  d i s t a n c e  b etw een  th e  t r a c k  and th e  m agn et m id p lan e  o r  

c e n t e r .  P a r t s  o f  th e  d e w a r, th e  damping p l a t e  a n d /o r  c o n t r o l  c o i l s  m ust 

f i t  below  th e  m agnet so  t h a t  th e  c l e a r a n c e  i s  l e s s  th a n  0 . 3  m. The c l e a r 

a n ce  i s  t h e r e f o r e  p ro b a b ly  1 5 - 2 0  cm.  I n  ( 5 . 8 ) ,  5 i s  th e  b ou n d ary  l a y e r  

t h ic k n e s s  a t  th e  t r a i l i n g  edge o f  th e  v e h i c l e .  A t th e  le a d in g  e d g e , th e  

bou n d ary  l a y e r  i s  z e r o ,  i n c r e a s i n g  n e a r l y  l i n e a r l y  w ith  d i s t a n c e  t o  th e  

t r a i l i n g  e d g e . H en ce, we do n o t  e x p e c t  t h a t  th e  in f lu e n c e  o f  th e  g u id e 

way w i l l  be s i g n i f i c a n t .  F o r  s m a l le r  g a p s , th e  flo w  becom es t u r b u l e n t  

C o u e tte  f lo w . I t  i s  d i f f i c u l t  t o  r e l i a b l y  e s t im a te  th e  d ra g  in  t h i s  c a s e  

s i n c e  t h e r e  a r e  s e v e r a l  co m p e tin g  phenomena o c c u r r i n g  s im u lta n e o u s ly ;

(1 ) C o u e tte  flo w  i n c r e a s e s  , (2 ) v e n tin g  o f  th e  gu id ew ay c a u s e s

th e  r e l a t i v e  v e l o c i t y  in  th e  gap  t o  d e c r e a s e  below  v  , and (3 ) a  rou gh  

guidew ay s u r f a c e  can  m a in ta in  th e  r e l a t i v e  gap v e l o c i t y  c l o s e  t o  v ,  even  

w ith  v e n t in g . (1 ) and (3 ) r e p r e s e n t  i n c r e a s e s  in  w h ile  (2 ) r e p r e 

s e n t s  a  d e c r e a s e .  I t  i s  co n clu d e d  t h a t  f o r  c l o s e  g a p s  ( e . g . ,  1 in c h ) and  

a l s o  f o r  th e  l a r g e r  gap s t h a t  t h e  m o st r e l i a b l e  e s t im a te  i s

C . =  Ccf ,g a p  f ( 5 . 9 )

i . e . ,  th e  ground e f f e c t  can  be n e g l e c t e d .  The u n c e r t a i n t i e s  a s s o c i a t e d  

w ith  th e  ground e f f e c t  a r e  s m a l l e r  th a n  o t h e r  u n c e r t a i n t i e s ,  e . g . ,  th o s e  

i n  Cp r o t .

T h e r e f o r e , from  ( 5 . 6 )  we f in d  t h a t

c  . . =  C_ A VAs k in  f  w er (5.10)
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w here A . i s  t h e  t o t a l  w e tte d  a r e a  o f  th e  v e h i c l e ,  A +  A . We assum e  
w et gap o

t h a t  A =  40A . ca n  be e s t im a te d  from  th e  P r a n d t l - S c h l i c h t i n g  s k in

38
f r i c t i o n  fo rm u la

0 . 4 5 5  A
Cf  "  ( lo g  Re ) 2 . 5 8  "  Rer ( 5 , -11J

L li .

w here A ~ 1 7 0 0  (depends on th e  t r a n s i t i o n  R ey n o ld s n u m b er).

_ 3  8
T h is  g i v e s  C =  1 . 8 5  x  10  f o r  Re =  2 . 7  x  10  . S u b s t i t u t i n g  i n t o  1 L
( 5 . 1 0 ) ,  we f in d  t h a t  (A . =  40  A)w et

C ' . =  0 . 0 7  ( 5 . 1 2 )sk in

T h is  assum es t h a t  th e  v e h i c l e  s u r f a c e  i s  sm ooth a s  opposed  t o  a  s u r f a c e  

w ith  many r i v e t s  w here C may a s  1 a r g e  a s  0 . 2 .  C l e a r l y  t h i s  m u st 

be a v o id e d .

5 . 1 . 4 .  P r o tu r b e r a n c e  Drag

P r o tu b e r a n c e  d ra g  i s  due t o  l a r g e  s c a l e  o b j e c t s  su ch  a s  w indow s.

S m all s c a l e  e f f e c t s  ( s u r f a c e  f i n i s h ,  r i v e t s ,  e t c . )  a r e  in c lu d e d  in  C , . .s k in

T h is  c o n t r i b u t i o n  t o  th e  d ra g  h as th e  l a r g e s t  u n c e r t a i n t y  o f  any o f  th e  

f o u r .  AVCO e s t i m a t e s  t h a t

C ^ =  0 .1p r o t .

5 . 1 . 5  T o t a l  D rag C o e f f i c i e n t

Summing ( 5 . 3 ) ,  ( 5 . 5 ) > ,  ( 5 . 1 2 ) ,  and ( 5 . 1 3 )  we f in d  t h a t  

CQ =  0 . 3 6

( 5 . 1 3 )

( 5 . 1 4 )

The e r r o r  a c c o r d in g  t o  AVCO, i s  a t  l e a s t  +  0 . 0 3 .  Eq.  ( 5 . 1 4 )  th e n  r e p r e s e n t s  

a 8 3 0 0  lb  d ra g  f o r c e  a t  300  m i /h . C a r e f u l  d e s ig n  o f  th e  body t o  re d u c e  th e  

p r o tu b e ra n c e  d ra g  c o u ld  r e s u l t  in  a  20% d e c r e a s e  o f  t h i s  f o r c e ,  g iv in g  

6 6 0 0  l b  w hich  i s  a b o u t w hat we p r e v io u s ly  e s t i m a t e d .
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I t  sh o u ld  be p o in te d  o u t  t h a t  th e  AVCO e s t im a te  o f  th e  ground

e f f e c t  was s o l e l y  r e l a t e d  t o  th e  e f f e c t ,  on th e  s k in  f r i c t i o n .  Any

e f f e c t s  due t o  ch an g es in  th e  flo w  p a t t e r n  a b o u t th e  v e h i c l e  su ch  a s

o c c u r s  when a  v e h i c l e  p a s s e s  th ro u g h  an e n c lo s e d , o r  p a r t i a l l y  e n c lo s e d ,

39guidew ay have n o t been c o n s id e r e d . In  t h i s  r e g a r d ,  THL p r e d i c t s  t h a t  

CQ -  0 . 2 5  f o r  th e  box and i n v e r t e d  "T " d e s i g n s ,  b u t CD 0 . 3 3  f o r  th e

ch a n n e l d e s ig n . T h ese c a l c u l a t i o n s  p e r t a i n  t o  an a i r  c u s h io n  v e h i c l e  o f  

co m p arab le  w id th  b u t o n ly  a b o u t 60% o f  th e  le n g th  o f  th e  v e h i c l e  co n 

s id e r e d  i n  t h i s  r e p o r t .  (A ir  c o l l e c t i o n  d ra g  i s  n o t  in c lu d e d , b u t th e  

a d d i t i o n a l  d ra g  a s s o c i a t e d  w ith  th e  a i r  p ad s i s . )

5 . 2 .  A erodynam ic E f f e c t s  on  Yaw and T r a n s v e r s e  O s c i l l a t i o n s

C o n sid e r a  v e h i c l e  o f  le n g th  L and w id th  W w ith  g u id a n ce  m agn ets

a t  e a c h  c o r n e r .  E ach  m agnet h a s  a  n o r m a l .f o r c e  (g u id a n ce  f o r c e )  F  and
G

an a s s o c i a t e d  d ra g  f o r c e  F ^ . I t  i s  s t r a i g h t f o r w a r d  t o  show t h a t  th e  . 

to r q u e  on th e  v e h i c l e  due t o  m a g n e tic  f o r c e s  f o r  s m a ll ip (yaw a n g le )  

and y  ( t r a n s v e r s e  d is p la c e m e n t o f  th e  c e n t e r  o f  m ass w hich  i s  ta k e n  a t  

th e  v e h i c l e  c e n t e r )  i s  (See F i g .  5 . 1 )

MZ ,mag (Fq2W +  F ' l 2 ) ^  +  2W F ^ y ( 5 . 1 5 )

w here F
G

^ G
■dh' and F

GD
dFGD 
3  h'

h' i s  th e  n om inal s e p a r a t i o n  o f  th e

m ag n ets from  th e  gu id ew ay.

L ik e w is e , th e  t r a n s v e r s e  f o r c e  due t o  th e  m ag n ets  i s

F =  4F' yy ,m ag G J

The aerod yn am ic to r q u e  i s

1 2=  —  r>Mz , a e ro _ p V^ AL C 2 n

1 9w here — pv^ i s  th e  dynam ic p r e s s u r e , A

( 5 . 1 6 )

( 5 . 1 7 )

W2 i s  th e  f r o n t a l  a r e a ,  and
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GUIDEWAY
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V E H IC L E  V E L O C IT Y  V
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TOP VIEW

F i g .  5 . 1 .  Yaw and t r a n s v e r s e  o s c i l l a t i o n  o f  v e h i c l e  in  gu id ew ay.



C i s  th e  yaw ing moment c o e f f i c i e n t .  F o r  s m a ll  ip 
n

C =
n dipS r i Ip . ( 5 . 1 8 )

The t r a n s v e r s e  o r  s id e  f o r c e  i s

F =  ~ T  Pv2 A Cy , a e r o  2 y ( 5 . 1 9 )

dC
w here C =

y dip y ip f o r  s m a ll . T h e re  i s  no com ponent p r o p o r t i o n a l  t o  y .

1  9The moment o f  i n e r t i a  i s  I  =  —  MIi w here M i s  t h e  m ass and i t  i s  

assum ed t h a t  L >> W and th e  m ass i s  u n ifo rm ly  d i s t r i b u t e d .  The e q u a tio n s  

o f  m o tio n  a r e :

I  ip =  M +  M
z,m ag z , a e r o , ( 5 . 2 0 )

and

My =  F  +  F
y fmag y ,a e r o

( 5 . 2 1 )

We now assum e t h a t  th e  g u id a n c e  f o r c e  i s  one h a l f  o f  th e  l i f t  f o r c e

f o r  th e  c o rre s p o n d in g  l i f t  m a g n e t,

F  =  — F  
G 2 L

( 5 . 2 2 )

A l s o ,

f g d - |  f g
( 5 . 2 3 )

(The c h a r a c t e r i s t i c  speed  w i s  d e f in e d  i n  E q . ( 2 . 2 ) . )

We r e c a l l  t h a t  th e  n a t u r a l  f re q u e n c y  o f  th e  v e r t i c a l  o s c i l l a t i o n s

i s

<o 2 = - ^F' 0 M L F s --=
L 3 h

( 5 . 2 4 )

i f  t h e r e  a r e  fo u r  l i f t  m agn ets (4F  =  Mg) ; h i s  th e  n om in al h e ig h t  w hich i sL
ta k e n  t o  be e q u a l t o  h ' .
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The c o e f f i c i e n t  o f  th e  te rm  i n  M p r o p o r t i o n a l  t o  \p i s  t h e r e -
z ,mag

f o r e  g iv e n  by

F 2W +  F ; l 2 =  \  MgW -  ^  Ma) 2L 2 
G  G  4 ^ 8 o

( 5 . 2 5 )

-  Mo) 2L2 8 o
1 9

The l a s t  a p p ro x im a tio n  fo llo w s  s in c e  L »  W and — L »  gW. 

S i m i l a r l y ,

2W f :  =  -  i  -  W Mco 2GD 4 v  o
( 5 . 2 6 )

and

„  1  94F = - — Mti) 2 G 2 o
39  .

( 5 . 2 7 )

dC \
—  Jdip /

From  th e  T rack ed  H o v e r c r a f t  L im ite d  R e p o rt i t  c a n  be se e n  t h a t

1 t o  2 ,  depending upon guidew ay t y p e , f o r  th e  s i z e  and sh ap e

v e h i c l e  o f  i n t e r e s t .  S in ce  cj- pv2 -  2 3 0  l b / f t 2 a t  3 0 0  m i /h , A =  1 0 0  f t 2 

and L =  1 0 0  f t ,

M ~  2 - 4  x  1 0 b f  .z , a e r o ( 5 . 2 8 )

F o r  a  5 0  to n  v e h i c l e  a t  a  fre q u e n c y  o f  —  =  1 . 3 5  Hz (a p p r o p r ia te  t o  a  

7  x  3m c o i l )

M -  4 x  1 0 ° iJj +  te rm s  i n  yz ,mag ( 5 . 2 9 )

H en ce , we ca n  n e g l e c t  M com pared t o  M
z , a e r o  z ,m ag

dOy/d^o
In  th e  same r e p o r t ,  we f in d  t h a t  

= 0 , ch a n n e l guidew ay

-  6 , in v e r te d  "T " guidew ay

-  8 , box g u id ew ay .

(5.30)
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T h ese c o e f f i c i e n t s  a r e  b ased  upon wind tu n n e l  t e s t s  on s m a ll  m od els in  

w hich b o th  th e  guidew ay and th e  v e h i c l e  w ere r o t a t e d .  H en ce, th e y  a r e  

o n ly  a p p ro x im a te  f o r  th e  a n a l y s i s  a b o v e . The d a ta  r e p o r te d  a r e  m ore  

a p p r o p r ia te  f o r  s id e  w in d s, w h ich  a r e  d is c u s s e d  l a t e r .

The e q u a tio n s  o f  m o tio n  becom e

ip 1 o

5 + w 2 £=-k?(ji)2 iJj ,y  ̂ o

w here

2 1 *30), =  -  — —  (M
ip I  dip z mag

M ) -  — to 'z , a e r o  2 o

ki 2W2 r ,  w /  W \  2
Ico 2 FGD 6 v \ L / ,o

( 5 . 3 1 )

( 5 . 3 2 )

( 5 . 3 3 a )

( 5 . 3 3 b )

5 =  y/w , ( 5 . 3 3 c )

2 _  1 4 y ,m ag .. 1 ? 
M ?? y  2 o / ( 5 . 3 3 d )

and

k 9 =
2, dC- Pv A

2MWco 2 d,i )0 ^  '0

B o th  k^ and k 2 a r e  s m a ll ,  d im e n s io n le s s  numbers (k^ ~ 1 0  3 , k 2 ~  1 0 - 1 )

( 5 . 33e)

One n orm al mode o f  o s c i l l a t i o n  h a s  a  fre q u e n c y  -  to, -  /  3 / 2  to
ip o

i n  w hich £ - k 2 ^ and th e  seco n d  h a s  a  f re q u e n c y  -  to = w ith

ip - - ki£.‘ The d e g re e s  o f  freed om  a r e  o n ly  s l i g h t l y  c o u p le d .

In  g e n e r a l  we do n o t e x p e c t  th e  aero d y n am ic f o r c e s  t o  a f f e c t  th e

n orm al modes o f  o s c i l l a t i o n  o f  th e  v e h i c l e  t o  any g r e a t  e x t e n t  s i n c e  th e

37m a g n e tic  f o r c e s  a r e  much l a r g e r .  AVCO g iv e s  th e  r e l e v a n t  c o e f f i c i e n t s  

f o r  th e  o t h e r  modes ( p i t c h ,  h e a v e , and r o l l ) .
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5 . 2 . 1 .  S id e  W inds

A 6 0  m i/h  s id e  wind c o rre s p o n d s  t o  a  yaw a n g le  o f  1 1 °  when th e

39v e h i c l e  i s  t r a v e l i n g  3 0 0  m i/h . A cco rd in g  t o  THL, th e  s id e  f o r c e  

c o e f f i c i e n t  a t  1 1 °  i s

-  0 , ch a n n e l guidew ay

-  1 . 1 ,  i n v e r t e d  "T " guidew ay ( 5 . 3 4 )

-  1 . 7 ,  box guidew ay

T h is  g i v e s  a  s id e  f o r c e  o f  2 3 , 0 0 0  l b .  x  w hich i s  c o n s id e r a b le  f o r  th e

i n v e r t e d  "T " and box g u id ew ay s. Wind tu n n e l  t e s t s  by Grumman on a  TACRV

4 0  1
m odel i n d i c a t e  a b o u t 7 7 0 0  l b .  on a  v e h i c l e  ro u g h ly  — th e  s i z e  c o n s id e r e d

a b o v e . In  th e s e  t e s t s ,  th e  guidew ay was s i m i l a r  t o  th e  c h a n n e l guidew ay

i n  THL' s  t e s t s .

5 . 3 .  Use o f  F l a p s  f o r  Damping;

C o n s id e r  th e  u se  o f  fo u r  f l a p s , one a t  e a c h  c o r n e r  o f  th e  v e h i c l e ,

w hich  w ould be c o n t r o l l e d  t o  p ro d u ce  damping o f  th e  v e r t i c a l  m o tio n .

The d im e n sio n s  o f  th e  f l a p s  a r e  assum ed b x  c  a s  shown in  F i g .  5 . 2 ,  w here

41
u s in g  s ta n d a r d  te rm in o lo g y  w ith  r e s p e c t  t o  a i r f o i l s  

b /2  =  sp an  o f  wing ( f la p )  

c  =  c h o rd  o f  wing ( f la p )

The a s p e c t  r a t i o  A f o r  f l a p s  i n  t h i s  a rra n g e m e n t i s  

A = b2/S

w here S i s  th e  s u r f a c e  a r e a  o f  th e  w in g . In  th e  s im p le  c a s e  o f  a  r e c ta n g u 

l a r  w ing ( f l a p )  a s  shown, S =  be so  t h a t  A =  b / c .  T h is  i s  n o t  i n  g e n e r a l  

t r u e  f o r  a i r f o i l s  o f  m ore c o m p lic a te d  s h a p e , e . g . ,  p a r a b o l i c  le a d in g  e d g e ,  

i n  w hich  c a s e  A =  b /c
a v e ra g e

The s u b j e c t  o f  th e  a e ro d y n a m ics  o f  a i r f o i l s  i s  c o m p lic a te d  and  

t h e r e f o r e  th e  s i m p l i f i e d  a n a l y s i s  p r e s e n te d  h e r e  i s  by no m eans t o  be
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c o n s id e r e d  a  d e f i n i t i v e  t r e a t i s e .  H ow ever, i t  sh o u ld  be s u f f i c i e n t l y  

e x a c t  t o  g iv e  a  f e e l  f o r  w h eth er damping o f  th e  v e r t i c a l  m o tio n  c o u ld  

be o b ta in e d  u s in g  f l a p s  o f  r e a s o n a b le  s i z e .

(1 ) I t  i s  assum ed th e  f l a p s  a r e  f a r  enough from  th e  ground p la n e  t h a t  

i t  h a s  no a p p r e c ia b le  e f f e c t  on th e  l i f t  and d ra g  r e l a t i o n s h i p s .

(2 ) The e f f e c t  o f  th e  w ings ( f l a p s )  b e in g  a t t a c h e d  t o  th e  v e h i c l e  

body i s  ta k e n  i n t o  a c c o u n t  by assum ing th e  two f l a p s  on e i t h e r  s id e  o f  

th e  v e h i c l e  o p e r a t e  a s  one s i n g l e  f l a p  ( t o t a l  sp an  b) i n  f r e e  s p a c e .

(3 ) The f l a p s  a r e  assum ed t o  be r e c t a n g u l a r  f l a t  p l a t e s  w ith  b lu n t  

e n d s . C hanging th e  p r o f i l e ,  p la n fo rm  s h a p e , o r  end sh ap e o f  th e  f l a p s  

would ch an g e  th e  r e s u l t s  somewhat b u t p ro b a b ly  n o t  s i g n i f i c a n t l y .

(4 ) I t  i s  assum ed t h a t  th e  f l a p s  a r e  o p e r a te d  in  u n iso n  i n  r e s p o n s e  

t o  v e r t i c a l  v e l o c i t i e s  in d u ced  by t r a c k  i r r e g u l a r i t i e s .  The r o t a t i o n s  

a b o u t th e  c e n t e r  o f  m ass due t o  th e  f r o n t  and r e a r  f l a p s  o p e r a t in g  o u t  

o f  p h a se  ( p i t c h )  o r  th e  s id e  t o  s id e  f l a p s  o u t  o f  p h a se  ( r o l l )  a r e  n o t  

c o n s id e r e d .

5 . 3 . 1 .  L i f t  and D rag C o e f f i c i e n t s :

The l i m i t a t i o n s  o f  th e  a n a l y s i s  a r e :

The l i f t  and d ra g  c o e f f i c i e n t s  f o r  an a i r f o i l  a r e  d e f in e d  by

’L =  7jFpv 2 ) s  =  &  ' q =  dy nam ic P r e s s u r e ,

F ,  F
C. ( 5 . 3 5 )

and

( 5 . 3 6 )

I t  h a s  been  d e te rm in e d  t h a t  f o r  w ings o f  any a s p e c t  r a t i o
4 1 - 4 4

and o f

many sh a p e s

( 5 . 3 7 )
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(E m p i r i c a l l y ,  i t  h as been found t h a t  t h i s  r e l a t i o n s h i p  u n d e r e s t im a te s

th e  d ra g  som ew hat, b u t p r o v id e s  a  good o r d e r  o f  m agn itu d e number.-)

The l i f t  c o e f f i c i e n t  depends on t h e  w ing s h a p e , p r o f i l e ,  and a s p e c t  r a t i o .

I t  a p p e a rs  t h a t  f o r  o u r p u rp o s e s  i t  i s  v e r y  r e a s o n a b le  t o  assum e t h a t

th e  l i f t  c o e f f i c i e n t  f o r  a s i n g l e  p a i r  o f  r e c t a n g u l a r  f l a p s  i s

C =  . 5  it A a  ( 5 . 3 8 )L
and o u r r e s u l t s  w i l l  c e r t a i n l y  be v a l i d  t o  w ith in  a  f a c t o r  o f  two on C ^. 

5 . 3 . 2 .  R eq u ired  F la p  R a t e :

W ith th e  above in f o r m a t io n , we ca n  d e te rm in e  th e  r e l a t i o n s h i p s  

betw een f l a p  s i z e ,  f la p  r a t e ,  and th e  d e s i r e d  dam ping. F o r  a  g iv e n  d e g re e  

o f  dam ping, th e  damping f o r c e  i s

( 5 . 3 9 )

and th e  f l a p s  m ust e x e r t  t h i s  v e r t i c a l  f o r c e  so  t h a t  (w ith  n f l a p s )

Fq = m 3 z

m 3z , 1 9. , _ .
------ =  ( f  P v z ) x  S  x  (. 5 tt) A  an 2 ( 5 . 4 0 )

o r

m3z
nq (. 5) it b2

and th e  f l a p  r a t e  r e q u ir e d  i s  th u s  (rm s)

a  -  (  m |B  )  z
rms \ .5  it  qb2n '  rms 

S in c e  3 =  2 6u) , and m =  w /g

( 5 . 4 1 )

( 5 . 4 2 )

/ 4w<5u) \ z _ ( ___ 0_ ) m s
' nugb2 /rms ' n7rqb2

We a l r e a d y  h ave com puted z / g  f o r  v a r i o u s  v a lu e s  o f  6 .
rms

com pute a for v a r io u s  f l a p  s i z e s ,  rms

( 5 . 4 3 )

Thus we can

4 x 10-5 l b  6m

m s  4 7T (225 l b / f t 2 ) x b2 rms(z /  g ) ( 5 . 4 4 )
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f o r  a  1  m x 3 ni c o i l  at. . 3 m  h e ig h t  co0=  7 . 3 8  r / s e c

&rms
1 . 0 4  x 1 q3 <$ 

b 2 J q )rms ( 5 . 4 5 )

TABLE 5 . 1 .  R eq u ired  F la p  R a te s  f o r  A erodynam ic Damping

b a
rms

6

3 f t .9 r / s e c ( 5 1 . 5 ° / s e c ) . 7 0 7

5 f t ' . 3 2 r /  s e c ( 1 8 . 3 ° / s e c ) . 7 0 7

3 f t 1 .  27 r / s e c ( 6 5 . 5 ° / s e c ) 1 . 0

5 f t . 4 5 3 r / s e c ( 2 5 . 8 ° / s e c ) 1 . 0

(5 =  . 7 0 7 . 0 1 1 g . rm s )

Thus i t  a p p e a rs  t h a t  f l a p s  o f  th e  o r d e r  o f  25 f t 2 p e r  p a i r  would  

be needed t o  o b t a i n  th e  r e q u ir e d  dam ping. (S ee T a b le  5 . 1 )  C e r t a i n l y  th e  

p eak  t o  p eak  sw ing o f  +_ 7 3 ° / s e c  o f  th e  1 .5  f t  x  3 f t  f l a p s  would be

u n re a s o n a b le  t o  e x p e c t  and th e  a n a l y s i s  i s  p ro b a b ly  n o t  v a l i d  f o r  su ch
\ Q 

l a r g e  d e v i a t i o n s  in  th e  a n g le  o f  a t t a c k .  H ow ever, th e  sw ing o f  +  26  / s e c

o f  th e  2 .5  f t  x  5  f t .  f l a p s  a t  . 7 0 7  =  6 would p e rh a p s  be r e a s o n a b l e .  The

o n ly  way t o  u se  s m a lle r  f l a p s  would be t o  u se  m ore o f  them .

T h ere  seem to  be some d e f i n i t e  d is a d v a n ta g e s  t o  u s in g  f l a p s  t o

o b ta in  dam ping,

(1 ) The f l a p  e f f e c t i v e n e s s  d e c r e a s e s  d r a s t i c a l l y  w ith  sp e e d . S in c e

th e  f l a p  r a t e  v a r i e s  a s  and z a s  / v ,  th e  f l a p  r a t e  r e q u ir e d  wouldv2 rms

3 /2be (2 ) t im e s  g r e a t e r  a t  1 5 0  mph, f o r .e x a m p le .

(2 ) F l a p s  o f  th e  o r d e r  o f  2 .5  f t  x  5 f t  would be r e q u ir e d  on a l l  f o u r  

c o r n e r s  o f  th e  v e h i c l e .  T h is  c o u ld  c a u s e  c l e a r a n c e  p ro b le m s.
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(3 ) F la p s  c o u ld  n o t  be u sed  in  p a r t i a l l y  e v a c u a te d  tu b e s  w hich m ig h t  

be r e q u ir e d  f o r  f u tu r e  o p e r a t io n  o f  th e  sy stem  a t  h ig h e r  s p e e d s .

(4 ) The o p e r a t io n  o f  th e  f l a p s  in  tu n n e ls  i s  p ro b a b ly  v e r y  q u e s t io n 

a b le  .

(5) The v e h i c l e  would p ro b a b ly  be m ore s u s c e p t ib l e  t o  d is tu r b a n c e s  

ca u se d  by wind g u s ts  i f  i t  had su ch  f l a p s .

I t  th u s  a p p e a rs  t h a t  w h ile  th e  u se  o f  f l a p s  f o r  damping o f  th e

v e r t i c a l  m o tio n  would be f e a s i b l e  w ith  l a r g e  enough f l a p s  ( 2 . 5  f t  x  5 f t )

th e r e  would seem t o  be l i t t l e  i n c e n t i v e  t o  u se  them . S im ila r  c o n c lu s io n s

37have been  re a c h e d  by AVCO.
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6. VEHICLE DYNAMICS AND RIDE QUALITY
6.1. Dynamics of Various Guideways

The dynamics of a magnetically levitated vehicle in various
guideways of the type shown in Figure 6.1 were discussed in the final

1 45report of Task I and m  more detail in Wilkie . However, an error has

been discovered in the analysis relative to the inverted vee guideway in

Wilkie where it was shown that the equilibrium obtained with the inverted

vee guideway is stable. In fact, this is not the case and the equilibrium

obtained with either an inverted vee or vee shaped guideway is unstable.

Detailed analyses of these guideways as well as others appear in Auelmann 
46and Schaefgen and are summarized here because of the importance of these 

results.
Consider the case of a levitated vehicle riding above the inverted 

vee guideway as shown in Figure 6.2. To a first order, the vertical, longi
tudinal , and yaw motions of the vehicle are decoupled from the lateral 

motions of sway (y) and roll (a). The equations of motion describing the 

coupled sway and roll dynamics a r e ^ ' ^
■ .. r \
ycg

=
A11 A12 ' ycg

1--
--

-
P 
:

> . A21 a

(6.1)

where

An 4= —  cos11 m

A, „ 4 „n = —  F12 m n
A„, 4Fn i = n21

Fnn

cos 0 (b sin 0 + 
cos 0 (b sin © +

LCG

c cos 0) 
c cos ©)
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X l
E m u  u n m

a) U-CHANNEL

L L  .1x1

b) BOX BEAM

e) INVERTED VEE

Fig. 6.1. Location of levitation-guidance, magnets in various guideways.
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Pig. 6.3. Vehicle above vee guideway.

Pig. 6.2. Vehicle above inverted vee guideway
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A — — 2—  (b sin © + cos ©)2 + ^  (c - b Cot 0)
Z2k CG cG

XCg = moment of inertia about roll axis 

n nF = ■_ • ■ , n = coordinate normal to trackn a n

It is straightforward to show that a necessary condition that the 

ropts of the characteristic equation of (6̂ -1) all lie in the left half of 
the complex plane is that

b > ctan © (6.2)

which implies that the■center of gravity mast be below the point A at some

point C.G.'' for stability. Otherwise any deviation from the equilibrium
45will lead to exponentially growing errors. (Note: The error in Wilkie

is the statement immediately following equation (47) which states that "for
2parameter values of interest* S _ are always negative..." This statement1/2

resulted from an error in the analysis. In fact, for parameters of interest,
2b > c tan © and thus at least one value of S is positive implying instab-1/2

ility.)
Similar analysis of the vee shaped guideway leads to the condition 

47for stability being

-c > b tan 4> (6.3)
where c, b and ip are defined in Figure 6.3.\
This condition implies a location of the center of gravity below the point 
A at some point C. G. “* as' shown in Figure 6.3.

For practical vehicle configurations and weights, the stability 
criteria of equations (6.2) and (6.3) imply that the vehicle would have to 
be suspended below the track and support magnets in monorail fashion. Thus,
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the vee and inverted vee guideways without orthogonal guidance surfaces 
are not deemed desirable or practical.

A stable equilibrium can be achieved with a vee guideway by using 
interior side panels as shown in Figure 6.4. (Obviously, as the tilt angle 
ip -> 0, the characteristics of this guideway approach those of the inverted 
T guideway.) This guideway has the desirable feature that both the bottom 
and side panels contribute lift and guidance. Furthermore, there are indi

cations that this guideway, with ip «  20°, provides a greater margin of stability
in the roll-sway mode of the vehicle than does the inverted T, when the vehicle

46is controlled with just four control magnets.
Each of. the stable guideway configurations discussed here exhibit

the somewhat undesirable characteristic that the vehicle will assume an
adverse roll angle under a steady lateral load. For example, a steady load

in the positive y direction in Figure 6.4 will lead to a negative equilibrium
roll angle. This problem does not seem serious however since the equilibrium
roll angle for a .1 g side load in either the u-channel, box beam, inverted T,

46or vee guideway with interior side panels are all about -1 degree. This

characteristic can be corrected by the control system.

The more extensive analyses that have been conducted On lateral

dynamics using various guideway magnet configurations have indicated two

important points regarding the use of active feedback control to obtain
45good ride quality. First, while the simple independent magnet control

45philosophy discussed in Wilkie is appealing because of its simplicity 

and ease of implementation, it may not be the most desirable in terms of 

the overall dynamic response Of the vehicle. Second, independent guidance 

control is not necessary to achieve damping of all vehicle response modes?
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Fig. 6.4. Vehicle above canted inverted T guideway
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this can be achieved in any of the stable guideway configurations discussed 

above with four levitation magnets and four control magnets per vehicle.
This is particularly true if signal mixing is allowed in the feedback con
trol of the control magnet currents. However, we feel that no one guideway, 
magnet, and control philosophy combination is clearly superior to any other 
at this time.
6.2. Ride Quality
6.2.1. Track Roughness . , s

Ride quality analyses in the Task I Final Report were based.upon 

determining the vertical acceleration power spectral density (psd) result- . 
ing from the guideway roughness power spectral density. Recall that the 

guideway roughness power spectral density is defined by the relationship

Z2" =; / $ (fl) dQ . . (6.4)
g nj ' ' ' :

where
Q = wave number = W/v

Z2 = mean squared amplitude of the guideway irregularity 

= lower limit on the wave number spectrum, 

and recall also that it has been found experimentally that most roadbeds
and surfaces can be characterized by a power spectral density of the
_ 45, 47-49 . .form

’ « ( « ) =  A/ft2 , ' (6.5)
where A is called the statistical roughness parameter. A‘ value of 5 x 10'6 ft 

_ 0
(1.5 x 10 m) for A is often used as a standard.

There is considerable disparity as to what value of A corresponds to

different surfaces. For example, the value for airport runways*^

found in various sources to vary between 2 x 10 ft and 2 x 10 ft
can be



“8 “*6
(6 x 1 0  m to 6 x 1 0  m) while the value for highways is given in the
range 10  ̂to 8 x 10  ̂ft (3 x 10 ^ m to 24 x 10  ̂m).

Another measure of guideway roughness is the mean squared mid- 
50chord offset defined by

< 6 2 > =<{ 7  [ Z (x + L/2) +7, (x - L/2) ] - Z (x) } 2 > (6 .6 )

which is obviously a function of the value of L. It can be shown that the 

mean squared mid chord offset for a guideway with the power spectral density 

of (6.5) is given by

< 62 > ttAL
4 (6.7)

A value for < <52 > using measured data on the roughness of the linear
induction motor reaction rail at the Pueblo test track has been calculated^

and the corresponding value for A determined from (6.7) has been found to be 
—61.5 x 10 ft. However, the data did indicate some discrepancy from the 

A / t t 2 model for the roughness psd at the long wavelengths.
Thus a value for A of 5 x 10 ft. seems to be a very reasonable 

standard for comparison.
8.2.2. Ride Quality Index

The form of the vertical acceleration power spectral density result
ing from the track roughness depends on the means of damping used, eg. passive 

damping or feedback control of the magnet current, and on.the natural frequen

cy of the linearized magnet force law. The expressions for the vertical

acceleration psd, p"” (f), for various control schemes and damping mechanisms
. r 4 5are given in the Task I Pinal Report and in Wilkie

Previous analyses of ride quality have been based upon comparing the
power spectral density P«.. (f) calculated for a given control scheme or damp-

Z Z  '

ing mechanism with the Urban TACV specification (Fig. 6.5). According to
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Fig. 6.5. Urban TACV ride quality specification.



this specification, P--(f) must be below a certain frequency-dependentzz
limit at each frequency f for the ride to be considered good. Since the

)
specification presumably came from measurements on rail cars having a 
(qualitatively judged) good ride, it is clear that any vehicle which 
meets the Urban TACV standards will also have a good ride. It is not 

clear, however, that a vehicle which exceeds the Urban TACV limit in one 

range of frequency, but is below it in all others, will have a poor ride. <
In fact, it may have a better ride. For example, suppose a vehicle under

went a sinusoidal variation at a single frequency fQ , then P--(f) would be

an infinite spike at f (i.e., P----(f) 6 (f-f ), 6 (x) = Dirac deltao zz o
function). Clearly this exceeds the Urban TACV specification. However, 

if the amplitude of the variation is small enough that the peak acceleration 
does not exceed the ride quality standard for vertical acceleration at a 

single frequency (Fig. 6 .6 , known as the Janeway Criteria, also see refer
ence 5i) the ride should be good. Hence there should be a better method 
of determining ride quality than a point by point comparison of the verti
cal acceleration psd with the Urban TACV specification.

We believe that a better method of analyzing ride quality would be
52one like that developed by Butkunas to evaluate the ride quality of auto-

53mobiles which is very similar to an approach developed by Lee and Pradco 
from their experimental studies of human vibration tolerance. In this

■mr

approach, an index of ride quality is defined as the square root of the 
integral of the vertical acceleration psd multiplied by a frequency depend
ent weighting function, T(f). This weighting function corresponds to the 
human transfer function and reflects the variable sensitivity of the human 
to vibration as a function of frequency.
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There are several possibilities for the form of T(f), but the 
simplest is

T(f) = 2/ a^ax(f) (6 .8 )
where a ^ ^ f )  is the maximum allowable acceleration at a single frequency 

f (Fig. 6 . 6  - the Janeway Criteria):
a ^ t f )  = a/f , 1 < f < 6 Hz (6.9)

= b , 6 Hz < f <<20 Hz

= cf . 20 Hz < f < 60 Hz
The factor of 2. appears in (6 .8 ) because the Janeway Criterion refers to 

peak amplitude whereas the integral of a psd yields an rms value.

If (f) is measured in g's, then
a = 0.204 (6.10)

b = 0.034 ; , .
c = 1.7 x 10- 3

We take the range 0.2 to 50 Hz to be the range of integration so that
(DI) 2 = / df P.... (f) T (f) zz

50
= 2 / df.P„..(f)/af;a (f) . (6 .1 1 )

0 . 2  zz max

If a (f) is in units of g's, then P—  (f) is in units of g2/Hz. max zz
Consider a simple example of a vehicle undergoing a sinusoidal 

vibration at frequency fQ with peak amplitude amax^ 0)* Then

am ax <
P .. . . ( f )  ( f  ) 6 (f-f ) . (6.12)zz 2 o o

The discomfort index is then

. Di =1. - ' (6.13)
The discomfort index corresponding to the weighted integral of the

Urban TACV specification between 0.2 and 50 Hz is DI = 1.43. This means
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t h a t  th e  v e r t i c a l  a c c e l e r a t i o n  p sd  w hich i s  known t o  c o rre s p o n d  t o  a  good  

r i d e  g i v e s  a  low d is c o m f o r t  in d e x , w hich le n d s  c r e d i b i l i t y  t o  th e  p ro p o se d  

i n d e x .

The d is c o m f o r t  in d e x  c o rre s p o n d in g  t o  th e  v a r i o u s  v e r t i c a l  a c c e l 

e r a t i o n  P S D 's t h a t  ca n  be o b ta in e d  u s in g  p a s s i v e  dam ping, a c t i v e  c o n t r o l ,  

e t c .  h ave been  c a l c u l a t e d .  The r e s u l t s  f o r  co p p e r p l a t e  and tu n ed  c o i l  

p a s s i v e  damping a r e  shown in  F ig u r e  6 . 7 .  The d is c o m f o r t  i n d i c e s  f o r  b o th  

c a s e s  a r e  se e n  t o  be g r e a t e r  th a n  th e  v a lu e  1 . 4 3  w hich  c o rre s p o n d s  t o  th e  

URBAN TACV s p e c i f i c a t i o n ,  i n d i c a t i n g  t h a t  th e  r i d e s  a r e  w o rs e . H ow ever, 

b a se d  on th e  d is c o m f o r t  in d e x , th e  r i d e  q u a l i t y  o b ta in e d  u s in g  p a s s i v e  

damping a p p e a rs  c l o s e r  t o  b e in g  a c c e p ta b le  th a n  m ig h t be i n f e r r e d  by 

d i r e c t  co m p a riso n  o f  th e  o b ta in e d  v e r t i c a l  a c c e l e r a t i o n  p sd  w ith  th e  

u rb an  TACV s p e c i f i c a t i o n .

S i m i l a r l y ,  th e  d is c o m f o r t  i n d ic e s  w ere c a l c u l a t e d  f o r  two c a s e s  o f  

r e l a t i v e  p o s i t i o n / a b s o l u t e  v e l o c i t y  fe ed b ack  c o n t r o l  and a r e  shown in  F i g .

6 . 8 .  We n o te  t h a t  th e  v a lu e s  a r e  q u i te  low ( . 1 5  -  . 1 9 )  com pared t o  th e  

U rban TACV. S in c e  DI an i n c r e a s e  by a  f a c t o r  o f  1 0 0  i n  A would s t i l l

g iv e  an  a c c e p t a b l e  r i d e  f o r  6 =  1 / oĵ t =  2 . 6 8  a lth o u g h  th e  c o n t r o l  c u r r e n t s ,  

r e q u ir e d  c l e a r a n c e ,  e t c . ,  w ould go up by a  f a c t o r  o f  1 0 .

S ta n d a rd s  o t h e r  th a n  t h a t  o f  Janew ay h ave b een  g iv e n  f o r  human 

v i b r a t i o n  t o l e r a n c e s ,  and th e s e  s ta n d a rd s  m ig h t a l s o  be u sed  i n  ch o o sin g  

T ( f ) f o r  a  r i d e  in d e x . T h u s, i t  i s  i n s t r u c t i v e  t o  com pare th e  v a r i o u s  

c r i t e r i a  t o  d e te rm in e  i f  th e  w e ig h tin g  f u n c t io n  T ( f )  i n  ( 6 . 1 1 )  would be  

s i g n i f i c a n t l y  d i f f e r e n t  i f  s ta n d a r d s  o th e r  th a n  J a n e w a y 's  w ere u s e d .

F o u r d i f f e r e n t  s ta n d a r d s  a r e  shown in  F i g u r e  6 . 9 .  A d i s c u s s i o n  

o f  e a c h  o f  th e  t h r e e  s ta n d a rd s  o th e r  th a n  Ja n e w a y 's  f o l l o w s .
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F i g . 6 .7 V e r t i c a l  a c c e l e r a t i o n  p sd  f o r  a  v e h i c l e  w ith  p a s s i v e  damping 
v  =  3 0 0  m i /h . A =  5 x  1 0 " 6 f t .
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F i g .  6 . 8 .  V e r t i c a l  a c c e l e r a t i o n  p sd  f o r  a  v e h i c l e  w ith  r e l a t i v e  p o s i t i v e /
a b s o lu te  v e l o c i t y  fe e d b a ck  c o n t r o l .  A =  5 x  1 0 “ ® f t ,  v  =  3 0 0  m i /h .
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Goldman Standard
T h is  s ta n d a r d  i s  g iv e n  in  th e  "Shock and V i b r a t i o n  H andbook",

McGraw H i l l .  The c o n to u r  shown c o rre s p o n d s  t o  th e  e q u a l s e n s a t i o n  c o n to u r

52d e n o te d  a s  u n p le a s a n t  by Goldman. B utkunas h a s  u sed  G old m an 's S ta n d a rd  

t o  d e te rm in e  T ( f )  i n  a n a ly z in g  a u to m o b ile  r i d e  q u a l i t y .  (N ote t h a t  t h i s  

s ta n d a r d  i s  o n ly  v a l i d  down t o  1 .5  H z.)

ISO S ta n d a rd

T h is  s ta n d a r d  i s  r e f e r e n c e d  in  " A c t iv e  V i b r a t i o n  I s o l a t i o n  f o r  

A i r c r a f t  S e a t in g "  by P e t e r  C . C a l c a t e r r a ,  Sound and V i b r a t i o n ,  M arch , 1 9 7 2 ,  

and c o rre s p o n d s  t o  re d u ce d  c o m f o r t . ISO r e f e r s  t o  th e  I n t e r n a t i o n a l  S tan d 

a r d s  O r g a n iz a tio n  and th e  r e f e r e n c e  f o r  t h i s  s ta n d a r d  i s  g iv e n  by C a l c a t e r r a  

a s  "E q u a l A nnoyance C o n to u rs  f o r  th e  E f f e c t  o f  S in u s o id a l  V i b r a t i o n  on M an", 

C . A s h le y , Shock and V i b r a t io n  B u l l e t i n ,  No. 41  ( P a r t  2 ) ,  D ecem ber, 1 9 7 0 ,

p p . 1 3 - 2 0 .

L ee  and P ra d co

53L ee  and P ra d co  h ave d e te rm in e d  e x p e r im e n ta l ly  t h a t  r i d e  q u a l i t y  

i s  p r o p o r t i o n a l  t o  th e  pow er a b so rb e d  by a  human. F u r th e r m o r e , th e y  d e t e r -  

m in te d  e x p e r im e n ta l ly  t h a t  th e  a b so rb e d  pow er i n  th e  v e r t i c a l  d i r e c t i o n  in  

a  band o f  f r e q u e n c ie s  f i < f < f 2 i s

f 9
P , =  /  K (f )P  ( f ) d f

ab s 1 * *zz
( 6 .1 4 )

and a  n u m e ric a l  f i t  f o r  K ( f )  was made and i s  g iv e n  i n  th e  above r e f e r e n c e d  

p a p e r . In  o r d e r  t o  com pare w ith  th e  o th e r  r i d e  s t a n d a r d s ,  ( 2 / K ( f ) ) 1/^2 . i s  

p l o t t e d  in  F ig u r e  6 . 9 .

Obs e r v a t i o n s

I t  i s  se e n  t h a t  th e  Jan ew ay s ta n d a rd  i s  th e  m o st s t r i n g e n t  o f  th o s e
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g iv e n . F u rth e rm o r e , th e  v a r i o u s  s ta n d a r d s  d i f f e r  m o st i n  th e  r e g io n  above  

6 Hz, w here th e  am p litu d e  o f  th e  pow er s p e c t r a l  d e n s i t y  f o r  th e  r i d e  o f  a  

m a g n e t ic a l ly  l e v i t a t e d  v e h i c l e  i s  t y p i c a l l y  q u i t e  s m a l l .  T h u s, o u r p r o 

p o sed  r i d e  in d e x  a p p e a rs  t o  be a  c o n s e r v a t i v e  one when com pared w ith  o t h e r  

s ta n d a rd s  t h a t  h ave b een  u s e d .

I t  sh o u ld  a l s o  be n o te d  t h a t  th e  L e e -P r a d c o  r e s u l t s  w ere o b ta in e d  

f o r  random v i b r a t i o n s ,  w h ereas th e  o t h e r  c u r v e s  a p p ly  t o  s in u s o id a l  v i b r a 

t i o n s .  L ee and P ra d co  n o te d  t h a t  th e  human t o l e r a n c e  t o  random v i b r a t i o n  

i s  g r e a t e r  th a n  t o  v i b r a t i o n s  o c c u r r i n g  a t  s i n g l e  f r e q u e n c i e s .

One u n c e r t a i n t y  w h ich  re m a in s  i n  th e  r i d e  q u a l i t y  a n a l y s i s  r e s u l t s  

from  th e  p o s s i b i l i t i e s  o f  'm o t i o n 's i c k n e s s ;  L ee- and B u tk u n as b o tb rn o te d  ” 

t h a t  o s c i l l a t i o n s  arou n d  0 . 5  Hz ca n  p ro d u ce  m o tio n  s ic k n e s s  and t h a t  e x p e r i 

m e n ta l r e s u l t s  t o  d a te  h ave p ro b a b ly  n o t  c o n s id e r e d  t h i s  e f f e c t  s u f f i c i e n t l y .

We co n clu d e  t h a t  i f  th e  d is c o m f o r t  in d e x  i s  m e a n in g fu l , th e n  o u r  

p r e v io u s  ju d gm en ts c o n c e rn in g  r i d e  q u a l i t y  b a s e d  upon th e  Urban TACV s p e c i 

f i c a t i o n  may have b een  to o  s t r i n g e n t .  S in c e  we a r e  d e a l in g  w ith  pow er 

s p e c t r a  w hich a r e  p eak ed  n e a r  a  s i n g l e  r e s o n a n t  f r e q u e n c y  i n  p l a c e  o f  b e in g  

r a t h e r  b ro ad  band (a s  th e  t e s t  v e h i c l e  w hich  g a v e  r i s e  t o  th e  Urban TACV 

a p p a r e n t ly  w a s ) ,  th e  d is c o m f o r t  in d e x  a p p ro a ch  w h ich  i s  i n t i m a t e l y  c o n n e c te d  

w ith  th e  Jan ew ay C r i t e r i a  sh o u ld  be b e t t e r .  U n f o r t u n a t e l y , i t  h a s  n o t  b een  

d e m o n stra te d  e x p e r im e n ta l ly  t h a t  two v e h i c l e s  w ith  w id e ly  d i f f e r e n t  pow er 

s p e c t r a l  d e n s i t i e s  b u t i d e n t i c a l  d is c o m f o r t  i n d i c e s  do i n  f a c t  g iv e  e q u a l ly  

good r i d e s .  We e x p e c t  t o  p e rfo rm  e x p e rim e n ts  t o  d e te rm in e  t h i s  in f o r m a tio n  

i n  th e  n e a r  f u t u r e .

6 . 3 .  R ide Q u a li ty  w ith  a  S eco n d a ry  S u sp e n sio n

1 45I t  i s  se e n  from  o u r  p r e v io u s  r e s u l t s  f t h a t  v e r y  good r i d e  q u a l i t y  

ca n  be a c h ie v e d  o v e r  q u i t e  ro u g h  t r a c k s  when a c t i v e  c o n t r o l  o f  th e  m agn et
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c u r r e n t s  (o r  th e  c u r r e n t  i n  s e p a r a t e  c o n t r o l  c o i l s )  i s  u s e d . A n o th er  

a l t e r n a t i v e  t o  a c h ie v in g  a  good r i d e  m igh t be t o  u se  a  s e c o n d a ry  su sp e n sio n  

in  c o n ju n c t io n  w ith  a  p rim a ry  su sp e n sio n  c o n s i s t i n g  o f  m ag n ets w ith  p a s s i v e  

dam ping. In  o r d e r  t o  s tu d y  t h i s  a l t e r n a t i v e ,  th e  one d e g re e  o f  freedom  

m o tio n  o f  th e  m a s s -s p rin g -d a m p e r  shown in  F ig u r e  6 . 1 0  was i n v e s t i g a t e d .

The s p r in g  and dam per k 2 and D2 would be e q u iv a le n t  t o  th o s e  o b ta in e d  by  

th e  l i n e a r i z e d  m agn et f o r c e  law  and co p p er p l a t e  d am per.

The pow er s p e c t r a l  d e n s i t i e s  f o r  th e  a c c e l e r a t i o n s  and z 2 

w ere o b ta in e d  f o r  v a r i o u s  p a ra m e te r  co m b in a tio n s  k j , k 2 , D'j and D2 , and  

assu m in g  th e  t r a c k  ro u g h n e ss  pow er s p e c t r a l  d e n s i t y  i s  g iv e n  by A /fi2 a s  

i n  o u r p r e v io u s  w ork . The p a s s i v e  damping means u sed  t o  o b t a i n  th e s e  

r e s u l t s  i s  th e  c o p p e r p l a t e  damping d e s c r ib e d  in  th e  f i n a l  re p o rt^ "  o f  

T ask  I ,  A ppendix F .  The dam ping due t o  th e  eddy c u r r e n t  l o s s e s  i n  th e  

c o p p e r p l a t e  i s  f re q u e n c y  d ep en d en t and i s  o p tim iz e d  f o r  a  g iv e n  n a t u r a l  

f re q u e n c y  o f  th e  c o i l .

The v e r t i c a l  a c c e l e r a t i o n  power s p e c t r a l  d e n s i t y  f o r  b o th  th e  

m ag n ets  and p a s s e n g e r  com p artm en t f o r  one s e t  o f  s u s p e n s io n  p a ra m e te rs
m

and w e ig h t d i s t r i b u t i o n  betw een  th e  p rim a ry  su spended m ass (m agn ets) and  

s e c o n d a ry  m ass (p a s s e n g e r  com p artm en t) i s  shown i n  F i g .  6 . 1 1 .  T h e re  a r e  

many p o s s i b l e  co m b in a tio n s  o f  su sp e n sio n  p a r a m e te r s , '  b u t th e  r e s u l t i n g  

r e s p o n s e s  h ave th e  same c h a r a c t e r i s t i c s  a s  -th o se  shown i n  F i g .  6 . 1 1 ,  w ith  

a  low  fre q u e n c y  p eak  ( 0 . 4  -  0 . 6  Hz) due t o  th e  s e c o n d a ry  s u s p e n s io n  and a  

h ig h  fre q u e n c y  p eak  (6 —1 0  Hz) due t o  th e  p rim a ry  s u s p e n s io n . I t  i s  

a p p a r e n t  t h a t  an a c c e p t a b l e  r i d e  ca n  th u s  be a c h ie v e d  u s in g  p a s s i v e  damp

in g  and a  s e c o n d a ry  s u sp e n sio n  ev en  w ith  a  low  m ass r a t i o  o f  m^/m2 =  3 

Such a  m ass r a t i o  would c o rre s p o n d  t o  h av in g  a  p r im a ry  m ass c o n s i s t i n g  o f
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Fig. 6.11. Vertical acceleration psd for a vehicle with a secondary suspension
m /m = 3, k/k_ = 0.1, D /D = 0.1. A + 5 x 10 6 ft, v = 300 mi/h 1 2  1 2  ± 2
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the suspension.magnets and the thrust elements of a 10,000 Hp linear 
induction motor. Furthermore, based on the discomfort index, a track 4 
times rougher (A coefficient 16 times larger) should be tolerable. How
ever, the response peaks at about 0.4 and 5 Hz would considerably exceed 

the Urban TACV specification for such a track.

Two important things should be noted about these results. First, 

the natural frequency corresponding to the secondary suspension (about 

0.4 Hz) is unrealistically low when one considers the practical problem of 

building such a suspension with purely passive mechanical elements. Thus, 

either this frequency must be raised (which will degrade ride quality) or 
an active secondary suspension will be required. Second, even over the 

smooth track the magnets are subjected to rms accelerations of about 0 . 3 5  

g with a considerable portion of the vibration energy near 3 Hz. Such 
operation will cause substantial ac loss in magnets wound with multicore
wire (see Table A2), but the calculated loss with single-core wire is modest.

/

The complexity added by a secondary suspension, particularly
an active one, is probably not justified when compared with the case of 

active control using separate control coils, and we do not recommend this 
approach.

6.4. Dynamics of Vehicle Including Pitch
1 45All ride quality analyses made thus far ' have considered the

vehicle as a point mass and studied the single degree of freedom vertical 
. 1 45motion. The yaw and longitudinal motion of a more realistic vehicle 

have been analyzed to determine stability and their fundamental character
istics, but the response at different points in a vehicle subjected to 
random quideway roughness have not been determined. In this section we
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discuss the dynamics of a vehicle which is free to pitch as 
well as experience vertical translational motion.

Consider the vehicle as indicated in Figure 6 . 1 2  traveling with 
velocity v in the direction shown over a track with random deviations from 
a nominal smooth profile. The random track roughness at the forward and 

aft magnets is indicated by rii and n2 ' respectively, as in Fig. 6 . 1 2 .  The 
vertical coordinates of the magnet mid-points with respect to the fixed 

reference are and z2. There is an obvious relationship between the 
front and aft track deviations given by

nj(t) = " 2b/v ) = n2 (t - TD) • (6.15)
where Tq is the vehicle transit time, and thus the Fourier transforms of 

hi (t) and ri2 (t) are related by

Hi (j(D ) = e > TD H2 O  ) (6.16)

This is the key relationship to recognize so that the pitch motion of a 
vehicle subjected to random track roughness can be analyzed. Assuming 
now that the translations and rotations are relatively small, we can make 

a linearized analysis of the motion of the vehicle. We assume copper

plate damping is used, the high speed limit applies, and for simplicity 
that there is one magnet at each end of the vehicle. Then the lift force 

at the magnet i is given approximately by

FL.
Mg M3 ..
T  '  2 “ (z V ~ h) (6.17)

1  . . .
Where z^ is the coordinate of the ith magnet, h is the nominal value of 
z^, 3 is the damping coefficient due to copper plate damping, and o)q 2 is 
the natural frequency of the magnet motion. The ratio of the lift and drag 
forces at the ith magnet is
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Fig. 6.12. Vehicle undergoing pitch oscillations.



Fl /Fd = v/w >_ 50 ,
. i i

(6.18)

and therefore neglecting the rotational torques due to changes in the 
drag forces has a negligible effect on the results while simplifying the 
analysis. (We assume that the nominal pitch torque due' to drag is can
celed by the nominal pitch torque due to the propulsion system so that 

the equilibrium pitch angle a is zero.) With these assumptions, the 

equations of motion are found to be
R • w

ZCG + ^CG + “o2-ZCG = 2 (fl1 + ^  + (m + n2)

u) 2mB2
(6.19)

a + —  fta + (---- - § p ) a  = H  [-0(ni-n2) -0)o2(n1-n2)]

where z is the vertical deviation of the center of gravity from its CG

normal position. Taking the Fourier Transform of (6.19) and recalling 
(6.16), the following transfer functions can1be obtained,

"F[z (t) ]
\ G(jw) ' (6.20)

«»* *

From these expressions, the power spectral density of the vertical 
accelerations and rotations are given by

z_ z _ (to) = o^T (jco) T (-jo)) P . (<u) CG CG zQG zcQ hjhx

Paa(jw) = V i “)‘ V " ju) Phihi (ja» .

(6.21)

Assuming the usual form for the track roughness power spectral density 
(see also Eq. (6.5) ), we obtain from (6.21)

1,45

P.. •• . , (02 (a) k + o)282) Av cos*(u)T_/2)z z r (m) = o_______________ D
C C [(a, 2-U>2)2 + U)2g2]o

(6.22)
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C om parison o f  t h i s  w ith  th e  e x p r e s s io n s  g iv e n  i n  th e  f i n a l  r e p o r t  o f

45T ask  I  and in  W ilk ie  show t h a t  t h e  a c c e l e r a t i o n  pow er sp ectru m  

o b ta in e d  f o r  th e  one d e g re e  o f  freed om  p o i n t  m ass m o tio n  w ith  r e l a t i v e  

v e l o c i t y  damping i s  s im p ly  th e  e n v e lo p e  f o r  th e  e x p r e s s i o n  in  ( 6 . 2 2 ) ;  

th e  o n ly  d i f f e r e n c e  i s  th e  f a c t o r  c o s 2 (u T ^ /2 ) w h ich  m o d u la te s  th e  am p li

tu d e . How ever, in  th e  p r e s e n t  c a s e  w ith  r o t a t i o n s  c o n s id e r e d , th e  v e r t i c a l  

a c c e l e r a t i o n  a t  d i f f e r e n t  p o i n t s  i n  th e  v e h i c l e  w i l l  d i f f e r  from  th o s e  a t  

th e  c e n t e r  o f  g r a v i t y .  T h u s, o v e r  th e  m a g n e ts ,

z'l =  5CG "  B“ ( 6 . 2 3 )

Zo = + Ba
 ̂ ^ CG

From th e s e  e x p r e s s i o n s ,  th e  v e r t i c a l  a c c e l e r a t i o n  pow er s p e c t r a l  d e n s i t i e s

a t  th e  f r o n t  and r e a r  o f  th e  v e h i c l e  c a n  be d e te rm in e d . T h ese  e x p r e s s i o n s ,

w h ile  s t r a i g h t f o r w a r d  t o  o b t a i n ,  a r e  q u i te  c o m p lic a te d  and a r e  n o t  in c lu d e d

h e r e .  The v e r t i c a l  a c c e l e r a t i o n  pow er s p e c t r a  a t  th e  f r o n t ,  c e n t e r  and

r e a r  o f  a  v e h i c l e  su p p o rte d  a t  t h e  f r o n t  and r e a r  by m ag n ets  ( 0 . 5  m x  3 m

a t  h =  0 . 3  m) and w ith  c o p p e r p l a t e  damping w hich  i s  f re q u e n c y  d ep en d en t

(s e e  A ppendix F o f  T ask  I  F i n a l  R e p o r t" )  a r e  shown i n  F ig u r e  6 . 1 3 .  I t  i s

se e n  t h a t  th e  p o i n t  m ass PSD i s  t h e  e n v e lo p e  f o r  a l l  t h r e e  v e r t i c a l

a c c e l e r a t i o n  PSD' s  w ith  t h i s  ty p e  o f  dam ping. The rm s a c c e l e r a t i o n s  and

d is c o m f o r t  i n d ic e s  f o r  th e  t h r e e  PSD' s  a r e  g iv e n  i n  T a b le  6 . 1 .  T h u s, th e

d is c o m f o r t  in d e x  a t  a l l  t h r e e  p o s i t i o n s  on t h e  v e h i c l e  i s  l e s s  th a n  t h a t

*
made by p o i n t  m ass c a l c u l a t i o n s  and i n  f a c t  th e  d i s c o m f o r t  i n d i c e s  a r e  se e n  

t o  be q u i te  a  b i t  lo w er (DI -si 1 ) th a n  t h a t  c o rre s p o n d in g  t o  th e  Urban TACV 

s p e c i f i c a t i o n  (DI =  1 . 4 3 ) ,  even  th ou gh  t h e  PSD e x c e e d s  t h e  s p e c i f i c a t i o n  

s u b s t a n t i a l l y  a t  th e  n a t u r a l  fre q u e n c y  f o r  e a c h  p o s i t i o n .  T h u s, i t  a p p e a rs  

we ca n  s t i l l  n o t  r u l e  o u t  th e  p o s s i b i l i t y  o f  u s in g  t o t a l l y  p a s s i v e  dam ping.

See F i g .  6 . 7 .
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6 . 1 3 .  V e r t i c a l  a c c e l e r a t i o n  psd  f o r  v a r i o u s  p o s i t i o n s  in  v e h i c l e  w ith  
p a s s i v e  (co p p e r p l a t e )  dam ping. A =  5 x  1 0 - 6  f t ,  v  =  3 0 0  m i /h .
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TABLE 6 . 1 .  RMS A c c e l e r a t io n s  an d  D is c o m f o r t  I n d i c e s

w ith P a s s i v e  Damping ( P i t c h  M otion In c lu d e d )

P o s i t i o n RMS ACCEL ( g 's ) DI

Front .0828 .98
Center .0820 .975
Rear . 0822 .985

Similar analyses of the dynamics (including pitch) have been made by 
46Schaefgen and Auelmann for the case where feedback current control in

control coils is used to give absolute velocity/relative position feed-
45back control as discussed in Wilkie . The analysis proceeds as discussed 

here except that the linearized force expression analogous to (6.17) would 
be

F = _ MJ3 z. - (z.-n.-h) , (6.24)
i 2 2 * 1 2 1 1

where 3 is now the absolute velocity damping due to the feedback control 
and ujq is the adjusted heave natural frequency. The nominal point mass

A

parameters that would result in fQ = 0.6 Hz and damping coefficient of 0.707 
are used for comparison. The vertical acceleration PSD for the front of the 
vehicle is shown in Figure 6.14 and those for the center and rear are shown 
in Figure 6.15. In this case, the point mass results represent the envelope 
for the vertical acceleration of the center of gravity but not for the verti
cal acceleration at the front and rear of the vehicle. In fact, the front 
and rear accelerations have a lobe near 6 Hz which could be troublesome. 
However, the Urban TACV specification is still met at all points.

244



OU
TP

UT
 P

OW
ER

 S
PE

CT
RA

L 
DE
NS
IT

Y,
 g

VH
z

F i g .  6 .1 4 V e r t i c a l  a c c e l e r a t i o n  psd  f o r  f r o n t  end o f  v e h i c l e  f o r  th e  c a s e  
w ith  fe e d b a ck  c o n t r o l .  A =  5 x  1 0  ® f t ,  v  =  3 0 0  m i /h .

245



O
U

T
P

U
T

 
P

O
W

E
R

 
S

P
E

C
T

R
A

L
 

D
E

N
S

IT
Y

, 
g

V
H

z

F R E Q U E N C Y  (H z )

Fig. 6.15. Vertical acceleration psd for vehicle for the case with feedback 
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rear of vehicle.
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I t  was fou n d  t h a t  th e  e f f e c t s  o f  a e ro d y n a m ics  on h eave and p i t c h

46
m o tio n , f o r  p r a c t i c a l  aero d y n am ic c o e f f i c i e n t s ,  a r e  n e g l i g i b l e  •

A ls o , i t  i s  f e l t  t h a t  t h i s  w i l l  be th e  c a s e  f o r  bend

in g  modes o f  t h e  body s t r u c t u r e .

T h u s, we c a n  co n clu d e  t h a t  e x c e l l e n t  r i d e  q u a l i t y  ca n  be a c h ie v e d  

w ith  fe e d b a ck  c o n t r o l  in  a l l  c a s e s  and w ith  r e a s o n a b le  pow er r e q u ir e m e n ts .

6 . 5 .  System  F a i l u r e  A n a ly s is

In  th e  e v e n t  t h a t  c u r r e n t  i n  th e  l e v i t a t i o n - g u i d a n c e  m agn ets i s  

i n t e r r u p t e d ,  p a r t i a l  o r  t o t a l  l o s s  o f  l i f t  and g u id a n c e  w i l l  r e s u l t ;  w ith  

th e  p o s s i b i l i t y  t h a t  th e  v e h i c l e  w i l l ,d r o p  o n to  th e  g u id ew ay , o r  —  a t  a  

minimum —  i t s  dynam ic m o tio n  w i l l  be p e r tu r b e d . In  th e  r e p u l s i v e - f o r c e  

s u sp e n sio n  th e  m o st l i k e l y  f a i l u r e  w hich w ould i n t e r r u p t  th e  m agn et c u r r e n t  

i s  l o s s  o f  s u p e r c o n d u c t iv i ty  i n  th e  m agnet w i r e ;  i n  th e  a t t r a c t i v e - f o r c e  

s u sp e n sio n  l o s s  o f  m agn et c u r r e n t  m ig h t r e s u l t  from  a  f a i l u r e  in  th e  c o n t r o l  

s y s te m . F u r th e r m o r e , s in c e  th e  l a t t e r  s u s p e n s io n  i s  n o t  i n h e r e n t l y  s t a b l e ,  

th e  c o n t r o l  sy ste m  i s  s u s c e p t ib l e  t o  t r i g g e r  i n s t a b i l i t i e s  w hich  c o u ld  p r o 

d u ce r a t h e r  b i z a r r e  dynam ic e f f e c t s .

Once one o r  m ore m agn ets h as f a i l e d ,  th e  dynam ic e f f e c t s  on v e h i c l e  

m o tio n  sh o u ld  p ro b a b ly  be l a r g e r  f o r  th e  c a s e  o f  th e  r e p u l s i v e - f o r c e  s u s 

p e n s io n  s i n c e  th e  f r e e - f a l l  d i s t a n c e  o f  th e  v e h i c l e  i s  l a r g e r  and th e  m agn et 

red u n d an cy  i s  s m a l l e r  i n  t h i s  c a s e .  On th e  o t h e r  hand th e  L /R  tim e  c o n s t a n t s  

f o r  th e  m ag n ets  a r e  l a r g e r  in  t h i s  c a s e ,  th e  tim e  t o  d i s s i p a t e  th e  m a g n e tic  

e n e rg y  i s  l o n g e r ,  and t h i s  would te n d  t o  a m e l i o r a t e  th e  dynam ic p e r t u r b a t i o n s

In  th e  f o l lo w in g  s e c t i o n s  we a n a ly z e  a  few  o f  th e  p o s s i b l e  sy stem  

f a i l u r e  m od es, b u t o n ly  f o r  th e  c a s e  o f  th e  r e p u l s i v e - f o r c e  s u s p e n s io n .
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6 . 5 . 1 .  T o t a l  L o s s  o f  L i f t

In  th e  e v e n t  a l l  o f  th e  m ag n ets  f a i l ,  o r  th e  m ag n ets  a t  one end 

o f  th e  v e h i c l e  f a i l ,  t h e r e  c o u ld  be an im m ed iate  l o s s  o f  l e v i t a t i o n  f o r c e  

and th e  v e h i c l e  would th e n  d ro p  o n to  th e  guidew ay (we n e g l e c t  th e  m agnet 

tim e  c o n s t a n t ,  so  t h a t  t h i s  i s  e s s e n t i a l l y  a  w o rs t  c a s e  a n a l y s i s . )  The 

am ount o f  f r e e - f a l l  h as an im p o r ta n t  e f f e c t  on th e  m ag n itu d e  o f  im p act  

f o r c e  e x p e r ie n c e d  by th e  v e h i c l e .  The a c t u a l  maximum im p a c t f o r c e  depends 

on th e  s t i f f n e s s  and damping c h a r a c t e r i s t i c s  o f  th e  u n d e r c a r r i a g e ,  w h eth er  

w h eels  o r  s k i d s .  The f u n c t i o n a l  r e l a t i o n s h i p s  betw een  th e  maximum im p a ct  

f o r c e  and th e s e  dynam ic p a r a m e te r s  a r e  d e r iv e d  b elo w , u s in g  a  l i n e a r  damped 

sy ste m  a s  th e  w orking m o d el. N o te , h o w ev er, t h a t  p r a c t i c a l  d e s ig n  would 

te n d  t o  i n c o r p o r a te  th e  u se  o f  n o n - l i n e a r  ( v e l o c i t y  sq u a re d ) damping d e v i c e s .

The v e h i c l e  and u n d e r c a r r i a g e  co m b in a tio n  w i l l  be r e p r e s e n te d  by a  

m ass and a  sp rin g -d a m p e r c o m b in a tio n . J u s t  b e f o r e  im p a c t th e  sy stem  i s  in  

f r e e  f a l l ;  fo llo w in g  im p a ct th e  sy ste m  i s  g o v e rn e d  by th e  e q u a t io n :

Z +  26u) Z +  a) 2 (Z -Z i)  =  0 , ( 6 .2 5 )o o 1
w here Z i s  th e  v e r t i c a l  p o s i t i o n  o f  a  r e f e r e n c e  p o i n t  on th e  v e h i c l e ,  Z^ i s  

t h i s  r e f e r e n c e  p o i n t  upon im p a c t ,  tOQ. =  (k /M )1/ 2 i s  th e  undamped fre q u e n c y  

o f  th e  s p rin g -d a m p e r , k i s  th e  s p r in g  c o n s t a n t  o f  th e  u n d e r c a r r ia g e  s t r u c t u r e ,  

M i s  th e  v e h i c l e  m ass , and 6 i s  th e  damping r a t i o .  The s o l u t i o n  o f .

( 6 .2 5 )  i s

Z =  Zi +  exp (-u )Q6 t )  [A c o s  oj^t +  B s i n  (jo^t]

w here

oil =  to (l-<$2 ) l / 2 . o
The boundary c o n d it io n s  a r e

Zo
Zo

g

( 2 g h ) ! / 2

-
j

a t  t  =  0

( 6 .2 6 )

( 6 .2 7 )

( 6 .2 8 )
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Where h i s  th e  . f r e e - f a l l  d i s t a n c e ,  o r  th e  d i f f e r e n c e  o f  th e  v e h i c l e  e l e 

v a t i o n s  b etw een  th e  maximum speed  c o n d it io n  and l i f t - o f f  (assum ing h e re  

t h a t  th e r e  a r e  no r e t r a c t i n g  p r o v i s i o n s ,  i n  w h ich  c a s e  th e  f r e e - f a l l  d i s 

t a n c e  sh o u ld  in c lu d e  th e  r e t r a c t i o n  t r a v e l ) . Thus

Z =  co [-SA  +  (1 —6 2 ) 1/,2B]O 0
- g  =  - coo2 [ ( 1 - 2 S 2 )A +  2(1 -<52 ) 1/ 2 6B] 

o r

A =  geo _ 2  -  2fiZ co -1  ( 6 .2 9 )o o o

B =  (5A +  Z co - 1 ) ( 1 - S 2 ) " 1/ 2 ( 6 .3 0 )0 0
U sin g E q s . ( 6 .2 6 )  t o  ( 6 .3 0 )  i t  i s  r e l a t i v e l y  e a s y  t o  show t h a t

2 =  - g [ l - 2 f i z  co g - 1  +  (Z c o g - 1 ) 2 ] 1/ 2 exp (-co  fit) c o s  (coit+<f>) ( 6 . 3 1 )

-----° a-s2) V 2° °
w here

<f> =  ta n - 1 '['{fi-Z / (co A +  2fiZ ) }  ( 1 - S 2)~1/'2y . ( 6 . 3 2 )0 0 0
S in c e  i n  p r a c t i c a l  sy ste m s -Z o/co i s  g r e a t e r  th a n  fiA (n o te  t h a t  5 i s  i n  th e  

ra n g e  o f  0 .4  t o  0 . 6 )  , <f> w i l l  be i n  th e  f i r s t  q u a d r a n t .

Maximum 2 o c c u r s  a t  a  tim e  t^  g iv e n  by  

- coq 6  c o s  (co^ti+cj)) -  coi s in (co iti+ (}))  =  0 , 

o r  ta n  (co^tj+i})) =  - f i ( l - f i 2 ) - 1 / 2 ,

co s(co 1t 1+ <j)) =  ( 1 - S 2 ) 1/ 2 . ( 6 . 3 3 )

T h e r e f o r e :

|z I =  g [ l - 2 S Z  co g - 1  +  (Z co g - 1 ) 2 ] 1/ 2 exp(-oo f i t i )  ( 6 . 3 4 )1 m a x 1 3 o o  o o  o 1

F o r  a  f r e e - f a l l  d i s t a n c e  h

^o^o5”1 = _[(k/M)(2h/ g ) ] 1/2 • (6.35)
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The maximum f o r c e  f e l t  by th e  v e h i c l e  i s  th u s  l e s s  th a n  o r  e q u a l to

F =  Mg [1 +  2 S ( 2 k h / W ) 1/ 2 +  2kh/ W] x/ 2 ( 6 . 3 6 )
max

w here W =  Mg i s  th e  v e h i c l e  w e ig h t . The q u a n t i ty  i n  b r a c k e t s  w i l l  be 

c a l l e d  th e  lo a d  f a c t o r  n .

F o r  a  v e h i c l e  w eig h in g  1 0 5 l b s .  f r e e  f a l l i n g  th ro u g h  a  d i s t a n c e  

o f  8 in c h e s , 2h/W =  1 . 6  x  1 0 -1+ i n / l b .  I t  i s  m ore c o n v e n ie n t , h o w ev er, t o  

c o n s id e r  one c o r n e r  o f  th e  v e h i c l e  ( i . e . ,  one w heel o r  s k id ) w hich s u p p o rts  

2 5 , 0 0 0  l b s .  Thus 2h/W =  6 . 4  x  1 0 -lt i n / l b .  The lo a d  f a c t o r  f o r  v a r io u s  

u n d e r c a r r ia g e  s p r in g  c o n s t a n t s  i s  shown in  T a b le  6 . 2 .

TABLE 6 . 2 .  Load F a c t o r  f o r  V a rio u s  S p rin g  C o n s ta n ts

k ( l b / i n ) n =  F /Mg
max

1,000
5 , 0 0 0

10,000

1 . 5 1

2 . 3 7

3 . 0 7

The re v e n u e  v e h i c l e  sy stem  i s  n o t  e x p e c te d  t o  h ave a  f r e e - f a l l  d i s t a n c e  

o f  more th an  4 o r  5 i n c h e s ;  h e n c e , i t  i s  co n clu d e d  t h a t  a  d e s ig n  lo a d  

f a c t o r  o f  around 2 i s  a c c e p t a b l e  p ro v id e d  a  p r o p e r  c h o ic e  i s  made f o r  

u n d e r c a r r ia g e  s t i f f n e s s .

6 . 5 . 2 .  L o ss  o f  L i f t  a t  One C o rn e r

F a i l u r e  o f  th e  l e v i t a t i o n  m ag n ets  a t  one c o r n e r  o n ly  o f  th e  

v e h i c l e  may p ro v e  to  be w orse  th a n  co m p le te  l o s s  o f  l e v i t a t i o n ,  s in c e  

th e  v e h i c l e  would now be lo a d e d  a s y m m e tr ic a l ly . T h is  w ould c a u s e  th e  

v e h i c l e  t o  drop o n to  th e  gu idew ay a t  th e  u n su p p o rte d  c o r n e r .  Combined 

l o s s  o f  l i f t  and g u id a n ce  a t  one c o r n e r  would c a u s e  th e  v e h i c l e  t o  come
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into contact with both the levitation and guidance surfaces of the guide- 
. way. The impact force experienced by the vehicle would be comparable to 

that found in the proceding section and would depend on the stiffness and 
damping characteristics of the structures which impact the guideway, In 
order to minimize the possibility of a failure of this type it is desir

able to build redundancy into the levitation-guidance system.
In order to get some idea of the magnet redundancy which must be 

built into a magnetically-levitated vehicle, several simplified analyses 
of the dynamic behavior of a vehicle following magnet failure have been 

carried out. For these simplified studies we have considered only the 

levitation system and assumed that guidance is unaffected. In first 

approximation the dynamic responses following both loss of some lift and 
some guidance are additive.

If one or more of the levitation magnets fails, there will be a 
partial loss of lift, a drop in the center of gravity of the vehicle, and 

pitch and roll displacements. If the collapse of the field is sudden, 
oscillations in these degrees of freedom will be induced. The vehicle will 

assume new equilibrium in which it is either supported by the remaining 
magnets or it is supported by the magnets and guideway in combination. 

Oscillations in the degrees of freedom may cause the vehicle to come into 

contact with the guideway even though the new equilibrium prevents contact. 

The momentary loss of drag, which is later regained as the vehicle drops 
down, does not appear to be an important consideration even if it occurs 
impulsively.

As a first example we consider a vehicle supported by eight levi
tation magnets —  two in each corner. If one of the eight magnets fails, 
the vehicle will still remain floating. (We assume that the lift force

■ — [- /  n ,varies as F h 0/ 3, where h is the suspension height.) The newLi
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equilibrium height of the center of mass is found to be 0.917 hQ, and
the pitch and roll displacements of the weakened corner are each 0.094 h ;o
where hQ is the original suspension height. The new equilibrium height of
the weakened corner is thus 0.73 h^. If the collapse of the magnetic field
occurs instantaneously, the combined oscillation from the three degrees of

freedom will cause the corner to dip another 0.27 h , however, it is diffi-o
cult to see how the magnetic energy can be dissipated so rapidly. A mag

netic decay time of a few seconds would be sufficient to lower the vehicle 

into its new equilibrium in a gentle way. If we assume that the vehicle- 

track clearance is initially 0.75 h^, then the vehicle does not make con
tact with the track even if maximum oscillation were induced. Thus, a 

support system which uses eight levitation magnets seems to be a very 

safe design.
If the field in one of the eight magnets collapses suddently the 

momentary loss of drag would be in the range of 0.02 to 0.003 g, depending 
on the vehicle speed. This would produce a series of mild propulsive 

jerks. If the field decays in a few seconds (or more slowly) there should
l

be no perceptible change in drag.

As a second example we consider a vehicle supported by six levi

tation magnets —  one in each corner and two amidship. If one of the 
corner magnets fails the weakened corner will find a new equilibrium at 
about 0.35 h^. This appears to be high enough to prevent contact with 
the guideway assuming there is no control coil below the levitation coil 
and provided no oscillation is induced. However, even a small amount of 
oscillation will cause the vehicle to slap the guideway. Thus this design 
would not appear to be as safe as the fully redundant design discussed 
above.
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7. BASELINE DESIGN OF RESEARCH VEHICLE AND GUIDEWAY 
A conceptual layout of the Magnetic Cushion Research Vehicle 

System is given in Figure 7.1. The system is comprised of the 12-passen
ger vehicle and its associated aluminum alloy guideway. To identify some 

of the packaging constraints, a LIM propulsion sub-system was incorporated, 
together with its Tee-shaped reaction rail and appropriate wayside power 

pick-up (not shown). The baseline system design shown in Figs. 7.1 and 7.2 was 

configured to be compatible with the TACRV guideway currently under con

struction at the DOT High Speed Ground Test Center at Pueblo, Colorado.

Although this produces a non-optimum configuration, from the standpoint of 

aerodynamic drag and payload packaging, the potential cost savings of this 

approach are obviously quite large. Other subsystems, e.g. arresting gear, 

telemetry, communications,■ etc. would also be selected to maximize compat
ibility with the TACRV system.
7.1. Research Vehicle Specification

The vehicle shown in Figure 7.1 weighs approximately 53,000 lbs. 
and is 12 ft. high, 10 ft.-7 inches wide and 65 ft. long. It accommodates 

a 3-man crew, with provisions for 12 passengers - primarily to test passen
ger reaction, with reasonable Revenue Vehicle simulation, to the anticipated 

high speed environments. The vehicle has been configured for reasonably low 

aerodynamic drag (C^ ~0.30 to 0.35) although improvements in base shape, 

fineness ratio and cross-sectioned area may be necessary. No detailed 
structural analyses were conducted, but preliminary estimates indicate that 
the various loads can be accommodated effectively with conventional aircraft- 
type monocoque construction. An estimated weight breakdown for ,the vehicle 
is given in Table 7.1. The primary elements comprising the vehicle are 
identified in the following paragraphs.
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TABLE 7.1. Weight Estimate for Research Vehicle.,

‘ STRUCTURE ’ " ' . ' .........  ■ ' J 6800
.. SKIN & STIFFENERS .2740
FRAMES 750
FLOOR s ^ _ . 625 ,, ,
BEAMS ’’.. ‘ ‘ c ' ’ ......, 1535

• , : ARRESTING HOOK SUPPORT .. ,. .150
■' DRAG’BRAKE SUPPORT 200

,,;r PARACHUTE. SUPPORT. ; r̂ rr.c ,2,00 ...
DEWAR SUPPORTS ..... 200

j ...WHEEL .S U P P O R T S , ...,. . 400 - ..... . ;
DEWARS & MAGNETS 8000
LIMS (ELECTROMAGNETIC TRACTION UNITS)... 15000
HELIUM LIQUEFIER ‘ ’ ■■1 " ;' 5300
AIR CONDITIONER . . v r , r, - . . ;485
COOLING BLOWER 250
HYDRAULIC POWER SYSTEM J 300
CREW COMPARTMENT 1 ' 3805' -

CONTROL CONSOLE 200
SEATS • 105 ; ' .,
POWER CONDITIONING & CONTROLS 3000
■ TELEMETRY & "INSTRUMENTATION 500

PASSENGER COMPARTMENT,.- . . . 13.00
SEATS 600
TRIM . . . . . . 500

WHEELS & GEAR 1600
DRAG BRAKES & ACTUATORS 600
PARACHUTE r o 200
DUCTING & CABLING. . , . . . . r . 3000
INSULATION 2200
AUXILIARY POWER ' ~ ^ ~ " 4000

'' TOTAL ESTIMATED VEHICLE WEIGHT 52,640 lbs.:
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7.1.1. Primary Suspension

Primary lift, as well as lateral support, are provided by four 
levitation-guidance pads. Each pad consists of two superconducting 
magnets (in tandem) encapsulated in separate dewars. Each dewar is 
approximately 72 x 32 x 22 inches on edge and contains a 0.5 x 1.5 m 
coil. Each dewar has a gas return line and a liquid supply line to 

and from the on-board helium liquefier subsystem. The helium liquefier 

shown in Figure 7.1 is the Cryogenic Technology, Inc. Model 1400. Note 

also that each dewar contains a liquid helium supply tank for additional 

safety in the event of liquefier failure. As described in Chapter 2, 

vehicle stability and ride quality are to be provided by a control 

system featuring auxiliary (non-superconducting) electromagnets located 
external to the primary lift magnets.
7.1.2. Alternate Suspension

Since no magnetic lift is available when the vehicle is at rest, 
a rubber-tired wheel system is provided. The wheels also serve to elevate 

the vehicle above the "equilibrium" position to reduce the high magnetic 

drag encountered at low speeds. This is particularly important when a 

thrust-limited propulsion system, e.g. a LIM, is employed. Preliminary 

study indicates that the wheels should be retracted subsequent to reaching 

an appropriate "lift-off" speed - primarily for clearance purposes - 

although some residual wheel projection below the vehicle (~4 inches) 
may be necessary for emergencies, i.e. where several of the lift magnets 
fail, rather than using skids. The tires shown in Figure 7.1 are Type 
VII aircraft tires, 30 inches OD x 7.7 inches wide, qualified at 300 MPH 
with a maximum load of 12,500 lbs. Further details of the wheeled sus— 
pesion system are given in Section 7.2.
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7.1.3. Propulsion and Power Conversion
The re se a rc h  v e h ic le  has been provided w ith  a LIM, s in c e  e l e c t r i c  

p rop u lsio n  i s  req u ired  and th e ' LIM i s  th e  on ly  such m otor which has been 

ad equ ately  te s te d . Futherm ore, th e  r e s u l t s  o f  S e c t .  4 .2  in d ic a te  th a t  t h is  

motor can be in te g ra te d  w ith  a h ig h -c le a ra n c e  su sp en sio n . We su g g e st, however, 

th a t  co n s id e ra tio n  be g iven  to  a q u ie t  fan  j e t  engine (see  S e c t .  4 . 5 ) .

The LIM t r a c t io n  u n its  (each 3000 hp) have an envelope 20 in ch e s  wide x 

26 in .  high x 100 in .  These two u n it s ,  w ith  t h e i r  suspension  g e a r , are  

estim ated  to  weigh approxim ately  1 5 ,0 0 0  lb s .  An e l e c t r i c a l l y  d riv en  blower 

i s  provided to  supply co o lin g  a i r  fo r  th e  LIM w indings and s ta c k s . E l e c t r i 

c a l  power conversion  equipment fo r  p ro p u ls io n , m agnetic su sp en sion , v e h ic le  

c o n tr o l , a u x il ia r y  power, in stru m e n ta tio n  and communication i s  con ta in ed  in  

ra ck s  w ith in  the crew compartment

7 .1 .4 .  Accommodations

The crew compartment i s  con fig u red  to  d u p lic a te  as n e a r ly  as p o s s i

b le  th e  a n tic ip a te d  f a c i l i t i e s  and fe a tu r e s  which would be provided in  a 

Revenue V e h ic le . Redundant c o n tr o ls  and back-up p erso n n el would be p ro 

vided to  enhance s a fe ty  and r e l i a b i l i t y  in  th e  re s e a rc h  program. The 

p assenger compartment i s  s ty le d  and equipped as in  a Revenue V e h ic le  in  

ord er to  observe p assen ger com fort and p assen ger r e a c t io n  to  h igh  speed 

ground t r a v e l .  Twelve in d iv id u a l p assenger s e a ts  a re  provided.

7 .1 .5 .  Braking

F iv e  sep a ra te  b rak in g  subsystem s a re  provided f o r  normal and emer

gency c o n d itio n s . I t  i s  a n t ic ip a te d  th a t  normal b rak in g  would be accom

p lish e d  by th e  in h e re n t aerodynamic and m agnetic drag and by LIM r e v e r s a l .

At low speeds (when running on th e w heels) d is c  b rak es w ith in  each wheel 

would be used fo r  b rak in g . For em ergen cies, aerodynamic drag b rakes are  

provided on each s id e  o f  th e  v e h ic le  and a p arach u te  brake i s  p o s it io n e d
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in  th e  r e a r  o f  th e  v e h ic le .  Cable a r r e s t in g  g e a r , which would be engaged 

by an a r r e s t in g  hook on th e  v e h ic le ,  i s  a ls o  provided as a back-up system .

7 .1 .6  L ife  Support

Complete l i f e  support f a c i l i t i e s  a re  provided fo r  th e  crew and 

p assenger com partm ents. These f a c i l i t i e s  in c lu d e  com plete a i r  c o n d itio n 

in g , therm al and sound in s u la t io n . C en tra l p ro c e ss in g  u n its  f o r  a i r  

c o n d itio n in g  a re  lo c a te d  under the f lo o r  o f  th e  crew compartment.

7 .2 .  U n d ercarriage D esign

T h is s e c t io n  i s  concerned w ith th e  d esig n  o f  a  wheeled under

c a r r ia g e  to  support th e  R esearch  V e h ic le  a t  low sp eed s, s in c e  th e  m agnetic 

suspension becomes q u ite  i n e f f i c i e n t  (too much drag) below about 75 m i/h .

The 5 0 ,0 0 0  lb .  v e h ic le  tr a v e lin g  a t  300 m i/h  w i l l  have a m agnetic drag 

o f  about 1 ,5 0 0  lb s  a t  i t s  eq u ilib riu m  h e ig h t o f  30 cm. At 75. m i/h th e 

e q u ilib riu m  h e ig h t d e cre a se s  to  26 cm and th e  drag in c r e a s e s  to  3 ,5 0 0  lb s .

I f  th e  u n d e rca rria g e  i s  designed to  p rev en t th e  h e ig h t from d e cre a sin g  

below 26 cm, th e  maximum m agnetic drag w il l  be h e ld  to  about 8 ,6 0 0  lb s .  

a t  a speed o f  about 10 m i/h . Between 75 m i/h and zero  speed, th e  w heels 

a re  g ra d u a lly  low ered so th a t  th e  v e h ic le  h e ig h t rem ains c o n s ta n t w hile  

th e  t i r e s  a c c e p t a g r e a te r  sh are o f  th e  v e h ic le  w eigh t. Above 75 m i/h , 

th e  w heels can be r e t r a c te d  to  g iv e  a d d itio n a l c le a r a n c e , bu t th ey  should 

be allow ed to  p r o je c t  f a r  enough to  a cce p t th e  v e h ic le  w eight im m ediately 

in  ca se  o f  a l i f t  system  f a i l u r e .

The need f o r  r e t r a c t io n  could be e lim in a te d  by a llo w in g  th e  v e h ic le  

h e ig h t to  d e cre a se  a t  low speed s, but t h is  would in c r e a s e  th e  m agnetic drag 

to  a v a lu e  g r e a te r  than th e t o t a l  drag a t  300 m i/h  which i s  u n d e sira b le  p a r t i 

c u la r ly  fo r  th r u s t - l im ite d  p rop u lsio n  system s. The r e t r a c t a b le  u n d e rca rria g e
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a ls o  makes p o s s ib le  t e s t s  and d em onstrations a t  v a r io u s  v e h ic le  h e ig h ts  

(v a r ia b le  l i f t - o f f ) .

The forward and r e a r  u n its  o f  th e  wheeled u n d ercarriag e  are  

shown in  F igu re 7 .1 .  The two u n its  a re  s im ila r ,  w ith  th e  f r o n t  and 

r e a r  u n its  synchronized h y d r a u lic a lly  so th a t  th ey  would be r a is e d  

and lowered to g e th e r . S in g le  Type V II a i r c r a f t  30 x 7 .7  t i r e s  are  

used . Each t i r e  i s  ra te d  a t  1 2 ,5 0 0  lb s  a t  300 m i/h , g iv in g  an allow 

a b le  v e h ic le  g ro ss  w eight o f  5 0 ,0 0 0  lb s .  The t i r e s  b e a r  d i r e c t ly  on 

th e  aluminum su r fa c e s  o f  th e  guideway.

At each end o f  th e  v e h ic le ,  two a d d itio n a l 18 x 4 .4  w heels 

a re  p o s itio n e d  normal to  th e  guidance p a n e ls  o f  th e  guideway. These 

provide s id e  fo rc e s  f o r  tu r n s , a s  w e ll a s  s t a b i l i z in g  th e  v e h ic le  a t  

low speeds. Because o f  th e  la r g e  ra d iu s  re q u ired  f o r  tu rn s  a t  high 

speed, i t  should not be n e c e ssa ry  to  s t e e r  th e  main w heels o f  th e  

u n d e rca rria g e . However, i f  i t  i s  d e s ire d  to  reduce th e  s id e  load s 

on th e  t i r e s  in  a tu rn , a s l i g h t  c a s te r in g  c a p a b i l i ty  s im ila r  to  

th a t  used in  some a i r c r a f t  lan d in g  g e a rs  could be b u i l t  in to  th e  

u n d e rca rria g e .

7 . 3 .  Guideway

The b a s e lin e  v e h ic le  was co n fig u red  to  o p e ra te  on an aluminum 

guideway which could be i n s t a l l e d  on th e  c o n c re te  ground s la b  o f  

th e  h igh-speed TACV t e s t  t r a c k  a t  P u eb lo , C olorado. The guideway 

has a maximum width o f  12 f e e t  and can be in s t a l l e d  between th e  TACRV 

v e r t i c a l  s id e  p a n e ls . New guideway sup ports would be p o s it io n e d
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a t  an a p p ro p ria te  sp acing  along th e  tr a c k  on top  o‘f  th e  e x is t in g  

s la b . T h is  i s  a v ia b le  a l te r n a t iv e  to  a continu ou s c o n c re te  guide

way support la id  on top o f  th e  s la b . These in d iv id u a l supports 

could be anchored to  th e  s la b  and removed upon co n clu sio n  o f  th e  

m agnetic cu sh ion  re s e a rc h  program.

The guideway geometry i s  i l l u s t r a t e d  in  P ig . 7 . 2 ;  i t  u t i l i z e s  

th e  "c o n v e n tio n a l" ' double L c o n fig u ra tio n . O ther guideway o p tio n s 

a re  p o s s ib le ;  in  f a c t ,  any o f  th e  s ta b le  c o n fig u ra tio n s  d iscu ssed  

in  C hapter 6 (th e  double L , box beam, in v e rte d  T ee , or canted  in 

v e rte d  Tee) a re  a c c e p ta b le  o p tio n s .

One o f  th e  more in te r e s t in g  o p tio n s i s  th e  ca n te d , in v e rte d  

Tee c o n fig u ra tio n  (see  F ig . 6 . 4 ) .  The dynamic a n a ly se s  a llu d ed  to  

in  C hapter 6 su g g est th a t  t h i s  c o n fig u ra tio n  would provid e some

what b e t t e r  v e h ic le  c o n tro l than o th e r  ty p es  o f  guideways when on ly  

fo u r c o n tr o l c o i l s  a re  used. T h is guideway could be in s t a l l e d  on 

th e  e x is t in g  TACRV tr a c k  a t  P u eblo , but i t s  i n s t a l l a t i o n  would 

p r o h ib it  t e s t in g  th e  TACRV in  th e  same tim e fram e.

7 . 3 . 1  Aluminum S p e c i f ic a t io n

Each aluminum tr a c k  i s  formed in  th e  shape o f  an "L ";. 

fo llo w in g  th e  p r e s c r ip t io n  d iscu ssed  in  C hapter 2 th e  le v i t a t io n  

s e c t io n  i s  made 1 .1  m wide and th e  guidance s e c t io n  i s  0 .7  m h ig h .

The tr a c k  i s  2 .5  cm th ic k .  The aluminum a l lo y  recommended i s  

6101-T61 which has 92% o f  th e  e l e c t r i c a l  c o n d u c tiv ity  o f  h ig h - 

p u r ity  aluminum b u t i s  s tro n g e r  m ech a n ica lly . T h is  a l lo y  has 

a y ie ld  p o in t  o f  1 1 ,0 0 0  p s i  and an u ltim a te  s tre n g th  o f  1 8 ,0 0 0  p s i .  

The two t r a c k s - r e q u ir e  862 ,0 0 0  lb s  o f  aluminum a l lo y  p e r  m ile .
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Although aluminum p la t e  can be produced as  r o l le d  p la t e ,  anf

e x tru s io n , or c a s t  p la t e ,  o n ly  th e  f i r s t  op tio n  appears s u ite d  fo r  

p rod u ction  o f  th e  m agnetic cushion t r a c k .  R o lled  p la t e  can be produced 

in  w idths up to  210 in ch e s  and in  len g th s up to  110 f t .  Extruded shapes 

a re  lim ite d  by maximum d ie  s iz e  and p re ss  p re s s u re ; ALCOA inform s us 

th a t  e x tru s io n s  which th ey  can make a re  lim ite d  to  33 in ch e s  w idth.

C ast p la te  i s  s t i l l  somewhat exp erim en ta l and i s  lim ite d  to  50 in ch  w id th s.

The r o l le d  p la t e  must e i t h e r  be b en t in to  th e  L sh ap e, or two 

sm a lle r  width p la te s  must be jo in e d  by b u tt  o r  seam w eld ing. 4043 

aluminum i s  recommended f o r  a weld f i l l e r  m a te r ia l .  I f  th e  r o l le d  sh e e t 

i s  to  be b e n t, then  one i s  lim ite d  to  about 20 f t  le n g th s  o f  L t r a c k .

R o lled  p la te  can be o b ta in ed  f o r  about $ . 47  p er pound, and may p o s s ib ly  

be ob tain ed  fo r  le s s  on a co m p etitiv e  b id  b a s is ;  however, an a d d itio n a l 

fa b r ic a t io n  c o s t  would in c u r  e i t h e r  in  th e  bending o r  w elding o p e ra tio n .

The tra c k  s e c t io n s  should be welded to g e th e r  to  produce a 

continuous t r a c k ; however, an o c c a s io n a l expansion j o i n t  i s  n e ce ssa ry .

I t  was shown in  r e fe re n c e  1 (Appendix G) th a t  th e re  i s  a momentary r e 

d u ction  in  l i f t  o f  40% a t  a  b u tt  expansion j o i n t .  In  s e c t io n  7 . 3 . 2  i t  

i s  shown th a t  th e  re d u ctio n  in  l i f t  a t  a s c a r fe d  j o i n t  i s  on ly  25% and 

we recommend such an expansion jo i n t .  T h is  momentary re d u ctio n  in  l i f t  

should n ot cause any s e r io u s  r id e  q u a lity  problem s even in  a p a s s iv e ly -  

c o n tro lle d  v e h ic le  (See r e fe r e n c e  1 , Appendix G ). T h is  re d u ctio n  in  l i f t  

i s  f o r  a s in g le  m agnet; s in c e  we are  recommending redundant magnet support 

a t  each c o rn e r , th e  a c tu a l  p ercen tag e  re d u ctio n  in  v e h ic le  l i f t  i s  on ly  

o n e -h a lf  th e  v alu es quoted above.
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The aluminum p la t e  w i l l  be p laced  in  d i r e c t  c o n ta c t  w ith  th e  c o n c re te  

s la b  or s t r u c t u r a l  member. There i s  no c o m p a tib il ity  o r c o rro s io n  problem 

between aluminum and c o n c re te  provided th a t  c o r ro s iv e  ch e m ica ls , such as 

calcium  c h lo r id e  which i s  sometimes added to  c o n c re te  to  f a c i l i t a t e  cu rin g  

in  below zero te m p e ra tu re s , are  not used.

7 . 3 . 2 .  Indu ctance S tu d ie s  o f  Guideway J o in t s

The ac impedance techn iqu e d escrib ed  in  S e c t io n  2 .2  has been used 

to  measure th e  change in  l i f t  and drag fo r c e s  on a magnet a t  guideway jo i n t s .  

A 2 x 4 in ch  c o i l  was moved a t  se v e ra l f ix e d  h e ig h ts  above an aluminum p la te  

co n ta in in g  a tra n s v e rs e  j o i n t ,  and th e  in d u ctan ce was measured as a fu n ctio n  

o f  p o s it io n . Both 1 /1 6  and 1 /8  th ic k  p la te  were u sed ; e s s e n t ia l ly  th e  same 

r e s u l t s  were o b ta in ed  in  both c a s e s . The measurement frequ ency  was 1 kHz. 

F ig u re  7 .3  shows th e  r e s u l t  o f  such a measurement f o r  th e  case  o f  a b u tt  

jo i n t  (no e l e c t r i c a l  c o n t a c t ) . From a measurement a t  c o n s ta n t h e ig h t one 

can o b ta in  the change in  drag fo rc e  due to  th e  j o i n t ,  and from th e  d i f f e r 

ence between th e  in d u ctan ces  a t  two h e ig h ts  one can o b ta in  th e  change in  

l i f t  fo r c e  due to  th e  j o i n t .

For th e  b u tt  j o i n t  we fin d  a maximum lo s s  o f  l i f t  o f  41% in  a p u lse  

o f  w id th s  3 /4  th e  le n g th  o f  th e  magnet. T h is i s  in  e s s e n t ia l  agreement w ith  

th e  c a lc u la t io n  o f  r e fe r e n c e  1 (Appendix G ). The change in  drag fo r c e  i s  

+_ 7% o f  th e  l i f t  f o r c e .  Although t h i s  i s  an a p p re c ia b le  f r a c t io n  o f  th e  

stead y drag fo r c e  a t  300 m i/h , i t  corresponds to  an im pulsive a c c e le r a t io n  

o f  on ly  0 . 07  g.

We n ex t measured th e  c o i l  inductance as i t  moved over a s c a r fe d  

jo i n t  in  which th e  j o i n t  i s  tap ered  over a le n g th  fo u r tim es th e  th ic k n e s s  

o f  th e  p la t e .  There was no e l e c t r i c a l  c o n ta c t  a t  th e  j o i n t .  In  t h is  case  

th e  maximum lo s s  in  l i f t  i s  25% and the change in  drag i s  on ly +_ 5% o f  th e  

stead y  l i f t .
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7.3.3. Radius of Curves
A 3 0 0  m i/h  v e h i c l e  e x e c u tin g  a c u rv e  o f  2 -m ile  r a d iu s  r e q u i r e s  

a  3 0 °  bank a n g le  to  e l im in a te  l a t e r a l  a c c e l e r a t i o n  on th e  p a s s e n g e r s .

The a p p a re n t downward a c c e l e r a t i o n  in  t h i s  m aneuver i s  1 . 1 5  g ,  w hich  

i s  q u i te  a c c e p t a b l e .  I f ,  how ever, th e  v e h i c l e  e x e c u t e s  th e  3 0 °  banked  

c u rv e  a t  th e  wrong s p e e d , th e  p a s s e n g e rs  w i l l  e x p e r ie n c e  l a t e r a l  a c c e l e r a 

t i o n s ,  and th e  s i d e s  o f  th e  guidew ay w i l l  have t o  su p p ly  c e n t r i p e t a l  

f o r c e  to  th e  v e h i c l e .  The l a t t e r  c o n s i d e r a t i o n  o f f e r s  no p rob lem  s in c e  

th e  h o r i z o n t a l  f o r c e s  a r e  n o t e x tre m e ly  l a r g e .

C o n s id e r , f o r  e xam p le , a  150  m i/h  v e h i c l e  e x e c u t in g  a  c u rv e  o f  

2 -m ile  r a d iu s  a t  a  3 0 °  bank a n g le . The c e n t r i p e t a l  a c c e l e r a t i o n  r e 

q u ire d  i s  0 . 1 4  g b u t th e  guidew ay i s  banked t o  su p p ly  0 . 5 7  g .  Thus th e  

" v e r t i c a l "  s e c t i o n  o f  th e  guidew ay m ust su p p ly  a  f o r c e  o f  0 . 4 3  Mg, and 

th e  p a s s e n g e r s  w i l l  e x p e r ie n c e  a l a t e r a l  a c c e l e r a t i o n  o f  0 . 4 3  g .  T h is  

e f f e c t  on th e  p a s s e n g e r s  i s  u n a c c e p ta b le .

T h ere  a r e  two a l t e r n a t i v e  m ethods f o r  p r o v id in g  s a t i s f a c t o r y  

r i d e  q u a l i t y  w h ile  th e  v e h i c l e  i s  e x e c u tin g  c u r v e s . One i s  t o  make 

th e  cu rv e  r a d i i  l a r g e  enough t h a t  th e  l a t e r a l  a c c e l e r a t i o n s  e x p e r ie n c e d  

by th e  p a s s e n g e r s  a r e  alw ays s m a ll ,  even  when th e  c u rv e  i s  e x e c u te d  a t  

th e  wrong sp eed  f o r  th e  bank a n g le . The o t h e r  i s  t o  p ro v id e  e i t h e r  

a c t i v e  o r  p a s s i v e  means f o r  th e  p a s s e n g e r  com p artm en t t o  a c h ie v e  th e  

p ro p e r  bank a n g le  w h ile  th e  u n d e r c a r r ia g e  and l e v i t a t i o n  m agn ets fo l lo w  

th e  p r e s c r i b e d  guidew ay bank a n g le . The l a t t e r  a l t e r n a t i v e  sh o u ld  

d e f i n i t e l y  be e x p lo r e d  f o r  a  rev en u e s y s te m , b u t i s  a  d e t a i l e d  s tu d y  

w hich we c a n n o t p u rsu e  h e r e .  We s h a l l  t h e r e f o r e ,  c o n s id e r  o n ly  th e  

f i r s t  a l t e r n a t i v e .
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The s p e c i f i c a t i o n  f o r  th e  Sanyo R a i l  L in e  in  Ja p a n  i s  f o r  a  

minimum cu rv e  r a d iu s  o f  4 0 0 0  m a t  a  sp eed  o f  2 5 0  km /h. T h is  g i v e s  a  

c e n t r i p e t a l  a c c e l e r a t i o n  o f  0 . 1 2 3  g .  I f  we u se  th e  same c r i t e r i o n  (same 

c e n t r i p e t a l  a c c e l e r a t i o n )  f o r  o u r 300  m i/h  s y s te m / th e n  th e  minimum r a d iu s  

o f  c u r v a tu r e  i s  1 4 , 9 0 0  m o r  9 . 2 5  m i l e s .

7 . 3 . 4 .  S w itch in g

H igh -sp eed  s w itc h in g  o f  a  m a g n e t ic a l ly  l e v i t a t e d  v e h i c l e  can  be

a cco m p lish e d  by m oving s e c t i o n s  o f  th e  guidew ay o r  by in tr o d u c in g  a u x i l i a r y

m a g n e t- tr a c k  c o n f i g u r a t i o n s  (p o s s ib ly  c l o s e  gap) w hich  ca n  be pow ered t o

d e f l e c t  th e  v e h i c l e  t o  one s id e  (o r  o th e r )  o f  th e  gu id ew ay. I f  th e  f i r s t

a l t e r n a t i v e  i s  ch o se n , l a r g e  s e c t i o n s  o f  th e  guidew ay m ust be m oved. T h is

fo llo w s  s in c e  th e  v e h i c l e  sh o u ld  n o t  move on a  t r a c k  o f  r a d iu s  s m a lle r  th a n

th e  minimum allo w ed  r a d i u s , and th e  s w itc h  t r a c k  m u st be d i s p la c e d  by a t

l e a s t  th e  guidew ay w id th . I f  th e  guidew ay w id th  i s  d , th e n  th e  le n g th  o f

1/2
th e  t r a c k  L w hich m ust be moved i s  L =  (2dR) w here R i s  th e  minimum

c u rv e  r a d i u s .  F o r  d =  12 f t  and R =  9 . 2 5  m i l e s ,  L =  1 1 0 0  f t .  The move

m ent o f  such  l a r g e  s e c t i o n s  o f  guidew ay d o es n o t  a p p e a r  t o  be p r a c t i c a l .

On th e  o th e r  hand h ig h -s p e e d  s w itc h in g  d o e s  n o t  a p p e a r t o  be 

n e c e s s a r y .  The m ain p u rp o se  o f  s w itc h in g  in  a  re v e n u e  sy stem  i s  t o  

a llo w  some v e h i c l e s  t o  l e a v e  th e  h ig h -s p e e d  t r a c k  and e n t e r  a  s t a t i o n .

T h is  can  be a cco m p lish e d  a t  much lo w er sp eed s (below  50  m i / h ) , and h e re  

th e  v e h i c l e  w i l l  be o p e r a t in g  on w h e e ls .

I f  th e  v e h i c l e  i s  o p e r a t in g  on w h eels  and m oving a t  r e l a t i v e l y  

low sp eed s t h e r e  a r e  many s ta n d a r d  te c h n iq u e s  a v a i l a b l e  f o r  s w itc h in g . One 

s id e  o f  th e  guidew ay w i l l  h ave t o  be opened ( e i t h e r  by m oving i t  sid ew ay s  

o r  by lo w e rin g  i t )  b u t b e c a u s e  th e  v e h i c l e  i s  m oving a t  low  sp eed ' 

o n ly  one hundred f e e t  o r  so  o f  th e  guidew ay need be m oved.
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The only remaining problem for switching involves the linear induction 

motor. The standard double-sided LIM requires a reaction rail down 

the middle of the guideway; this reaction rail would have to be moved 

also in a switching operation. In the simplest type of switch the LIM 

reaction rail would be lowered below grade in the switch section, one 

side of the guideway would be opened, and the vehicle would be pulled 

through the switch by an active propulsive unit in the guideway; when 

the switch is restored for high-speed, through operation, it would 

function like any other part of the guideway.

7 . 4 .  C ry o g e n ic  M agnet D esign  a n d . R e f r i g e r a t i o n  R eq u irem en t

An e n g in e e r in g  d e s ig n  o f  a  s u p e rc o n d u c tin g  c o i l  and c r y o g e n ic  

c o n t a i n e r  f o r  a  l e v i t a t i o n - g u i d a n c e  pad f o r  a  TMC r e s e a r c h  v e h i c l e  was 

c a r r i e d  o u t  by M a g n e tic  C o rp o ra tio n  o f  A m erica  u n d er s u b c o n tr a c t  t o  

th e  p r e s e n t  c o n t r a c t  w ith  DOT. T h is  d e s ig n  i s  d i s c u s s e d  in  d e t a i l  in  

MCA-TP124 ( r e f e r e n c e  8 ) so  t h a t  th e  r e s u l t s  a r e  o n ly  sum m arized b r i e f l y  

h e r e .  The c o i l  f o r  e a c h  pad i s  a  f l a t  r a c e t r a c k  c o i l  h a v in g  an o v e r a l l  

le n g th  o f  2 m, a  w id th  o f  *0 .5  m, and 3 0 0 , 0 0 0  am pere t u r n s ,  w hich p r o 

v id e s  a  l i f t  f o r c e  ( a t  3 0 0  m i/h  sp eed ) o f  1 2 , 5 0 0  l b s  when th e  p la n e  o f  

th e  c o i l  i s  30 cm ab ove th e  t r a c k  s u r f a c e .  F o u r  su ch  c o i l s  a r e  c a p a b le  

o f  s u p p o r tin g  th e  r e s e a r c h  v e h i c l e .

As d is c u s s e d  i n  S e c t io n  7 . 1 . 1 .  we a r e  now p ro p o s in g  a  f u l l y  

re d u n d a n t l e v i t a t i o n - g u i d a n c e  sy stem  w ith  e i g h t  m a g n e ts . E ach  m agn et 

i s  a  f l a t  r a c e t r a c k  c o i l  o f  d im en sio n s 1 . 5  m x  0 . 5  m. x  0 .5  m. We h ave  

u sed  th e  MCA d e s ig n  w ith  e a ch  m agnet (and c r y o g e n ic  c o n t a i n e r )  s h o rte n e d  

by 0 . 5  m.

The b a s i c  c o n f i g u r a t i o n  o f  th e  MCA d e s ig n  i s  shown in  F i g .  7 . 4 .  

The c o i l  c o n s i s t s  o f  a  tw is te d  co m p o site  s u p e rc o n d u c tin g  w inding w ith
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helium  p a s s a g e s  t o  s t a b i l i z e  th e  s u p e rc o n d u c to r  and t o  rem ove th e  

l o s s e s  ca u se d  by t im e -v a r y in g  m a g n e tic  f i e l d s .  The w in d in gs a r e  co n 

ta in e d  in  a s t a i n l e s s  s t e e l  can  w hich i s  s u p p o rte d  by s i x  s t a i n l e s s  

s t e e l  r e e n t r a n t - t y p e  s u p p o rts  t h a t  a r e  s l a n t e d  t o  ta k e  lo a d s  in  more 

th a n  one d i r e c t i o n .  The a c  l o s s e s  and h e a t  le a k  g e n e r a te  h eliu m  g a s  

w hich i s  u sed  f o r  th e  v a p o r -c o o le d  e l e c t r i c a l  le a d s  a s  w e ll  a s  t o  c o o l  

th e  r a d i a t i o n  s h i e l d  w hich su rro u n d s th e  h eliu m  te m p e ra tu re  com p on en ts.

I t  sh o u ld  be em p h asized  t h a t  th e  MCA m agnet d e s ig n  i s  c o n s e r v a t i v e ,  

n o t i n c o r p o r a t i n g  some o f  th e  more n o v e l f e a t u r e s  found in  th e  F o rd  m a g n e t, 

e . g . ,  a ll-a lu m in u m  c r y o s t a t ,  G -10 e p o x y - f i b e r g l a s  s t r u t s  and p o t te d  

w in d in gs (s e e  S e c t io n  2 . 6 . 1 ) .  The re a s o n  f o r  th e  c o n s e r v a t i v e  d e 

s ig n  i s  t h a t  f o r  th e  f i r s t  r e s e a r c h  v e h i c l e  one would l i k e  t o  u se  a 

s a f e ,  p ro v en  m agnet d e s ig n  s in c e  i t  i s  th e  s u sp e n sio n  c o n c e p t  w hich  

i s  b ein g  t e s t e d .  Once th e  t e s t i n g  program  i s  underw ay a d d i t i o n a l  

m agn ets in c o r p o r a t i n g  m ore n o v e l f e a t u r e s  sh o u ld  be b u i l t  t o  r e p l a c e  

one o r  more o f  th e  o r i g i n a l  m a g n e ts .

A h eliu m  c o n t a i n e r  w ith  s u i t a b l e  i n t e r n a l  b a f f l i n g  i s  p la c e d  

above th e  c o i l  and s u p p lie s  helium  by g r a v i t y  t o  th e  w in d in g s . The 

ro o m -te m p e ra tu re  o u t e r  vacuum can  i s  made o f  alum inum . To m in im ize  

h e a t  le a k  th e  sy ste m  o p e r a te s  in  th e  p e r s i s t e n t  mode w ith  rem o v ab le  

c u r r e n t  le a d s  and a t h e r m a l l y - a c t u a t e d ,  p e rm a n e n tly -c o n n e c te d  p e r 

s i s t e n t  s w i tc h .

The pad i s  d e s ig n e d  w ith  an i n t e r n a l  h eliu m  r e s e r v o i r  w ith  

s u f f i c i e n t  s t o r a g e  c a p a c i t y  f o r  8 hour o p e r a t i o n .  T h is  c o n f i g u r a t i o n  

a llo w s  f o r  b a tc h  o p e r a t io n  a s  w e ll  a s  m a in ta in s  th e  h eliu m  l e v e l  above  

th e  w in d in gs u n d er v a r io u s  dynam ic o p e r a t in g  c o n d i t i o n s .  The MCA d e s ig n  

i s  a b le  t o  m a in ta in  l i q u i d  l e v e l  above th e  c o i l  w in d in g s un d er s u s ta in e d
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lo n g itu d e n a l  a c c e l e r a t i o n  o f  0 . 1  g .  The s h o r t e r  m ag n ets  u sed  in  th e  

b a s e l in e  d e s ig n  w i l l  m a in ta in  l i q u i d  l e v e l  ab ove th e  w in d in g s u n d er  

s u s ta in e d  a c c e l e r a t i o n  o f  0 . 1 3  g .  H ig h er a c c e l e r a t i o n s  ca n  be p r o 

v id e d  f o r  by e i t h e r  r a i s i n g  th e  h eliu m  r e s e r v o i r  o r  by p r o v id in g  some 

flo w  r e s t r i c t i o n s  in  th e  v e n t  l i n e s .  Such a  p r o v i s i o n  would a p p e a r  

t o  be n e c e s s a r y  i f  em ergen cy  b ra k in g  up t o  0 .4  g i s  a llo w e d  f o r  th e
/

v e h i c l e .  The r e s e r v o i r  c o n f i g u r a t i o n  o f  th e  MCA d e s ig n  a llo w s  f o r  

e i t h e r  o p e n -c y c le  o p e r a t io n  o r  th e  p o s s i b i l i t y  o f  hookup t o  a  c l o s e d -  

c y c l e  r e f r i g e r a t o r .

Two d e s ig n s  f o r  th e  l e v i t a t i o n - g u i d a n c e  pad w ere p r e s e n te d  

by MCA. T hese a r e  th e  l ig h tly -d a m p e d  d e s ig n  and th e  maximum s e l f -  

damping d e s ig n . S in c e  th e  s e lf -d a m p in g  i s  due t o  eddy c u r r e n t s  g e n e r a te d  

in  th e  o u te r  vacuum c a n , th e  o n ly  d i f f e r e n c e  i n  th e  two d e s ig n s  i s  th e  

amount o f  aluminum i n  th e  o u t e r  c a n . B o th  d e s ig n s  a r e  s t r u c t u r a l l y  

sound. The w eig h t o f  th e  l ig h tly -d a m p e d  pad i s  9 4 8  lb s  and th e  w e ig h t  

o f  th e  maximum-damped pad  i s  1 6 5 4  l b s .  T hese w e ig h ts  do n o t  in c lu d e  

m a g n e tic  s h i e l d i n g .

In  o r d e r  t o  u t i l i z e  th e  MCA l e v i t a t i o n  pad d e s ig n  i n  th e  b a s e 

l i n e  d e s ig n  o f  th e  r e s e a r c h  v e h i c l e  p r e s e n te d  i n  S e c t i o n  7 . 1  we have  

ad op ted  th e  fo llo w in g  p r o c e d u r e . We u se  th e  l ig h tly -d a m p e d  pad s in c e  

c o n t r o l  c o i l s  w i l l  be u sed  and we do n o t  need  maximum s e l f  dam ping.

The w e ig h t o f  th e  b a s e l i n e  m agn et and c r y o g e n ic  c o n t a i n e r  i s  o b ta in e d  

by ta k in g  t h a t  o f  th e  MCA d e s ig n  and s u b t r a c t i n g  o f f  th e  com ponent 

w e ig h ts  in  th e  0 .5  m s e c t i o n  w hich  i s  rem oved i n  o b ta in in g  th e  s h o r t e r  

p a d . The 8 0 0 0  lb  e n t r y  f o r  DEWARS & MAGNETS i n  T a b le  7 . 1  in c lu d e s  th e  

w eig h t o f  th e  e i g h t  c r y o g e n i c  m ag n ets  and th e  c o n t r o l  c o i l s .
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The h e a t  le a k  p e r  pad h as been e s t im a te d  by MCA a s  3 .8  W when 

1 0 0 0  am pere le a d s  a r e  u s e d , and a s  2 .6  W when 5 0 0  am pere le a d s  a r e  

u s e d . To t h i s  m u st be added a p p ro x im a te ly  1 . 0  W f o r  a c  l o s s e s .  The 

c r y o g e n ic  re q u ire m e n t f o r  8 p ad s ca n  be s u p p lie d  by th e  M odel 1 4 0 0  

h eliu m  r e f r i g e r a t o r ,  made by C ry o g e n ic  T e ch n o lo g y , I n c .  ( C T I ) , and 

two c o m p re s s o rs . The com bined w e ig h t o f  t h i s  r e f r i g e r a t i o n  sy stem  

i s  5 7 0 0  l b s .  S u b s t a n t i a l l y  l i g h t e r  r e f r i g e r a t i o n  sy s te m s  a r e  p o s 

s i b l e  b u t a r e  n o t  c o m m e rc ia lly  a v a i l a b l e  a t  th e  p r e s e n t  t im e . B ased  

on e x p e r im e n ta l  r e f r i g e r a t o r s  w hich h ave been  b u i l t  f o r  f l i g h t  a p p l i 

c a t i o n s  i t  i s  e s t im a te d  t h a t  th e  r e f r i g e r a t o r  w e ig h t c o u ld  be made a s

low a s  1 5 0 0  l b s .  We recommend o p e n -c y c le  o p e r a t i o n  f o r  th e  m ag n ets ..............

in  th e  r e s e a r c h  v e h i c l e ,  th u s  sa v in g  th e  w e ig h t o f  a  r e f r i g e r a t i o n  

s y s te m ; we h a v e , h o w ev er, in c lu d e d  a  5 7 0 0  l b  r e f r i g e r a t o r  in  th e  sy stem  

w e ig h t (T ab le  7 . 1 )  i n  c a s e  c l o s e d - c y c l e  o p e r a t io n  i s  d e s i r e d .

No m a g n e tic  s h ie ld in g  i s  b e in g  recommended f o r  th e  r e s e a r c h  

v e h i c l e  in  o r d e r  t o  l e t  e x p e r ie n c e  w ith  th e  u n s h ie ld e d  m ag n ets  d e te rm in e  

th e  s h ie ld in g  r e q u ir e m e n ts , i f  a n y , f o r  a  r e v e n u e -s y s te m . A cco rd in g  

t o  th e  MCA d e s ig n  th e  m a g n e tic  f i e l d  a t  th e  f l o o r  o f  t h e  v e h i c l e  in  

th e  v i c i n i t y  o f  th e  m agn et i s  4 2 0  g a u s s . T h is  ca n  be re d u ce d  t o  230  

g a u s s  w ith  an  i r o n  s h i e l d  2 cm, t h i c k .  F o u r 2 cm i r o n  s h i e l d s  f o r  th e  

e i g h t  l e v i t a t i o n - g u i d a n c e  m agnets would w eigh  a b o u t 6 0 0 0  l b s .  T h u s,

2 cm m a g n e tic  s h i e l d i n g  ca n  be i n c o r p o r a t e d , o r  4 cm m a g n e tic  s h ie ld in g  

ca n  be u sed  w ith  th e  a f t  m agn ets and no s h ie ld in g  on th e  fo rw a rd  m a g n e ts , 

w ith o u t i n c r e a s i n g  th e  w e ig h t o f  th e  sy stem  (T a b le  7 . 1 )  p ro v id e d  open  

c y c l e  c r y o g e n ic  o p e r a t i o n  i s  u t i l i z e d .  S h ie ld in g  o f  th e  a f t  m agn ets  

w ith  a t  l e a s t  2 cm o f  i r o n  m ig h t p ro v e  n e c e s s a r y  i f  i t  i s  d e te rm in e d  

t h a t  th e  u n s h ie ld e d  f i e l d  would be d e l i t e r i o u s  t o  e l e c t r i c a l  equipm ent
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i n  th e  a f t  co m p artm en t, and i f  su ch  equipm ent c a n n o t  be l o c a t e d  a t  a  

s u f f i c i e n t l y  rem o te  l o c a t i o n  from  th e  m a g n e ts . S h ie ld in g  o f  th e  r e a r  

1 / 3  o f  th e  fo rw ard ed  m ag n ets m ig h t be d e s i r a b l e  t o  re d u c e  th e  f i e l d  

in  a l l  p a r t s  o f  th e  p a s s e n g e r  com partm ent b elow  2 0 0  g a u s s .
Q

I t  was n o te d  in  S e c t i o n  2 .8  and a l s o  i n  th e  MCA r e p o r t  t h a t  

m agnet s h ie ld in g  w ith  i r o n  o r  o t h e r  f e r r o m a g n e t ic  m a t e r i a l s  r e q u i r e s  

a  s u b s t a n t i a l  w e ig h t p e n a l t y .  S u p e rco n d u ctin g  s h i e l d i n g  ( e i t h e r  b y , 

a c o i l  o r  by s u p e rc o n d u c tin g  m a t e r i a l )  r e q u i r e s  a  much s m a l le r  w eig h t  

p e n a l ty  b u t in v o lv e s  a  m ore c o m p lic a te d  m agn et d e s i g n . S u p e rco n d u ctin g  

s h ie ld in g  sh o u ld  c e r t a i n l y  be e x p lo r e d  f o r  th e  re v e n u e  v e h i c l e ,  b u t i t  

ap p e a re d  t o  us t h a t  th e  s im p le r  r a c e t r a c k  m ag n ets  sh o u ld  be u sed  in  

th e  r e s e a r c h  v e h i c l e ,  a t  l e a s t  i n i t i a l l y .
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8. CONCLUSIONS

The p r e s e n t  s tu d y  (T ask s I I  and I I I )  h a s  been co n ce rn e d  w ith  

c e r t a i n  c r i t i c a l  prob lem  a r e a s  r e l a t i v e  to  m a g n e tic  s u sp e n sio n  o f  h ig h 

sp eed  v e h i c l e s ,  and w ith  th e  b a s e l i n e  d e s ig n  o f  a  tMLRV ( t r a c k e d  m a g n e t ic a l ly  

l e v i t a t e d  r e s e a r c h  v e h i c l e ) . A lth ou gh  Task I  (s e e  r e f e r e n c e  1) e s t a b l i s h e d  

th e  b a s i c  f e a s i b i l i t y  o f  m a g n e tic  l e v i t a t i o n  a s  a  s u sp e n sio n  sy stem  f o r  

h ig h -s p e e d  ground v e h i c l e s ,  c e r t a i n  a s p e c ts  o f  th e  o v e r a l l  sy stem  prob lem  

w ere e i t h e r  n o t  a d d re s s e d  o r  a d d re s s e d  o n ly  b r i e f l y .  A re a s  n o t t r e a t e d  

in c lu d e  p r o p u ls io n , sy stem  f a i l u r e ,  and m a g n e tic  s h i e l d i n g .  F u rth e rm o re  

no e f f o r t  was expended in  Task I  on th e  d e s ig n  o f  a  c o n t r o l  sy stem  f o r  

th e  a t t r a c t i v e  f o r c e  s u s p e n s io n .

The s i t u a t i o n  i s  c o m p lic a te d  by th e  f a c t  t h a t  t h e r e  a r e  two 

v i a b l e  m a g n e tic  s u sp e n sio n  sch em es, th e  e le c tro d y n a m ic  (o r  r e p u l s i v e -  

f o r c e )  su sp e n sio n  and th e  e le c to m a g n e t ic  ( a t t r a c t i v e - f o r c e )  s u s p e n s io n ,  

and th e  c r i t i c a l  p rob lem  a r e a s  a r e  d i f f e r e n t  in  th e  two c a s e s .  F o r  th e  

r e p u l s i v e - f o r c e  su sp e n sio n  th e  u n re s o lv e d  p rob lem  a r e a s  a r e :  su p e rco n 

d u c tin g  m agn et d e s ig n , a c  l o s s  in  th e  s u p e rc o n d u c tin g  m a g n e ts , m a g n e tic  

s h i e l d i n g ,  and c h o ic e  o f  a  co m p a tib le  p ro p u ls io n  s y s te m . F o r  th e  

a t t r a c t i v e - f o r c e  s u sp e n sio n  th e  problem  a r e a s  a r e : c o n t r o l  sy stem  d e

s ig n  and b a s i c  c o n t r o l  s t r a t e g y ,  e d d y -c u r r e n t  d ra g  a t  h ig h -s p e e d s  due 

t o  m a g n e tic  s a t u r a t i o n  o f  th e  t r a c k ,  maximum a llo w a b le  t r a c k  ro u g h n e s s ,  

and th e  need f o r  a  s e c o n d a ry  s u s p e n s io n . B oth  s u sp e n sio n  sy ste m s have  

been t r e a t e d  in  th e  p r e s e n t  s tu d y . I t  was f e l t  t h a t  d e t a i l e d  a n a ly s e s  

o f  c r i t i c a l  a r e a s  m ig h t show p rob lem s s e r io u s  enough t o  r u l e  o u t f u tu r e  

c o n s i d e r a t i o n  o f  one o f  th e  su sp e n sio n  s y s te m s . T h is  h a s  n o t  p ro v e d  t o  

be th e  c a s e ,  h ow ever. B o th  s u sp e n sio n s  ap p e a r c a p a b le  o f  g u id in g  a
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v e h i c l e  a t  300  m i /h , b u t th e  sy stem  s p e c i f i c a t i o n  w i l l  be d i f f e r e n t  in  

th e  two c a s e s .  We d i s c u s s  th e  r e s u l t s  f o r  e a c h  s u sp e n sio n  s e p a r a t e l y .

8 . 1 .  R e p u ls iv e -F o r c e  S u sp en sio n

A f u l l  s c a l e  s u p e rc o n d u c tin g  m agnet d e s ig n  f o r  a l e v i t a t i o n -  

g u id an ce  pad o f  a m a g n e t ic a l ly -s u p p o r te d , h ig h -s p e e d  v e h i c l e  h as been  

c a r r i e d  o u t by M ag n etic  C o rp o ra tio n  o f  A m erica  u n d er s u b c o n t r a c t ;  t h i s  

d e s ig n  i s  sum m arized in  S e c t io n  7 . 4 .  The c a l c u l a t e d  th e rm a l l o s s  o f  

su ch  a pad i s  o f  th e  same o r d e r  a s  th e  e s t i m a t e  made in  r e f e r e n c e  1 ,  

and i s  th u s  m a n a g e a b le . One o f  th e  s e r i o u s  p ro b lem s a n t i c i p a t e d  in  

th e  o p e r a t io n  o f  s u p e rc o n d u c tin g  m agn ets i s  th e  l a r g e  a c  l o s s  e x p e c te d  

in  th e  c o i l s  when th e y  a r e  d is tu r b e d  from  e q u il ib r iu m  by i n t e r a c t i o n  

w ith  guidew ay i r r e g u l a r i t i e s  o r  by f i e l d s  due t o  c o n t r o l  c u r r e n t s .

Some e s t im a te s  have s u g g e s te d  t h a t  t h i s  l o s s  w i l l  c o n t r i b u t e  from  1 /3  

t o  1 /2  th e  t o t a l  c r y o g e n ic  l o s s .  F o r  t h i s  r e a s o n  a  s e r i e s  o f  e x p e r i 

m ents was p erfo rm ed  on m odel s u p e rc o n d u c tin g  c o i l s  f o r  w hich th e  o p e r a t in g  

c o n d it io n s  on a  rev e n u e  v e h i c l e  c o i l  w ere s im u la te d . The m easu red  a c  

l o s s e s  w ere a c t u a l l y  s m a lle r  th a n  o u r o r i g i n a l  e s t i m a t e s ; ^ f o r  an a c t i v e l y  

c o n t r o l l e d  v e h i c l e  o p e r a t in g  on a guidew ay w ith  A =  5 x  10 f t  th e  a c  

l o s s  i s  l e s s  th a n  0 .5  w a t t  p e r  c o i l .  T h u s, a c  l o s s  i s  n o t  a m a jo r  

p ro b lem . Our e x p e rim e n ts  a l s o  i n d i c a t e  t h a t  s i n g l e - c o r e  su p e rc o n d u c tin g  

w ire  i s  p r e f e r a b l e  t o  m u l t i c o r e  w ire  a s  f a r  a s  a c  l o s s e s  a r e  c o n c e rn e d .

C o n cern in g  m a g n e tic  s h i e l d i n g , i t  a p p e a rs  t h a t  th e  m a g n e tic  

f i e l d  o f  th e  l e v i t a t i o n  c o i l s  ca n  be a t te n u a te d  t o  below  2 0 0  g a u ss

( in  th e  p a s s e n g e r  com p artm en t) w ith o u t an e x c e s s i v e  w e ig h t p e n a l t y .

Such f i e l d s  do n o t a p p e a r t o  be d e t r im e n ta l  t o  human b e in g s  and can  

p ro b a b ly  be a c c e p te d  a s  a  n a t u r a l  p a r t  o f  th e  h ig h -s p e e d  e n v iro n m e n t, 

much a s  re d u ce d  a i r  p r e s s u r e  i s  a c c e p te d  in  a i r c r a f t .  H ow ever, i f  

* See S e c t io n  6 . 2 . 1  f o r  a d e f i n i t i o n  o f  A.
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linear synchronous motor (LSM) propulsion is used the magnetic shielding
prob lem  w i l l  be much m ore s e v e r e ,  and a s u b s t a n t i a l  w e ig h t p e n a l ty  w i l l  

be r e q u ir e d  t o  re d u c e  th e  f i e l d s  in  th e  p a s s e n g e r  com p artm en t t o  th e  200  

g a u s s  l e v e l .

V a rio u s  ty p e s  o f  p ro p u ls io n  sy stem s h ave been i n v e s t i g a t e d  f o r  

th e  h ig h -s p e e d , m a g n e t ic a l ly  su p p o rted  v e h i c l e  (LIM, LSM, s u p e rc o n d u c tin g  

p ad d lew h eel and s c re w , and q u i e t - f a n  j e t  e n g in e ) in  th e  p r e s e n t  s tu d y .

The p r o p u ls iv e  sy stem  c u r r e n t l y  u n der develop m en t f o r  th e  t r a c k e d  a i r  

c u s h io n  v e h i c l e  i s  th e  l i n e a r  in d u c tio n  m otor (L IM ), and i t  h a s  been  

s u g g e s te d  t h a t  th e  LIM be u sed  t o  p ro p e l th e  TMC v e h i c l e .  The p r i n c i p a l  

p rob lem  h e re  i s  t h a t  r e l a t i v e l y  sm a ll c l e a r a n c e  i s  r e q u ir e d  betw een th e  

LIM and i t s  r e a c t i o n  r a i l  f o r  e f f i c i e n t  o p e r a t i o n ,  and t h i s  i s  n o t com

p a t i b l e  w ith  th e  l a r g e  c l e a r a n c e  betw een th e  l e v i t a t e d  v e h i c l e  and t r a c k .  

I t  i s  shown in  S e c t io n  4 . 2 ,  h o w ev er, t h a t  c o n t r o l  o f  th e  LIM gap by 

an a c t i v e  c o n t r o l  sy stem  r e a c t i n g  l a t e r a l l y  a g a i n s t  th e  m ain v e h i c l e  body 

a p p e a rs  f e a s i b l e  w ith o u t d e g ra d in g  th e  l a t e r a l  r i d e  q u a l i t y  t o  an  

u n a c c e p t ib le  l e v e l .  Thus th e  LIM a p p e a rs  t o  be an a c c e p t a b l e  p r o p u ls io n  

s y s te m . The i d e a l  p r o p u ls io n  sy stem  f o r  t h i s  ty p e  o f  TML v e h i c l e  i s  th e  

q u i e t - f a n ,  t u r b o j e t  e n g in e ; t h i s  en g in e  i s  l i g h t  w e ig h t , r e q u i r e s  no 

w ay sid e  pow er p ick u p  and no c l o s e - g a p  r e a c t i o n  s u r f a c e .  I t  d o es n o t  

p reem p t any p a r t  o f  th e  t r a c k  a r e a ,  th u s  a llo w in g  g r e a t e r  freed om  in  

guidew ay c h o i c e .

The r e p u l s i v e - f o r c e  su sp e n sio n  i s  c o m p le te ly  s t a b l e  b u t h as

p o o r  in h e r e n t  dam ping. A lth o u g h  a c c e p ta b le  r i d e  q u a l i t y  ca n  p ro b a b ly

—6
be a c h ie v e d  ( f o r  a  guidew ay w ith  A =  5 x 10 f t )  w ith  p a s s i v e  c o n t r o l  

and a s e c o n d a ry  s u s p e n s io n , s u p e r io r  r i d e  q u a l i t y  can  be o b ta in e d  w ith o u t
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a se co n d a ry  su sp e n sio n  u s in g  a c t i v e  c o n t r o l .  The c o n t r o l  power r e 

q u irem en t i s  m o d e st: 1 .2  kW /ton su p p o rte d  w e ig h t f o r  a  guidew ay w ith  

-6A = 5 x  10 f t .  The c o n t r o l  pow er i s  p r o p o r t i o n a l  t o  th e  guidew ay  

A - c o e f f i c i e n t .

Of th e  v a r i o u s  guidew ay c o n f i g u r a t i o n s  s t u d i e d , th e  c a n te d ,  

in v e r te d  T a p p e a rs  t o  be th e  b e s t ,  b u t i s  o n ly  m a r g in a l ly  s u p e r io r  

t o  th e  dou b le L , o r  i n v e r te d  T g u id ew ay s. B e ca u se  guidew ay t o l e r a n c e  

i s  n o t c r i t i c a l ,  i t  would a p p e a r t h a t  s l i p - c a s t  c o n c r e t e  te c h n iq u e s  

can  be used w ith  norm al highw ay c o n s t r u c t i o n  p r a c t i c e  in  th e  guidew ay  

c o n s t r u c t i o n .  Guideway c o s t s  f o r  an i n v e r t e d  T guidew ay can  p erh a p s  

be e s tim a te d  from  p r e v io u s  e s t i m a t e s  .made f o r  th e  UTACV g u id ew ay: $ 4 0 0 , 0 0 0  

p e r  m ile  f o r  g ra d in g  and c o n c r e t e  w ork , t o  w hich m ust be added a p p r o x i

m a te ly  $ 4 0 0 , 0 0 0  p e r  m ile  f o r  alum inum . I f  j e t  e n g in e  p ro p u ls io n  i s  used  

no a d d i t i o n a l  c o s t  would be r e q u i r e d ;  h o w ev er, i f  a  LIM i s  u sed  t h e r e  

w i l l  be an a d d i t i o n a l  c o s t  f o r  th e  LIM r a i l  and w ay sid e  pow er p ic k -u p .

One c h a r a c t e r i s t i c  o f  t h i s  s u s p e n s io n  sy ste m  i s  th e  lo w -sp eed  

d ra g  p e a k , w hich p o s e s  a  p ro b lem  t o  t h r u s t - l i m i t e d  p r o p u ls io n  s y s te m s . 

However, s e v e r a l  m ethods f o r  c irc u m v e n tin g  th e  d ra g  p eak  w ere o u t l in e d  

in  r e f e r e n c e  1 .

8 . 2 .  A t t r a c t i v e - F o r c e  S u sp en sio n

Two m odel e le c t r o m a g n e ts  w ith  t h e i r  r e q u ir e d  fe e d b a ck  c o n t r o l  

sy stem s were b u i l t  and t e s t e d  d u rin g  th e  p r e s e n t  s tu d y . T hese w ere  

b u i l t  f o r  p u rp o se s  o f  d e m o n s tra tio n  and f o r  s tu d y in g  th e  c h a r a c t e r i s t i c s  

o f  th e  a t t r a c t i v e - f o r c e  s u s p e n s io n . B oth  m ag n ets  w ere c o n s tr a in e d  t o

move v e r t i c a l l y  (one d e g re e  o f  f re e d o m ), and b o th  c o n t r o l  sy stem s used
V
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p u ls e -w id th  m o d u la tio n  t o  c o n t r o l  th e  c u r r e n t  in  th e  m ag n et. V a rio u s  

c o n t r o l  s t r a t e g i e s  w ere s tu d ie d ; th e  m ost e f f e c t i v e  one u se s  d i s p l a c e 

m ent and a c c e l e r a t i o n  s e n s o r s  w ith  feed b ack  s i g n a l s  p r o p o r t i o n a l  t o  gap  

d is p la c e m e n t , m agnet a c c e l e r a t i o n ,  and i n t e g r a l  o f  m agn et a c c e l e r a t i o n .

A t o n e -h a l f  in c h  gap th e  s t a t i c  c o n t r o l  power r e q u ir e d  i s  a p p ro x im a te ly  

one w a tt  p e r pound o f  su p p o rte d  w e ig h t; th e  c o n t r o l  power t o  h an d le  a 

dynam ic p e r t u r b a t i o n  e q u iv a le n t  to  a guidew ay w ith  A - c o e f f i c i e n t  

= 5 x  10 ^ f t  i s  q u i te  sm a ll b u t r e q u ir e s  a pow er su p p ly  w ith  c a p a c i t y  

o f  2 v o l t -a m p /lb  su p p o rte d  w e ig h t.

An a n a l y t i c  s tu d y  o f  th e  l i f t  and d ra g  f o r c e s  in  th e  a t t r a c t i v e -

f o r c e  su sp e n sio n  has u n co v ered  a s e r io u s  prob lem  f o r  h ig h -s p e e d  o p e r a t i o n .

The problem  a r i s e s  b e ca u se  th e  m a g n e tic  f l u x  in  th e  t r a c k  m ust be c a r r i e d

in  th e  sk in  d e p th . The sk in  d ep th  depends on c o n d u c t i v i t y  and p e r m e a b i l i ty

o f  th e  t r a c k ,  a s  w e ll a s  on v e h i c l e  v e l o c i t y ,  b u t i s  o f  th e  o r d e r  o f  1 mm 
f o r  m agnets o f  1 m le n g th .

a t  300  m i/h  /  T h is  sm a ll s k in  d ep th  c a u s e s  th e  f lu x  d e n s i t y  in  th e  t r a c k  

t o  ap p ro ach  s a t u r a t i o n  and th e  p e r m e a b il i ty  to  drop  p r e c i p i t o u s l y .  As a 

r e s u l t  th e  e d d y -c u r r e n t  l o s s e s  in  th e  t r a c k  a r e  much l a r g e r  th a n  would 

be o b ta in e d  i f  th e r e  w ere no s a t u r a t i o n .  T h is  prob lem  can  be l a r g e l y  

a v o id e d  i f  th e  t r a c k  i s  la m in a te d ; h ow ever, su ch  a p ro c e d u re  would i n 

c r e a s e  th e  c o s t  o f  th e  su sp e n sio n  system  s u b s t a n t i a l l y .  The problem  

can  be m inim ized  by m aking th e  l e v i t a t i o n  m agn ets v e r y  lo n g , and i t  i s  

f e l t  t h a t  by a p p r o p r ia te  m agnet d e s ig n  th e  e d d y -c u r r e n ts  l o s s e s  can  be 

k e p t w ith in  r e a s o n a b le  b ounds. W ith 10 m lon g  m a g n e ts , e s t i m a t e s  s c a le d  

from  th e  c a l c u l a t i o n s  o f  S e c t io n s  3 .1  and 3 .2  i n d i c a t e  a l i f t - t o - d r a g  

r a t i o  o f  betw een 70 and 1 2 0  f o r  a p u re  l e v i t a t i o n  s y s te m . T h is  w i l l  be

d eg rad ed  somewhat when g u id a n ce  i s  in c lu d e d .



Our s tu d ie s  have shown t h a t  t h e r e  i s  a maximum guidew ay ro u g h 

n e ss  w hich t h i s  ty p e  o f  su sp e n sio n  w i l l  t o l e r a t e ;  h o w ev er, t h i s  guidew ay  

i s  s u b s t a n t i a l l y  ro u g h e r  th a n  th e  s ta n d a rd  (A =  5 x  10  ^ f t )  so  t h a t  

t h i s  d oes n o t ap p e a r t o  be a p ro b lem . On th e  o t h e r  h an d , s a t i s f a c t o r y

r i d e  q u a l i t y  c a n n o t be o b ta in e d  w ith o u t a  s e c o n d a ry  s u sp e n sio n  u n le s s

- 7
th e  t r a c k  i s  v e r y  sm ooth (A < 5 x  10  f t ) ;  f u r th e r m o r e , an a c t i v e  

se co n d a ry  su sp e n sio n  a p p e a rs  n e c e s s a r y .

The a t t r a c t i v e - f o r c e  s u sp e n sio n  i s  a  good lo w -sp e e d  su sp e n sio n  

w hich a p p e a rs  c a p a b le  o f  g u id in g  and s u p p o rtin g  a  v e h i c l e  a t  sp eed s up to  

300 m i/h . I t  d o es n o t r e q u ir e  w h e e ls , e x c e p t  p o s s i b l y  f o r  em ergen cy  

la n d in g . I t  i n t e g r a t e s  w e ll  w ith  th e  l i n e a r  in d u c t io n  m o to r (L IM ).

M ethods f o r  a c c o m p lis h in g  h ig h -s p e e d  s w i tc h in g , w ith o u t m oving s e c t i o n s  

o f  th e  guidew ay, have been p ro p o se d  by K ra u s s -M a ffe i  and M e s s e r s c h m itt-  

Bolkow -Blohm .

B e ca u se  th e  v e h i c l e  m agn ets m u st hang b elow  th e  s t e e l  t r a c k ,  

m ost guidew ay d e s ig n s  w hich have been p ro p o se d  u se  an  e l e v a t e d  gu id ew ay.

Such a guidew ay would p ro b a b ly  be made from  p r e - c a s t  c o n c r e t e  s e c t i o n s .  

B ecau se  t o l e r a n c e s  a r e  more s t r i n g e n t  h e re  th a n  w ith  th e  r e p u l s i v e - f o r c e  

s u s p e n s io n , i t  i s  e x p e c te d  t h a t  guidew ay c o n s t r u c t i o n  c o s t s  w i l l  be 

h ig h e r , a lth o u g h  th e  m e ta l  t r a c k  c o s t s  w i l l  c l e a r l y  be? lo w e r .

8 . 3 .  B a s e l in e  D esign- o f  TML R e s e a rc h  V e h ic le

B a s e l in e  s p e c i f i c a t i o n s  o f  th e  guidew ay and TML r e s e a r c h  

v e h i c l e ,  in c lu d in g  a  f u l l  s c a l e  m agnet d e s ig n , a r e  d is c u s s e d  in  C h a p te r 7 

( s e e ,  e . g .  F ig u r e  7 . 1 ) .  T h is  h as been c a r r i e d  o u t f o r  a sy stem  u sin g  

th e  r e p u l s i v e - f o r c e  su sp e n sio n  a s  r e q u ir e d  by o u r c o n t r a c t  w ith  th e  

F e d e r a l  R a ilr o a d  A d m in is t r a t io n . H ow ever, b o th  ty p e s  o f  m a g n e tic  s u sp e n sio n  

ap p ear t o  be c o n te n d e rs  f o r  th e  TMLV sy s te m .
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9. RECOMMENDATIONS
The present study has turned up no problems serious enough 

to definitely rule out one of the competing magnetic suspensions 

(repulsive-force or attractive force) proposed for high-speed ground 

transportation. The next phase of the magnetic levitation program
i)

should focus on high-speed comparison tests of these two suspensions.

The rocket sled program proposed by the Department of Transportation, 

in which model vehicles supported by one or the other of these suspensions 

are accelerated to speeds of 300 mi/h and their dynamic behavior studied, 

would appear to be a direct way of accomplishing this objective.

The ultimate choice of a suspension for a high-speed transportation 

system will be determined by which system design can achieve the desired 

ride quality objective at the lowest overall system cost. Although 

accurate information relative to this goal can probably only be obtained 

through operation of research vehicles, important supporting informa

tion can be obtained from additional model studies of the type carried 

out in the present program. We propose, therefore, a follow-on program 

to address the following problems: attractive-force system, (i) quantitative

assessment of the magnetic drag at high-speeds, (ii) determination of the 

necessity for an active secondary suspension and the power requirement of 

the suspension; repulsive-force system, (iii)guideway configuration 

studies aimed at reducing the amount of aluminum in the guideway. (We have 

noted that aluminum cost will be a substantial fraction of overall guideway 

costs.)

Finally, we would like to propose that serious consideration 

be given to a high-speed system design using the repulsive-force suspension
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and using a quiet-fan jet engine in each vehicle for propulsion. Although 

electric propulsion has been proposed for this mode of transportation 

because of environmental reasons (noise, pollution), experiments on 

large by— pass turbojet engines have shown that the noise can very likely 

be reduced to acceptable levels. The jet engines are light weight and 

their use would eliminate substantial transmission power losses. 

Furthermore, this combination of suspension and propulsion systems would 

appear to be compatible with a lower cost guideway than that required 

for other combinations.
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APPENDIX A. STUDIES OF AC LOSS

A. 1 .  F i e l d  G eom etry C a lc u la t io n s

In  o r d e r  t o  m odel p r o p e r ly  th e  r e v e n u e - c o i l  o p e r a t in g  c o n d i t io n s  

on o u r sam ple c o i l  sy stem  we m ust know th e  f i e l d  d i s t r i b u t i o n  in  ou r  

d r iv e  c o i l - s a m p l e  c o i l  sy ste m . The c o i l  d im en sio n s o f  t h a t  sy stem  a r e  

g iv e n  b e l o w ..

TABLE A l. C o il  D im ensions

D riv e  C o i l Sample C o i ls  ( 7 , 8 , 9 )

L e n g th 1 4 .0  cm 2 .6  cm
ID =  2 r , 9 .5  cm 3 .8 5  cm
OD =  2 r2 1 1 .9  cm 6 .2 0  cm
No. o f  tu r n s  N 5 7 9 0 1 0 9 0
W ire Diam. .0 5 1  cm .0 4 2  cm

ie
We have u sed  a  r e l a t i o n  g iv e n  by Terman f o r  th e  m u tu al in d u c ta n c e  b e 

tw een two c o n c e n t r i c  c o i l s  t o  o b ta in  th e  r e l a t i o n  betw een th e  d r iv e  c o i l  

c u r r e n t  1^  and th e  in d u ced  sam ple c o i l  c u r r e n t  1 ^ . F o r  o u r sy ste m  o f

th e  d im e n sio n s shown t h i s  y i e l d s  I  =  1 .9 4  I , .s  d

B e ca u se  th e  r e l a t i v e  f i e l d  d i s t r i b u t i o n s  o v e r  th e  w ire  b u n d le s  o f

th e  sam ple and rev en u e  c o i l s  a r e  q u i te  d i f f e r e n t ,  we m ust c o n s id e r  t h a t

th e  a c  and d c f i e l d s  a r e  c o r r e c t l y  m odeled o n ly  when th e  a p p r o p r i a t e l y

a v e ra g e d  f i e l d s  a r e  made eq u al r a t h e r  th a n  when th e  f i e l d s  a t  th e  w ire

bundle s u r f a c e s  a r e  e q u a l . We have p e rfo rm e d  a n u m e ric a l c a l c u l a t i o n

o f  th e  t o t a l  f i e l d  o v e r  th e  w in d in gs o f  th e  sam ple c o i l  by summing th e

in d u ced  s e l f - f i e l d  due t o  I  and th e  a p p lie d  f i e l d  o f  th e  d r iv e  c o i l .
s

★
F .  E . Term an, R ad io  E n g in e e rs  Handbook (MaGraw H i l l )  (1 9 4 3 ) p . 71



As we s h a l l  s e e  in  A .2 th e  l o s s e s  f o r  a  g iv e n  a c  f i e l d  l e v e l  a r e ,  in  a l l

r e g im e s , e x p e c te d  t o  be p r o p o r t i o n a l  t o  th e  s u r f a c e  a r e a  o f  su p e rco n d u ctin g

w ire  exp o sed  t o  th e  f i e l d .  T h is  means t h a t  th e  volum e a v e ra g e d  B f i e l d s

a r e  .th e  o n es we sh o u ld  be co m p arin g  betw een  sam ple and re v e n u e  c o i l s .

We h ave c a r r i e d  o u t  t h i s  a v e r a g in g  n u m e r ic a l ly  f o r  th e  sam ple c o i l  f i e l d

d i s t r i b u t i o n ,  and i t  i s  e a s i l y  p erfo rm ed  in  th e  a p p ro x im a tio n  t h a t  o n ly

th e  s e l f - f i e l d  com ponent m a t t e r s  f o r  th e  rev e n u e  c o i l .  F o r  th e  sam ple

c o i l  th e  a v e ra g e d  B f i e l d  i s  g iv e n  by B =  .0 3 8 3  I  ( T e s l a ) .  F o r  th e
d

re v e n u e  c o i l  th e  f i e l d  B i s  t h a t  o c c u r in g  a t  a r a d iu s  r  ^ - .7  a w here a

i s  th e  o u t e r  r a d iu s  o f  th e  rou n d  w ire  b u n d le . Once we h ave d e te rm in e d ,

f o r  th e  v a r io u s  c o n t r o l  s t r a t e g i e s ,  th e  a p p r o p r ia te  a c  f i e l d  v a r i a t i o n

f o r  th e  rev en u e c o i l  we may th e n  deduce th e  v a lu e  o f  I  a t  w hich we
do

sh o u ld  exam ine o u r e x p e r im e n ta l  l o s s  d a t a .

A .2 .  L o ss  C a lc u la t io n s

The a c  l o s s  c a l c u l a t i o n s  a r e  p e rfo rm e d  f o r  a  s la b  g e o m e try  u s in g  th e

12m a c ro s c o p ic  Bean-London c r i t i c a l  s t a t e  m odel w hich i n s i s t s  t h a t  in  ty p e

I ±  s u p e rc o n d u c to rs  th e  c u r r e n t  d e n s i t y  h a s  o n ly  th e  v a lu e s  J  =  J  ,0  and
c

no o t h e r s .  T h is  le a d s  t o  a  l i n e a r  d e c r e a s e  o f  th e  m a g n e tic  f i e l d  w ith

d i s t a n c e  i n t o  a s u p e rc o n d u c tin g  m a t e r i a l  and t o  a  p e n e t r a t i o n  d ep th

r =  B / .  J  w here B i s  th e  s u r f a c e  f i e l d .  In  an a c  f i e l d  w here B =  B ( t )

th e n  c l e a r l y  8 =  8 ( t )  a l s o  and f o r  p a r t  o f  e a ch  c y c l e  th e  f i e l d  d o es n o t

f u l l y  p e n e t r a t e  th e  sam p le . T h ere  i s  th u s  a  d i s t i n c t i o n  in  th e  l o s s

b e h a v io u r  f o r  w ire s  o f  r a d iu s  b g r e a t e r  o r  l e s s  th a n  R (B ) f o r  th e
max

maximum am p litu d e  a c  f i e l d .

F o r  t h i s  c a s e  th e  f i e l d  n e v e r  f u l l y  p e n e t r a t e s  th e  w ire  and f a l l s

t o  z e r o  l i n e a r l y  a s  B =  B -  u, J  x  w ith  d i s t a n c e  x  from  th e  s u r f a c e .s po c
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One f i r s t  i n t e g r a t e s  E * J  dv o v e r  th e  p e n e t r a te d  volume and th e n  a v e r a g e s— £.
th e  l o s s  o v e r  a co m p lete  c y c l e  o f  th e  a c  f i e l d .  The r e s u l t i n g  l o s s  p e r  

c y c l e  and p e r  u n i t  s u r f a c e  a r e a  o f  th e  s l a b  i s

32B
Q/c y c l e

^M'o J c

(A l)

w here Bq i s  th e  peak a c . f i e l d  a m p litu d e . In  o r d e r  t o  a p p ro x im a te  o u r

s i t u a t i o n  we ta k e  th e  s u r f a c e  a r e a  t o  be t h a t  o f  th e  two s id e s  o f  a  sq u a re

w ire  o f  th e  same c r o s s - s e c t i o n a l  a r e a  a s  o u r a c t u a l  round w ire  and u se  th e

volum e a v e ra g e d  f i e l d  in  th e  w ire  b u n d le . The volum e a v e ra g e d  f i e l d  i s

Bq =  .0 3 8  I  f o r  o u r sam ple c o i l s .  The s u p e rc o n d u c tin g  c o r e  r a d iu s  o f

- 4SC 8 - 1 5  w ire  i s  b =  1 x  10  m and th e  e q u iv a le n t  sq u a re  w ire  h a s  s id e  

- 4c  =  1 .7 7  x  1 0  m. The r e s u l t a n t  p r e d i c t e d  l o s s  from  (A l) i s  j u s t

0 /  , =  .4 6 7  x  1 0 _ 3 I  3 .c y c l e  do j o u l e s .

b <  6max

F o r  t h i s  c a s e  o f  f u l l  f i e l d  p e n e t r a t i o n  o f  th e  w ire  e a c h  c y c l e  

c a r r i e s  th e  sy ste m  from  below  p e n e t r a t i o n  to  beyond i t .  The a n a l y s i s  

i s  e s s e n t i a l l y  th e  same a s  t h a t  above and le a d s  t o  th e  r e l a t i o n

Q / =  2 J  b 2 B -  4 / 3  u J  2b 3c y c l e  c o mo c (A 2)

f o r  th e  l o s s  p e r  u n i t  s u r f a c e  a r e a .  E q . (A2) u n d e r e s t im a te s  o u r m easu red  

l o s s  f o r  th e  e x p e r im e n ta l  m u lt ic o r e  c o i l s  by a b o u t a  f a c t o r  o f  2 w h ereas  

E q . (A l) g i v e s  a  much b e t t e r  f i t  t o  th e  d a t a  f o r  th e  #7  s i n g l e  c o r e  c o i l .

In  t h i s  s tu d y  i t  i s  o f  p rim a ry  im p o rta n ce  t o  e s t i m a t e ,  u s in g  o u r  

e x p e r im e n ta l  d a t a ,  th e  a c  l o s s  t o  be e x p e c te d  from  a  rev en u e v e h i c l e  c o i l :  

We do t h i s  f o r  e a c h  o f  th e  c o n t r o l  s t r a t e g i e s  d is c u s s e d  in  S e c t io n  2 .7
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o f  th e  m ain r e p o r t .  T h ese s t r a t e g i e s  a l l  c a l l  f o r  a c  l e v e l s  p ro d u cin g  

v e r y  sm a ll l o s s e s  in  ou r r e s t r i c t e d  sam ple g eo m etry  and good d a ta  a t  

th e s e  low l e v e l s  a r e  d i f f i c u l t  t o  o b t a i n .  We t h e r e f o r e  c i t e  th e  ra n g e  

o f  v a lu e s  f o r  th e  l o s s  u s in g  b o th  c u b ic  and l i n e a r  e x t r a p o l a t i o n  from  

th e  d a t a .

F o r  th e  s i n g l e  c o r e  c o i l  #7  we u se  th e  s u c c e s s f u l  c u b ic  f i t  t o  th e

-  3 3
d a ta  o f  F i g .  2 . 3 1 ' t o  d educe a t  1 . 1 8  Hz th e  r e l a t i o n  Q =  0 . 0 4  x  10  ( I ,  ) w a t t s .do

grom th e  b e s t  low f i e l d  d a ta  (ta k e n  a t  th e  h ig h e r  f r e q u e n c ie s )  we can  do a

- 3l i n e a r  e x t r a p o l a t i o n  a c c o r d in g  t o  Q =  10 I  w a t t s .

F o r  th e  m u l t i - c o r e  c o i l s  we h ave c a r r i e d  o u t o n ly  th e  l i n e a r  e x t r a 

p o l a t i o n  from ''ou r lo w e st v a l u e s .  The d a ta  a t  h ig h e r  f i e l d s  a r e  n o t  l i n e a r  

b u t do n o t f i t  th e  th e o r y  w e ll  a t  a l l .  The l i n e a r  e x t r a p o l a t i o n  w i l l  s u r e ly  

e r r  on th e  s id e  o f  p r e d i c t i n g  somewhat h ig h e r  l o s s e s  and we have t h e r e f o r e  

ad o p ted  t h i s  c o n s e r v a t iv e  a p p ro a c h . The t a b l e  shows th e  p r e d i c t e d  l o s s  

l e v e l s  f o r  th e  d i f f e r e n t  s t r a t e g i e s  and th e  two w ire  t y p e s .

TABLE A 2. P r e d i c t e d  a c  l o s s  p e r  c o i l  in  a  re v e n u e  
f o r  d i f f e r e n t  c o n t r o l  s t r a t e g i e s

"S C 8 -1 5 "
S in g le -C o r e

W ire

"K ry o c o n d u c to r"
M u lti-C o re

W ire

L i f t  C o i l - D i r e c t  C o n tro l 0 .7  w a t ts 8 . 5  w a t ts

S e p a r a te  C o n tro l  C o il .0 8  t o  .3  w a tts 2 .5  w a t ts

S eco n d ary  S u sp en sion . 0 1 6  t o  . 2 1  w a tts 5 . 8  w a t ts
O p tim ized  Damping

We b e l ie v e  t h a t  th e  l a r g e r  v a lu e s  shown in  th e  t a b l e  r e p r e s e n t s  an  

u p p er l i m i t  t o  th e  a c  l o s s  t o  be e x p e c te d  f o r  w e ll  v e n t i l a t e d  and w e ll  

su p p o rte d  c o i l s  a t  th e s e  v e r y  low  a c  f i e l d  l e v e l s .  I t  i s  p ro b a b le  t h a t
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th e  m u l t i - c o r e  l o s s  v a lu e s  a r e  somewhat e x a g e r a te d 1 f o r  th e  l a s t  two c a s e s

w here f u l l  p e n e t r a t i o n  o f  th e  f i e l d  d o es n o t  o c c u r  e x c e p t  n e a r  th e  c o i l  

bundle s u r f a c e .  T h is  would b r in g  th e  m u l t i - c o r e  c o i l  a l s o  i n t o  th e  c u b ic  

reg im e b u t w ith  i t s  much l a r g e r  w ire  s u r f a c e  a r e a  i t  w i l l  s t i l l  be e x p e c te d  

t o  have l a r g e r  l o s s e s  a t  th e s e  low f i e l d s  th a n  th e  com p arab le  s i n g l e - c o r e  

c o i l s .  The s i n g l e - c o r e  c o i l  d a t a .a g r e e s  r a t h e r  w e ll  w ith  th e  t h e o r e t i c a l  

c a l c u l a t i o n  b o th  in  m agnitude and f i e l d  depen d en ce and we th u s  e x p e c t  t h a t  

th e  u p p e r , l i n e a r l y  e x t r a p o l a t e d  l i m i t s  in  T ab le  A2 a r e  o v e r l y  p e s s i m i s t i c .



APPENDIX B. DERIVATION OF LIM EQUATIONS

The purpose of this Appendix is to derive Eqs. (4.1), (4.2) 
and (4.7) concerning the performance of the linear induction motor (LIM). 
The .computational model is shown in Fig. 4.1. A reaction rail is located 
midway between two identical primary windings (stators). We approximate 
each stator by a semi-infinite block of iron with infinite permeability 
and zero conductivity. The current windings are replaced by current 
sheets at z = ±h. Whereas the stator cores extend to infinity in the x 
and y directions, the stator currents are confined to a finite region.
The reaction rail is replaced by a thin plate (conducting sheet) of sur
face resistivity l/T which is characterized by a velocity

w = 2/pocrT . (B.l)

In a coordinate system where the reaction rail moves to the 
left with velocity v, the current in the reaction rail is given by

i = CT E x x (B.2)

and

y
CTT (e + vB ) y z' (B.3)

At z = 0+ (i.e., Just above the reaction rail), we find from Ampere's 
circuital law neglecting displacement currents that

h
B = vy- i'
X 2 y (B.4)

and
B o . t

2 1x ( B . 5 )

We note that B and B are odd ftmctions of z while B is even, x y z



From (B.2) and (B-3)

Substituting (B.4) and (B.5-)' into (B.6) and recalling that
9B

3 i / 9 i / r 9 b

. = ctt f C u r l  E ) +  v  ]
ox o y l z Qx - iz = 0 +

we find that at z = 0

curl E)
+

9t

( B . 6 )

aB
3x + 3y;

ii ctt 9b' o i z SB
/ z, , Z \
i -  s r  + T s r  J (B.7)

making use of (B.l) and

div B = 0 , (B.8)

gives the boundary condition at z = 0H"

V
9b 9b 9bz z z

V (B.9)3z 3t 3x
iiut , >.If we assume that all time variations are of the form e , then ( B .9 )  

becomes
9r 9r

■'+ . (B. 10)
9b 9b

w - = î B - v a—- , z = 0' z ox '3z-

In the region 0 < z < h we write the magnetic field in terms of 
its Fourier components,

B
a

00 ik x 00 , ,
f dk e X f dk cos k y (a e z + h e ), a= x,z (B.ll) J x i y y a a  7 '

and

y
ik x 00x 'f dk e X f dk sin k y (a e kz + b e ^ z ) , «) x J v y y yy

( B . 1 2 )



where

k =; V k  2  +  k  2  ' ( B . 1 3 )x y

We assume that the motor is symmetric about the xz-plane (in addition to 
the symmetry about the xy-plane).
To satisfy (B.8) and

curl B) = 0 ,z ’

requires that
a =y i k a /k . y x/ x (B.14)

az i k a /k , x' x ’
(B.15)

b
y i k b /k , y x' x 3

(B.16)

and
bz -i k b /kx' X (B.17)

To satisfy (B.IO) it is required that

wk (- a + b ) z z = i(w-kv) (azqbz) ,

or .that
bz = r  a , z ’

(b .1 8 )

where
T = [kw+i(u>-k v)]/tkw-i(<u-k v)] . (B.1 9 )X X

From Eqs. (B.l6), (B.lj) and (B.l8), we find

bz = i kr ax/kx , ( B . 2 0 )

*x = ~r ax , (B.21)
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and

b = -ik F a /k y  y  x' x (B.22)

The force on the stators is equal and opposite to that on the 
reaction rail. Hence, the time-averaged thrust is

<Fx> = - |Re dx dy i^* Bz
«.oo _ c o

(B.2 3 )

CO 00

= - Re f dx r dy —  B * Bu xU X z o
(B.24)

where B and B are evaluated at z - 0+. Eq. (B.24) follows from (B.23) X z
by substitution of (B.4) and from the symmetry in the y direction. 
Similarly, the average power loss in the reaction rail is

CO 00
<prr> “ 2 5 r / , a x .T ^ ( I q ' ^  + U / I 2)—0° _op (B.25)

— —  J* dx J dy (|B I2 + I B Is)
U 2 ot  -® o X y

(B.26)

Substitution of Eqs. (B.ll) and (B.12) into (B.2^) and (B.26) 
gives after some manipulation

2 “ 00
(F ) = - --  Re f  dk f  dk (a +b )* (a -fb ) (B.2T)

x  ll  ̂ x  J y  v x  x '  v z z '  s '^o -00 o
and

Iqi2 f dk P dk (| a + b |2 + | a +b |2) . (B.28)J x J v ' x x y y<P > = . .
rr q 2oT -°° x o y X x

Making use of Eqs. (B.l), (B.l^), (B.15), and (B.l8)-(B.22), we find that

<F >X
0 2 , 2  (u>-k v) a 28u2w r* f n, k2 v x ' 1 x1----  dk dk -—  ----------------
o -» x o y x (kw)2 + (^-kxv)2M- (B.29)

95
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and

<p ) , Snf* f  ak fJ x v k 2
2 (^-k v)- |a.,2 a 2X X

rr -00 X o ^  kx (kw)2 + (iu-k v)2X

Thus far we have not made use of the boundary condition 
(i.e., just below the stator),

B = -m, i (x.y) ,x o y ’

where i_(x,y) is the stator current (on one stator).
Inserting (B.ll) into (B.Jl), we find after inverting the Fourier 
form

a e + b e - -u, l (k ,k.)x ' x ' o y x y

where .

i (k ,k ) =
y  x  y  t t 2

00 -ik x
j* dx e X' J dy cos kyy i (x,y)

From (B.19), (B.21), (B.2 9 ), (B.3 0 )' and:(B.32), we have

<F > x = 2u rr2w f dk f dk .o „ x v k
(uu-k v)\ - v  • 1X

-• x o ’ "y kx D
i (k ,k ) ; y x ’ y

and

<P > rr
“ 00 2 (u>-k v)2 __

2p, tt2w r dk r dk . -- -2--  I i (k k ) I2o .. X J V k 2 D . . 1 y' x' y'1x *' " y k 2o J x

where

D = (kw)2 sinh2 kh + (û -k v)2 cosh2 khx

at z = h

(B.3 0)

( B . 3 1 )

trans-

(B.32)

( B . 3 3 )

(5.3*0

> ( B . 3 5 )

(B.3 6 )
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If we approximate the stator currents by a finite sinusoidal 
current sheet of length L and width 2a, then

i (x,y) *o e
lqx 0 < x < L lyl

= o otherwise (B.37)

Continuity of current is implicit in our analysis so (B.37) implies that' 
the appropriate line currents in the x-direction exist at y = ± a, and 
that qL = N S 17 where N is the number of pole pairs. (L = N X where 
X = 2n/q is the wavelength).
From (B.33), we find’for this model that

i (k ,k )y x y
i sin k a i(q-k„)L . o y e x
ttc y t t f v t (B.3 8 )

Substituting into (B.3*0 and (B.35) gives

<F > =x
8p i 2w 60o o P dk P dk -p-•J x  v  kTT

(UJ-k v)X
x y k D o * x

sin2k a sin2(q-k )l/2
^ --------- ----- (B.39)k 2y

and
<P ) rr

8u  ix wo o
1 7 2

CO 00
P dk p dk j x J o

k‘2 (iD-k̂ v)2 sin2k^a sin2(q-kx)L/2
y k x2

_X
D k 2y

(B.kO)

These results correspond to the constant current-series connected LIM 
(Eqs..(4.l) and (̂ -.2)).

In the limit a,L 00 (infinite machine) it can be shown that

<F >/2aL “* u i 2 (vx-v)w/[w2 sinh2 qh + (vx-v)2 cosh2 qh] , (B.4l)X o o * *

where
. Vx - 0)/q . (B.42)
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The peak thrust/unit area occurs at

v^-v = w tanh ,qh (b A3)

and is
<Fx>/2aL|

peak
= |j, io2/sirih 2qh (b .MO

Row, instead of specifying the- stator current at z = h and
using the boundary .condition (B.3l), let us write '(F ) and (P ) in termsx n*
of the field just below the stator surface, B (x,y,h ). We do this by

z

noting that (B.2 9 ) and (B.3 0 ) could have been written in terms of asince

a •= -ik a /k . , x x z' (BA5)

according to (B.15). From (B.ll) we have

where

az e_kh + bz e1*  = Bz (kx,ky) , (BA6)

__ 00 -ik x 00
Bzlkx’kv̂  = ffs / ^  e X J cos k y Bz(x,y,h“) . (B.Vf)

v GO /-v v

The quantity bz can be eliminated from (B.46) by use of (B.l8) so. that

~ /, n \ // -kh ~ khx a = B (k ,k )/(e + T  e )z z ' y y "  v , (B.48)

After some manipulation, making use of (B.1 9 ), (B.2 9 ), (B.V?), and (BA8), 
we find that , .

k (10-k v)CO 00

< p )  = a t  f a '  x ' xJ T VX u, x y'o -=» J
D |b (k ,k )|2z x’ y (B.1+9 )

and

<p > - ^rr LI1 o

00 03
P dk P dkleo X Jo y

(uj_k v)
X

D
B (k ,k ) 2 ,z' x* y ’

(B.50)

2 9 8



where
1)' = (kw)2 cosh2 kh + (<u-k v)2 sinh2 khX

B (x,y,h") ‘ ,z ■ o - • • . * i, |
.  .  .  %■ = 0 ■*

0 < x < L . , | y.| < a

otherwise,

then

<F ) =x
8b "W

P dk f dk
d  X  d

00 k (oi-k v) sin2 k a sin2(q-k )l/2* X X v
a n2 d x o -® y D k 2y < i - v *

and

<P > rr
8b pw  ' « 03 (tu-k v)2 sin2 k a sin2(q-k. )l/2
- 2 -  f  dk f  dk --- * ---------- 2 L  ^

d X  d \u IT2 o X  ̂ y O -03 0 D k 2y

This corresponds to the constant volt age-parallel connected, case- (EJq. 
If we let a, L 00, then

B2w (vx-v )
( ■ *  > / p s T  -  °  $  ______________________________x ' u- w2 cosh2 qh + (v^-v)2 sinh2 qh

The peak thrust/unit area occurs at

- v f= w coth qh

with a value of
(F )/2aL| . = B 2/ u sinh 2qhX ]D0cU£ O Q

( B . 5 1 )

(B-52)

( B . 5 3 )

(B.5^)

(^•7))•

( B . 5 5 )

( b .56 )

( b . 5 7 )
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