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INTRODUCTION

The  L o ca lly  C om m u tated  L in e ar S y n ch ro n o u s M o to r (L C L SM ) p ro gram  h a s  dem onstrated  
the te ch n ica l fe asib ility  a n d  p ractica lity  o f the L C L S M  concept fo r M ag le v  ap p lica tion s. The  
w o rk  in c lu d e d  a n a ly s is  a n d  s im u la tio n  o f critica l com ponents fo r a  fu ll-sca le  sy stem  a n d  a  
d em o n stra tion  m otor b a se d  on  a  l/1 0 th  sca le  system . The  L C L S M  concept u tilize s m o d u lar  
d istrib u te d  pow er p ro ce ssin g  fo r the m otor. In  th is  case, in d iv id u a l nonoverlapped  co ils are  
each  d riven  b y  a  ded icated  lo ca l inverter controlled  b y  a  ded icated  lo ca l processor. F o r M ag le v  
a p p lica tio n s th is  h a s  the advan tage  o f increased  reliab ility, perform ance, efficiency, a n d  
flex ib ility  w ith  a  poten tia l reduction  in  system  cost com pared  w ith  b lo c k  sw itched  system s.

It  i s  u se fu l to describe  the b lo ck  sw itched  lin e ar sy n ch ro n o u s m otor typ ica lly  considered  for 
M ag le v  p ro p u ls io n  to see the  b a s is  a n d  m otivation  fo r the L C L S M  system . B lo c k  sw itched  
sy ste m s fo r M ag le v  p ro p u ls io n  pow er a  large  section  o f gu idew ay, typ ica lly  500m  or m ore, over 
w h ich  the veh icle  is  trave ling. The entire section  (block) o f p ro p u ls io n  co ils  in  w h ich  the vehicle  
trave ls is  energized. The  inverter su p p ly in g  pow er to each b lo ck  m u st be sized  to ap p ly  the  
drive pow er needed b y  the vehicle. The inverter fo r the b lo ck  m u st drive the p ro p u ls io n  curren t 
th ro u gh  the voltage  p roduced  b y  the inductan ce  an d  re sistan ce  o f the entire b lo ck  in  add ition  
to the net b a c k  E M F  (E lectro  M otive  Force) produced  b y  a ll o f the veh icle  fie ld  co ils. T h u s  the  
inverter m u st  su p p ly  a ll o f the  p ro p u ls io n  pow er a s  w ell a s  drive  large  se c tio n s o f co ils  th a t are  
n o t u tilized  a n d  represent lo sse s. To reduce the lo sse s  an d  accou n t fo r the re lative ly  lo n g  
d u ra tio n  o f the cu rren t in  the b lock, the co ils m u st have a  su ffic ien tly  la rge  con du ctor c ro ss  
se ctio n  to reduce heating. V eh ic le  con figu ration s are a lso  som ew hat lim ited  sin ce  the b a c k  
E M F  m u st be in  a  ran ge  m atch ed  to the pow er supp ly. The  L C L S M  concept w a s developed to 
overcom e these  d ifficu ltie s b y  ap p ly in g  sem iconductor pow er h a n d lin g  techno logie s w h ich  have  
becom e v iab le  w ith in  the p a st few years.

The  L C L S M  pow ers the m in im u m  n u m b er o f co ils required. F o r p ro p u lsio n , o n ly  the co ils  
n e a r the veh icle  fie ld s are pow ered. E a c h  coil is  in d iv id u a lly  controlled. The  b a c k  E M F  
experienced is  on ly  th a t p roduced  lo ca lly  b y  the vehicle  fie lds. T h u s, a n y  len gth  veh icle  
co n figu ra tio n  can  be accom m odated. T he  b a ck  E M F  does n o t add, a n d  the pow er per loca l 
inverte r d oe s n o t increase  a s  the  size a n d  w eight o f the  veh icle  chan ges. T he  L C L S M  sy stem  
therefore ca n  offer greater flexib ility. The  tra ck  co il c ro ss section  can  be reduced sin ce  the net 
on  tim e  is  le ss, th u s  re d u c in g  con du ctor costs. A  critica l facto r w hen  co n sid e rin g  the L C L S M  is  
th a t the net pow er delivered to the veh icle  is  sh ared  am on g the lo ca l in d iv id u a l cell inverters so  
the pow er h a n d lin g  requ irem ents o f the lo ca l inverters is  con sid e rab ly  le ss  th a n  th a t required  
fo r the  b lo c k  sw itched  system . T h is  a llow s low er power, h igh e r perform ance  e lectron ics to be  
utilized. B a se d  on  p re lim in a ry  co st estim ates, com b in ing the reduced  con du ctor co st w ith  the  
low er pow er, h ig h  vo lum e  se m icon d u cto r co st m ay  m ake  L C L S M  co st effective fo r M ag le v  
ap p lica tio n s.

O th e r in h e ren t featu res o f L C L S M  can  provide fu rther im provem ents in  perform ance a n d  
red uction  in  sy stem  cost. Sm o o th  th ru st can  be provided, even on  a  per m agn e t b a s is , w ith  a  
n o n o ve rlap p in g  tra c k  co il con figu ration . T h is  can  provide sim p le r in sta lla tio n  a n d  reduced  
com ponent co st relative to ove rlapp in g co il con figu ration s. T he  loca l con tro lle rs can  a lso  
accom m odate  errors in  gap  a n d  p o sitio n in g  o f the co ils or fa ilu re  o f n e arb y  co ils  b y  m od ify in g  
the drive  cu rren t to accom m odate  these errors an d  m a in ta in  sm ooth  th ru st. The net sy stem
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re liab ility  is  h igh  becau se  m a n y  d istrib u te d  inverter m o d u le s ca n  fa il w ith ou t h a ltin g  operation  
of the system . R e p a ir is  p o ten tia lly  sim p lifie d  b y  the nonoverlapped  tra ck  co il con figu ration  
w ith  dedicated e lectronics. C o st a n d  re liab ility  ad van tage s due  to the ab ility  o f the L C L S M  
system  to accom m odate  m a n u fa c tu rin g  v a ria tio n s m a y  p rovide  su b sta n tia l sa v in g s  in  net 
sy stem  cost in  a  rea l w orld  environm ent a n d  lo n g  term  usage.

The ap p lica tion  o f L C L S M  fo r M ag le v  sy ste m s sp a n s  a  w ide ran ge  o f sy ste m  d e sign  an d  
u tiliza tion  issu e s. The L C L S M  concept is  a  new  approach  to m otor d e sign  a n d  con tro l m ade  
p ractica l b y  developm ents in  pow er e lectron ics a n d  m icrocontro llers. The  regim es o f operation  
are su b sta n tia lly  different from  the b lo ck  sw itched  sy ste m  in  a c tu a l im plem entation. In  
particu lar, the d istrib u ted  con tro l a n d  com m u n ication s req u irem ents are c ritica l to the sy ste m  
design . The objective o f th is  p ro gram  w as in ve stiga tio n  a n d  dem o n stration  o f the b a s ic  L C L S M  
concept.

In tro . 1 F inal R eport Form at

T h is  report u tilize s a  fo rm at in  w h ich  there is  a  b rie f sy n o p s is  in  i t a l i c s  a t the b e g in n in g  o f 
each  subsection . M ore  detailed  descrip tion  o f the w ork  perform ed in  response  to the statem ent 
o f w o rk  fo llow s in  th a t sub section . B e cau se  a  w ide ran ge  o f is su e s  re la tin g  to L C L S M  cou ld  
have  been stud ied , th is  fo rm at is  u se d  to m ake  the m o tiva tion  a n d  extent o f the  w o rk  
perform ed clear.

In tro .2  Sum m ary o f  th e  LCLSM Program

Syste m  design  an d  a n a ly s is  were perform ed for a  L C L S M  for M ag le v  app lication . A  one- 
tenth  sca le  m odel w a s analyzed, designed, a n d  con structed  to va lidate  the L C L S M  concept.
T h e  a n a ly s is  a n d  m odel te sts dem onstrated  the te ch n ica l v ia b ility  o f the L C L S M  concept.

The overall d e sign  p h ilo so p h y  w h ich  gu id e d  the developm ent o f the L C L S M  sy ste m  w a s  
h ig h  efficiency, h igh  re liab ility, grace fu l degradation, a n d  low  electrom agnetic interference. 
L C L S M  is  a  sin g le -laye r p ro p u ls io n  a n d  pow er tran sfe r sy ste m  in  w h ich  independent 
con tro lle rs contro l dedicated co ils to su p p ly  a  desired  w aveform  w ith  the proper frequency, 
p h ase  an d  am plitude. In  one em bodim ent, the co ils  are com m utated  lo ca lly  b y  p u lse -w id th - 
m o d u latio n  (FW M ) o f sem icon d ucto r sw itch e s in  a n  H -b rid ge  con figu ration  contro lled  b y  
s ig n a ls  tran sm itted  over fibe r optic co m m u n ica tio n s lin e s fro m  a  centra l control. Loca l 
com m u n ication  a llow s energized co ils  to be lim ited  to those  requ ired  to achieve a  specific  
p u rp ose  (p rop u lsion  o r pow er transfer). F o r exam ple, on ly  th ose  co ils in  the im m ediate  v ic in ity  
o f the su p ercon du ctin g  m agn e ts need to be energized fo r p rop u lsio n .

The L C L S M  d e sign  u tilize s the sam e  gu idew ay co ils  fo r the p ro p u ls io n  a n d  pow er tran sfe r  
fu n ction s. The  P W M  schem e is  m od ified  from  th a t appropriate  fo r p ro p u ls io n  to a  h igh e r  
frequency, low er curren t w aveform  appropriate  fo r pow er transfer. Pow er is  in ductive ly  
coup led  to on board  co ils  fo r pow er facto r correction. In  add ition , fo r true  M ag le v  sy ste m s, the  
L C L S M  co ils can  a lso  be u se d  to su p p ly  a  m agnetic  gu id an ce  fu n c tio n  (po rt-to -starboard  
forces).

A  com plete L C L S M  sy stem  w ill have  a  great m a n y  id e n tica l s in g le  u n its, e specia lly  
sem iconductor devices. Repeated  experience w ith  se m icon d u cto r devices h a s  sh o w n  th a t the  
co st o f a  sy stem  m u st accou n t fo r the d ram atic  u n it price  drop a s  a  re su lt o f the increase  in  
vo lum e  o f u n its. It  is  recom m ended th a t L C L S M  be eva luated  fo r econom ic v iab ility  a s  a  
p ro p u ls io n  technology fo r M ag le v  a n d  related app lica tion s.

Intro-2



1. SYSTEM DESIGN AND ANALYSIS

1.1  A n aly tica l and S im u la tion  M odel

1 .1 .1  LCLSM P ropulsion  M odel (C oil D esign)

The LCLSM propulsion models consist of mutual inductance models between the track 
propulsion coils, the field winding, and equivalent windings representing eddy current paths in 
the magnet shields. These models have been constructed in MathcadL The models are used to 
optimize coil geometries producing smooth thrust and to estimate the losses in the shields due to 
switching harmonics and the passing of the vertical portions of the track coils. This latter loss 
appears to dominate for the cases studied to date. These tools are used to characterize both the 
constant thrust and transient acceleration cases following a change in commanded thrust or bus 
voltage.

The technical requirements from the statement of work can be summarized as follows:
• 150 passengers.
• 100 Mg.
• 40m long vehicle.
• 100 to 150 kN thrust.
• 135 m/sec cruise.
• 30 to 60 kN thrust at cruise.
• Acceleration 0.15 to 0.25g.
• Full performance for 3.5 percent gradients.
• Reduced performance for 10 percent gradients.

For propulsion motor design, these requirements can be summarized as power and current 
limits as shown in Figure 1-1. There are two types of limits presented in this figure. The

Figure 1-1. Statement of work operating conditions
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th ru st (or acceleration) requirem ent tra n sla te s in to  a  cu rren t requirem ent for the tra c k  co ils. 
The pow er lim it co rre sp o n d s to a  p e ak  b u s  cu rren t (for a  g iven  b u s  voltage).

The base lin e  d e sign  selected to a d d re ss these  requ irem ents is  su m m arized  in  Tab le  1-1 an d  
is  d iscu sse d  in  detail in  the fo llow in g sections. The d e sign  c o n s is ts  o f race track  sh ap ed  fie ld  
w in d in gs (F igure  1-2) on  the veh icle  a n d  rectan gu lar sh ap e d  tra c k  co ils (nonoverlapped). The  
base lin e  co n sist in c lu d e s tw o veh ic le s an d  three “b o g ie s” co n ta in in g  e ight m agn e ts each  (four 
per side) for a  to ta l o f 24  su p e rco n d u ctin g  m agnets.

F igu re  1-2 sch e m atica lly  dep icts a  set o f fo u r S C M  (Su p e r C o n d u ctin g  M agnet) fie ld  
m agn e ts p a ss in g  a  se rie s o f tra ck  p ro p u ls io n  co ils (track  co ils  are labeled  A -M ). The m ov in g  
fie ld  m agn e ts produce  a n  E M F  w ave in  the tra ck  co ils. T h is  in d u ce d  voltage  is  term ed the b a c k  
E M F  since  the app lied  vo ltage  m u st be  h igh e r th a n  the b a c k  E M F  to provide a  forw ard  
propu lsive  force. S h o rtin g  the co ils w ou ld  produce  a  b ra k in g  force due to the in d u ce d  b a c k  
E M F  voltage. The b a c k  E M F  w ave m oves dow n the tra ck  a t the ve locity o f the vehicle. The  
co ils are pow ered to produce  a  cu rren t w ave (track  current) w h ich  is  controlled  to m ove in  
syn ch ro n ism  w ith  the E M F .

In  the fu ll-sca le  base lin e  d e sign  each  coil is  pow ered fro m  a  D C  b u s  th ro u gh  a  dedicated  
inverter. The dedicated o r “lo ca l” inverter p rod u ce s a  s in u so id a l cu rren t in  the tra ck  co il w h ich  
is  in  syn ch ro n ism  w ith  the fie ld  co ils  a s  they p a ss. The p r in c ip a l difference betw een the  
L C L S M  an d  the b lo ck  sw itched  lin e ar syn ch ro n o u s m otor is  the ab ility  o f the lo ca l inverter to  
ta ilo r the curren t profile. The re su ltin g  benefit is  a  red uction  in  tra ck  co il lo s s  (operating co st 
sav in gs) or a  reduction  in  copper content fo r co n stan t lo sse s  (cap ita l co st sav in gs). I f  the p itch  
o f the track  co ils is  selected to be  tw o -th ird s o f the p itch  o f the su p e rco n d u ctin g  co ils, the  
curren t d istrib u tio n  in  the tra c k  is  in d istin gu ish ab le  from  a  very  sh o rt th ree-phase  b lo ck  
sw itched  system  fo r the s in u so id a l excitation  utilized. The  lo ca l com m u tation  pe rm its tra c k  
p itch e s w h ich  are n o t sim p le  fra c tio n s o f the su p e rco n d u ctin g  co il p itch. T h is  p rov ide s a n

T a b le  1 -1 . B a s e l in e  f u l l - s c a l e  m o to r  s u m m a r y

Field winding
Pitch (spacing of coil centers)
Racetrack:

Diameter of the mid wire in the end turns 
Straight length of mid wire 
Coil section:

Radial thickness 
Width 

Ampere-turns

1.3 m

0.5 m 
0.5 m

8 cm 
16 cm 
1 .8 x 106

Track coil
Pitch (center to center) 0. 668m
Coil height (center to center) 0. 7m

Coil length 0. 6m
Resistance 0 .0 1 5 Q
Inductance 0.275  mHenry

Gap (track coil mid-plane to SCM  mid-plane) 0.3 m
Mutual inductance 2 .2  x 10-7 Henry/(turn)2
Full speed 135 m/sec
Full speed fundamental frequency 51 .9  Hz
Thrust (2 SCM  pole pair) 3 .75  Newton/A-turn (track coil-peak)
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CONDITIONS ATT1MET1

CONDITIONS AT TIME T1 ♦  1/135 TH SECOND

F ig u r e  1-2. C o il c o n f ig u r a t io n
ad d itio n a l degree o f freedpm  fo r the m ach ine  designer w h ich  ca n  be u se d  to m in im ize  th ru st  
v a ria tio n s o n  in d iv id u a l co ils. T h is  strategy  led to the se lection  o f the above design.

F igu re  1-3 p resen ts the  b ase lin e  inverter an d  b u s  con figu ration .

The b ase lin e  b u s  a n d  filte r d e sign  (Table 1-2) w a s m odeled fo r a  ran ge  o f P W M  frequencies 
to determ ine the m agn itu d e  o f the  A C  curren t a n d  frequency a t the P W M  frequency a s  a  
fu n ctio n  o f the d istan ce  a lo n g  the b u s  from  the active area  (vehicle location). The  re su lts are  
su m m arized  in  F igu re  1-4 fo r p u lse  w id th  m od u lation  frequencies from  10 to 40 kH z. Note  
th a t the b u s  filte rin g  im p ro ve s a s  P W M  frequency increases.

The re su ltin g  lo sse s  in  the  b u s  an d  filte rs are su m m arized  in  F igu re  1-5. The b u s  lo sse s  at 
fu ll pow er represent ap p rox im ate ly  3 percent o f the fu ll pow er ra tin g  o f the system . If  a  40  k H z  
sy ste m  is  selected, F igu re  1-4  in d ica te s th a t reduced re sistan ce  in  se rie s w ith  the loca l 
capacitance  in  the  lo ca l filte r co u ld  be considered to fu rth e r reduce  th is  lo ss.

1 .1 .2  C ontrol B lock  D iagram s

• M i c r o p r o c e s s o r  P W M  v o l t a g e  c o n t r o l .
•  A d a p t i v e  ( h y s t e r e t i c )  P W M .
•  V e c t o r  c o n t r o l  o f  s y n c h r o n o u s  m o t o r s .
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LOCAL FILTER
CAPACITANCE
A C R O SS
EACH
BRIDGE

+ c(
BUS
IMPEDANCE

EACH SWITCH INCLUDES AN ANTI-PARALLEL DIODE

F ig u r e  1 -3 . B u s  f i l t e r i n g
T a b le  1 -2 . B a s e l in e  f u l l - s c a l e  b u s  c h a r a c t e r i s t i c s

Copper area 
Spacing 
Bus inductance 
Bus capacitance
Local capacitance across each bridge 
Resistance in series with the local capacitance 
Typical bus supply voltage

25.8 cm2 
0.152m  (6 in.) 
6.5E -4  Henry/km  
1 .7E-8 Farad/km  
40 pFarad 
0.1 ohm  
2 kV

The control block diagrams are developed to present the variables to be controlled and the 
control strategy to produce the desired response in all operating modes. The diagrams include 
the quantities to be measured and sources of noise in these measurements. The control methods 
have been selected as appropriate for synchronous machines with high power factor and high 
efficiency. Control issues include transient response given the conductive magnet shields which 
act as damper windings (time constant on the order of 1/6 sec). In addition, it is anticipated that 
filtering will cause the bus voltage to sag following a request for an increase in thrust If 
necessary vector control can be used to improve the transient response. Additional control issues 
include noise on the control signals including air gap flux, back EMF, and propulsion coil current

Early In the program the control of the current in each local bridge was reviewed. The work 
reviewed in this section addresses PID control of these currents. In subsequent sections 
alternate control strategies are considered. Figure 1-6 shows the local control of the track coil 
current based on the commanded current amplitude and the measured train velocity and 
position. The local controller and bridge provide the appropriate voltage waveform which 
results in a suitable current waveform. In this system the back EMF due to the SCM is 
represented as a disturbance which is not directly measured. Modeling of the back EMF is 
described in more detail in the simulation description.

The local processor generates a reference current waveform based on the received 
information from the bus (Figure 1-7). This reference waveform will be used as the input 
command to a control loop with current feedback shown in Figure 1-8.

The control loop shown in Figure 1 -8 is used to investigate appropriate control functions 
(G) which will provide good tracking of the reference current waveform for the expected EMF.
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F ig u r e  1 -4 . A C  v o l ta g e  a n d  c u r r e n t  f r o m  o n e  in v e r te r
T h is  sy stem  w a s In ve stiga ted  a ssu m in g  P I control w ith  the objective o f u s in g  on ly  cu rren t 

a s  feedback  (no E M F  feedback) a s  follow s.

The  sy ste m  tran sfe r fu n c tio n  is:

icon ____ ________
l j * g f  L ’ S  +  R  +  G *  K a

F o r P I con tro l g a in  is  g ive n  by:

G = K-["^i±
s

B y  in sp e ctio n  th is  is  a  se con d  order sy stem  w here the d am p in g  r a t i o , a n d  un dam p ed  
n a tu ra l frequency, (On, are g iven  by:

Ic o ll  _  

r̂ef

k - K a
• ( s + a )

s 2  +
R  K K a ' K K a

• s  +  a ---------------—

L l  l  J L
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Frequency (Hz)

F ig u r e  1 -5 . B u s  a n d  f i l t e r  l o s s e s  (b a s e d  o n  J u l l  c u r r e n t  a t  f u l l  s p e e d )

*
♦
*
*
*
*
*
*
*
*
*
*
*
*

AMPLITUDE OF
COMMANDED
CURRENT

TRAIN VELOCITY

TRAIN POSITION

1 0 — 1̂LOCAL 
CURRENT 

v __^ CONTROL

X ~7. / v

pwm

-$>

dl

dt coil

F ig u r e  1 -6 . L o c a l  c o n tr o l

*
*

*

*

A M P L IT U D E  O F  I 

C O M M A N D E D  

C U R R E N T  W A V E F O R M

V E H IC L E  V E L O C IT Y  V

V E H IC L E  P O S IT IO N  X

L O C A L

W A V E F O R M

G E N E R A T IO N
^  I R E F E R E N C E  C U R R E N T  

fe W A V E F O R M

Figure 1-7. Local reference current waveform
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R E F E R E N C E

W AVEFO RM

I
ref

DUTY CYCLE  

DC

D ISTURBANCE

(EMF)

t

- > <  ^ 1  G
K

amp
a J ”  ?

+ Ls + R

CONTROL K = BUS VOLTAGE 

FUNCTION “ "P

coil

F ig u r e  1 -8 . B lo c k  r e p r e s e n ta t io n  o f  lo c a l  c o n tr o l

0  t R  K  K a

2 ? “ »  =  l + _ l A

2 K K aco„ = a ----—
n L

B y  appropriate  se lection  o f these param eters the contro l can  be m ade fa st a n d  stab le  Q ).
£ is  ge n e ra lly  se lected a t a  va lu e  o f 0 .707 (critica lly  dam ped) an d  (%  is  selected w ell aw ay  from  

the frequency o f d istu rb a n ce s (i.e., w ell aw ay from  the fun d am e n ta l o f 50 Hz, the P W M  
frequency o f 4 0  kH z, a n d  w e ll below  the com e r frequency o f the selected low  p a ss  filte r 
-6 ,0 0 0  Hz). A  frequency o f 1,900 H z  w as fou n d  to y ie ld  good  response.

S tab le  a n d  fa s t re sp o n se  is  achieved w ith  critica l d am p in g  if:

\  = 0 .707  (2)

con selected aw ay  from  d istu rb an ce s

IE con = 1,900 • 2 • 7i •
rad
sec

T h en

K _ 2 £ con L - R

K a

- = (“n)2
k k a

F o r the fu ll-sca le  co il 

R  = 0.01792 ohm  

L  = 0.000264 • Henry
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G = 0 .0 0 2 2 2  — • A
s  + 8 .4 7 6 8 4  1 0 3 —  ___________________ sec

s

S in ce  control w a s  Im plem ented  u s in g  a  d ig ita l m icrocontroller, a  d iscrete  tran sfo rm ation  w a s  
ap p lied  to th e  above con tin u u m  a n a ly s is . T h is w a s  acco m p lish ed  a s  follow s:

Y  ‘ I — [ I b ilin ear tran sform ation  (3)

O = ( z - a 7 1 0 0 8 ) r  n
(2 -1 )  (. A )

T h is  control fim ctlon  w a s  s im u la ted  u s in g  S im u lin k  to verify sta b ility  a n d  resp o n se  
(Figure 1-9). S im u lin k  is  softw are for n u m erica l a n a ly s is  o f  control sy s te m  resp o n se . S im u lin k  
i s  m an u factu red  b y  M athw orks, In c ., N atick , MA. T h is m od el w a s  u se d  to in v estig a te  the  
resp o n se  for a  b road range o f EMF d is tu rb a n c es. T h e re su lts  are p resen ted  in  F igure 1 -10  
b a sed  on  a  4 0  p sec  com p u ter cycle tim e (T = 4 0  psec).

T he o u tp u t w a s  in vestigated  for h arm o n ic  co n te n t  o f  th e  ripple cu rren t p rod u ced  b y  th e  
sy stem . T he r e su lts  are p resen ted  in  F igure 1 -11 . A s ca n  b e  se e n , th ere  are h a rm o n ics  a t  
4 0  kH z a n d  m u ltip les  o f 4 0  kHz. T he am p litu d e o f th e  sw itch in g  h arm on ic  a t  4 0  kH z is  
ap p roxim ately  1 4 A  A ppendix  A  p r e se n ts  a  m eth o d  for estim a tin g  th e  m a g n itu d e  o f th e  
sw itch in g  h arm onic (ripple current).

It h a s  b een  recom m en d ed  th a t  a ltern a te  con tro l stra teg ies b e  con sid ered  in c lu d in g  
ob servers w h ich  cou ld  b e u se d  in  p la ce  o f th e  low  p a s s  filter an d  w o u ld  p o ten tia lly  provide  
sig n ifican tly  m ore inform ation. For exa m p le , it  i s  p o ss ib le  th a t th e  ob server co u ld  provide c o i l ' 
p o sitio n  in form ation  p erm itting "on th e  fly" correction  for coil p osition . T h ese  s tra teg ies  w ere  
n o t im p lem en ted  b e c a u se  th ey  w ere n o t  n ecessa ry .
1.1.3 Inverter Models

• S w itc h in g  h arm o nics  a s  a  fu n c tio n  o f  b u s  c h a ra c te ris tic s  (filte rin g , lin e  in d u c ta n c e  a n d  
cap ac itan c e , vo ltag e  leve l, a n d  s u b s ta tio n  spacin g ).

• H a rm o n ic s  fo r  e ac h  con tro l op tion .

• A cce lera tio n , coasting , re g e n e ra tiv e  b ra k in g .

T he control m od els  d escrib ed  in  su b se c t io n  1 .1 .2  w ere u se d  to s tu d y  ap p ro ach es to  
con trollin g th e  stan d ard  con figuration  H -bridge inverter. T he h a rm o n ics  for th e  b a se lin e  
control a lternative w ere p resen ted  in  su b se c tio n  1 .1 .2  a n d  th e  b u s  lo s s e s  w ere p resen ted  in  
su b se c tio n  1 .1 .1 .

F igure 1 -12  sh o w s  th e  inverter sw itch  s ta te s  for th e  b a se lin e  FWM inverter op tion  (positive  
cu rren t sta tes). T he o n -sta te  (positive case) rep resen ts  th e  ap p lication  o f th e  b u s  vo ltage to the  
coil. O ff-state A  an d  off-state B p rese n t  c a s e s  w h ere  th e  co ils  are sh orted  a n d  are acted  u p o n  
only  b y  th e  b a c k  EM F, th e  resistiv e  drop o f th e  coil an d  th e  p ow er sem ico n d u cto r  drops. T he
"Information on this page identified by
asterisk (*) in the margin is proprietary to
Foster-Miller, Inc."



Figure 1-9. Sim ulink model of P I control system

la s t  s ta te , o n -s ta te  (negative) Is th e  ca se  of th e  b u s  vo ltage b e in g  ap p lied  in  op p o sitio n  to  the  
cu rren t flow . T h e la tter  c a se  occu rs  on ly  n ea r  a  cu rren t zero crossin g  or d u rin g  regenerative  
braking . F or m o s t  o f  th e  n orm al drive cycle, sw itch in g  occu rs b etw een  th e  o n -s ta te  p ositive  
a n d  th e  o ff-sta te  a  or b  con d itio n s. U sin g  b oth  off s ta te  a  an d  o ff-sta te  b  a ltern ate ly  red u ces  
th e  d u ty  o n  sw itc h e s  p erm ittin g  a  4 0  kH z m od u la tion  u s in g  staggered  sw itch in g  e lem en ts  
in d iv id u ally  op era tin g  a t 2 0  kH z. For regenerative brak ing , sw itch in g  o ccu rs  b e tw een  th e  on-  
s ta te  an d  th e  “n eg a tiv e  o n  s ta te ” in  a n  a ltern atin g  m an n er  sim ilar  to th e  drive cycle  ex cep t th a t  
in stea d  o f  u s in g  th e  b u s  vo ltag e  to  ram p th e  co il cu rren t a g a in st th e  b a c k  EM F, th e  b a c k  EMF 
i s  a llow ed  to  drive th e  co il cu rren t w h ich  is  th e n  sw itch ed  in to  th e  b u s  to  in ject cu rren t a g a in st  
th e  b u s  vo ltage. T h e ab ility  to  u tilize  a  4 0  kH z sw itch in g  freq u en cy  b y  a ltern atin g  sw itch in g  on  
2 0  kH z sw itc h e s  r ed u ces  h arm o n ic  con ten t a t  th e  ex p en se  o f a  very  s lig h t in crea se  in  control 
com plexity.

"Information on this page identified by
asterisk (*) in the margin is proprietary to
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Figure 1-10. P I control system simulation

1.1.4 Ride 9u&Uty Requirements Review

T h e  d e s ig n  s tu d y  o f  co ll g eo m etry  a n d  co n tro l s tra te g y  req u ires  a  re v ie w  o f  th e  rid e  q u a lity  
req u irem en ts . T h e  a llo w a b le  th ru s t v a ria tio n  a s  a  J u n c tio n  o f  fre q u e n c y  w ill p e rm it c o il d es ig n  
a n d  con tro l a lte rn a tiv e s  to be com pared . T h is  s tu d y  con sis ts  p rim a rily  o f  a  re v ie w  o f  p r io r  w o rk  
in  th is  a re a .

A cceleration  h arm on ic  m a g n itu d es  o f 0 .0 6  g 's  ap p ea r to b e  accep tab le  a t even  th e  m o st  
sen sit iv e  freq u en cies. F igure 1-13  p r e se n ts  th e  r m s  acce leration  lev els  from  (2) w h ich  are 
p erm issib le . In  su b se q u e n t se c t io n s  th e  th r u st  h a rm o n ics  for th e  se lec ted  co il d e s ig n  w ill b e  
calcu lated .
1.2 Tradeoff Analysis on Inverter Topology, Configuration, Switching Device

Selection, and D C  Bus Voltage Level

1.2.1 Single and Multilevel Bus Configuration Analysis

T h e  m u ltile v e l bu s  co n fig u ra tio n  o ffe rs  a d v a n ta g e s  in  h arm o n ics  a t  th e  exp en se o f  a d d itio n a l 
s w itc h in g  e lem en ts , a n d  a d d itio n a l bus a n d  co n tro l co m p lex ity .

"Information on this page identified by
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Harmonic Amplitudes 

(Amp)

Figure 1-11. Harmonic content (40 kHz example at fu ll speed)

v bus

ON STATE (Negative)

F igure  1-12. Sw itch  sta te s o f fu ll H-bridge configuration
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Figure 1-13. Permissible RM S acceleration levels (2)

A  com p u ter s im u la tio n  s tu d y  o f th e  track sid e Inverter m o d u le s  w a s  perform ed. T h is  s tu d y  
in c lu d ed  th e  con sid era tion  o f tw o sp ecific  bridge con figu ra tion s, a  s in g le  level in verter a n d  a  
m u ltilevel inverter (specifically  a  th ree  level inverter). T h ese  are p resen ted  in  F igu res 1 -1 4  a n d  
1-15 .

T h ese  con figu ra tion s w ere an a lyzed  in  deta il. T h e a n a ly s is  in c lu d ed  P sp ice  m od elin g  o f th e  
e lem en ts in  th e  inverter an d  determ in ed  device an d  bridge effic ien cy  a s  w ell a s  th e  lev el o f  
sw itch in g  ripple. T h ese  factors are su m m arized  in  T able 1-3.

B y  a lternating w h ich  device is  sw itch ed  th e  bridge ca n  b e  operated  a t tw ice th e  freq u en cy  o f  
th e  device. In th e  P sp ice  s im u la tion , th e  ripple cu rren t h a rm o n ics  w ere d eterm in ed  for each  
ca se . P sp ice is  a n  e lectrica l c ircu it m od elin g  com p u ter  program .

Vbus

BUS
IMPEDANCE

F igu re  1-14. S in g le  level H -bridge inverter topology
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Figure 1-15. Multilevel inverter topology 

Table 1-3. Summary of inverter topology study

Inverter
Topology

Device Frequency 
(kHz)

Bridge Frequency 
(kHz)

Inverter Efficiency 
(percent)

Switching
Harmonic

(±percent)
Single level GTO 2.5 5 63 25
Single level IGBT 20 40 97 4.5
Single level MCT 10 20 90 5
Multilevel IGBT 10 20 98 7

T h e GTO (G ate-T u m -O ff Thyristor) freq u en cy  w a s  in crea sed  to  red u ce  sw itch in g  h arm o n ics. 
It w a s  s e t  a t  a  lev el th a t y ie ld ed  th e  lo w est h arm onic w h ich  p o ten tia lly  cou ld  b e  accep ted . A t 
th e  se lec ted  freq u en cy  (2 .5  kHz) th e  efficiency o f th e  inverter is  on ly  6 3  p ercen t. A  sig n ifican t  
c o n c lu s io n  o f  th e  report i s  th a t th e  GTO can n o t su p port th e  h ig h  sw itch in g  sp e e d s  n eed ed  for 
th is  ap p lication .

T he MCT (M O S-C ontrolled Thyristor) d oes poorly in  a p p lica tio n s w h ere  h ard  sw itch in g  is  
required . T h is  is  reflected  in  th e  low  efficiencies.

T he IGBT (In su la ted  G ate B ipolar Thyristor) c a se s  stu d ied  b y  GA clearly  sh o w  th e  lo w est  
sw itch in g  h a rm o n ics  an d  th e  h ig h e st  efficien cies. The m u ltilevel in verter sy s te m  req u ires  
d ev ices  w ith  h a lf  th e  v o ltag e  cap ab ility  o f th e  s in g le  level sy s te m  b u t  req u ires tw ice  a s  m a n y  
leg s. T he m u ltilev el IGBT w a s  operated  a t a  bridge frequ en cy  o f 2 0  kH z w h ic h  w a s  exp ected  to  
y ie ld  th e  in verter h a rm o n ic s  for th e  4 0  kH z sin gle  level inverter. T he s im u la tio n  y ie ld ed  
h a rm o n ic  co n ten t con sid era b ly  h ig h er  th a n  anticipated . T he d isad v an ta ge  o f th e  m u ltilevel b u s  
i s  th a t  it  req u ires three b u s e s  rath er th a n  th e  two required for a  s in g le  level inverter. T h is  
r e p r e se n ts  a  5 0  p ercen t in crea se  in  copper for a  g iven  b u s  vo ltage.
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1.2.2 Device Selection Trade Study

G TO s, M C T s  a n d  IG B T s  w e re  c o m p ared  f o r  th is  a p p lic a tio n . T h e re  re la tiv e  a d v a n ta g e s  a re  
s u m m a rize d . T h e  m a jo r issu es  in c lu d e  s w itc h in g  fre q u e n c y  a n d  p ro je c te d  a v a ila b ility .

S u b sectio n  1 .2 .1  in c lu d es  su m m a r ie s  o f b oth  device an d  con figuration  se lec tio n . W e h ave  
a tta ch ed  th e  sp ecification  sh e e t  for F u ji 1MBI 4 0 0 L -2 0 0  (A ppendix B) w h ich  h a s  a  co n tin u o u s  
cu rren t rating o f 4 0 0 A  a n d  a  v o ltage  ratin g  o f 2 ,0 0 0 V . If th e  b u s  w a s  red u ced  from  2 ,0 0 0  to  
1,6 0 0 V  b y  d ecreasin g  th e  n u m b er  o f tu r n s  or b y  d ecreasin g  th e  coil area , th e  p ea k  co il cu rren t  
for 0 .2 5 g  th ru st w o u ld  b e  1 ,136A  n e c e ss ita t in g  three d ev ices in  p ara lle l for ea ch  leg  of th e  
bridge p er coil. A p e a k  th ru st req u irem en t o f 0 .1 7  g 's cou ld  b e  su p p o rted  b y  tw o d ev ices (800A) 
p er leg  p er coil. Pow er lim its  s e t  in  th e  sy s te m  d esig n  sp ec ifica tio n s lim it acce leration  to  below  
0 .1 7  g 's  for sp e e d s  over 5 0  m /s e c .  It i s  therefore ap p aren t th a t  IG BTs availab le tod ay  ca n  b e  
u s e d  to  m eet th e  sy stem  req u irem en ts. N ear term  im p rovem en ts w ill perm it th e  u se  o f a  
2 ,0 0 0 V  b u s.
1.2.3 Trade Study Summary

In  su m m ary  it  ap p ears th a t  th e  GTO h a s  in a d eq u ate  sw itch in g  sp e e d  for th is  app lication . 
IGBTs are c lo ser  th a n  MCTs to  ach iev in g  th e  d esired  cu rren ts  an d  vo ltag es. T he sw itch in g  
h arm on ic  gen era ted  w ith  IGBTs ap p ea rs to  b e  accep tab le . B a sed  o n  ou r a n a ly s is  an d  th e  
r e su lts  o f  th e  GA stu d y , th e  IGBT is  o u r  se lec tio n  for inverter sw itch in g  co m p o n en ts  in  th e  fu ll-  
sc a le  sy stem  design . F u rth er d eta il o n  th e  com p on en t se lec tio n  p ro cess  follow s.

Table 1 -4  p resen ts  a  gen era l com p a rison  o f  th e  co m p o n en ts  u n d er  con sid era tion  for th is  
ap p lication  (expanded to  in c lu d e  th e  M OSFET for th e  sc a le  m odel). T he GTO h a s  th e  required  
vo ltage an d  current ratin gs required  for th is  ap p lication  b u t  th e  sw itch in g  lo s s e s  w ere h igh . 
T h is  h igh  sw itch in g  lo s s  lim its  th e  a llow able sw itch in g  frequ en cy . T he h ig h er  sw itch in g  
freq u en cy  o f  th e  IGBT r ed u ces  th e  sw itch in g  h arm onic cu rren ts  (ripple current) for a  g iven  b u s  
vo ltage. T he resu ltin g  sw itch in g  h a rm o n ics  for ea ch  device h av e  b een  in c lu d ed  in  Table 1-4  
a n d , a s  can  b e  seen , th e  GTO w o u ld  y ie ld  very  h igh  sw itch in g  h a rm o n ics  a s  a  fraction  o f th e  
fu n d a m en ta l current.

T he im p a ct o f b u s  vo ltage a n d  sw itch in g  freq u en cy  on  th e  h arm o n ic  co n ten t is  su m m arized  
in  F igure 1-16 . It ca n  b e  s e e n  th a t  th ere  is  a  stron g d ep en d en ce  o n  sw itch in g  freq u en cy  over  
th e  ran ge o f in terest. T h is  a n a ly s is  led  to  th e  se lec tio n  o f th e  h ig h er  freq u en cy  IGBT over th e  
h ig h er  vo ltage GTO for th is  ap p lication .

T he co n c lu s io n s  for ea ch  sw itch in g  device ca n  b e su m m arized  a s  follow s:
IG B T s

IGBTs are th e  preferred sw itch in g  d evice, a t  th is  tim e, for th is  ap p lication . F uji h a s  
recen tly  a n n o u n ced  a  2 ,0 0 0 V , 4 0 0 A  IGBT (1 M B 14 00L -2 00  IGBT 2 0  kH z, VCE = 2 .7V , Rthj = 
0 .0 8  C/W ). IGBT co m p o n en ts  are ap p roach in g  th e  req u irem en ts for fu ll-sca le  im p lem en ta tion  
o f LCLSM. S w itch in g  th is  dev ice  a t  2 0  kH z w o u ld  resu lt in  h a rm o n ics  w h ich  are ap proxim ately  
5 p ercen t o f th e  fu ll th ru st fu n d a m en ta l cu rren t for th e  c a se  con sid ered . S w itch in g  a ltern ate  
d ev ices at 2 0  kH z is  eq u iva len t to  sw itch in g  th e  inverter a t 4 0  kHz. In  th is  c a se  th e  h arm o n ics  
are approxim ately 2 .5  p ercen t o f  th e  fu n d a m en ta l current. T h e sa fe  operating area  (SOA) of  
th is  device is  n early  sq u are m ak in g  th e s e  d ev ices id ea l for h ard  sw itch in g  ap p lication s.
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Table 1-4. Comparison of switching devices (3-5)

Characteristic_____ Parameter IGBT MCT_________ GTO_______ MOSFET

Safe operating Forward current 
area and blocking

voltage s o a soA i
SOA S o a

v 282-1 V 292-2 V 292-2 V 292-2
Thermal
management

Conduction drop 1.7 to 3.2V

Switching loss 10 mJ/pulse

Junction
temperature

150

Circuit
complexity

Gating method Voltage

Snubber Optional

Series/ paralleling 
requirements

Proven

Harmonic
current
generation

Device switching 
frequency

20 to 40 kHz

Bus voltage 2,000V

Harmonic current 1.25 to 2.5 
percent

1.1V 1.1V (Resistive)

20 mJ/pulse 350 mJ/pulse Very low

150 125 150

Voltage Current Voltage

Required Required Optional

Difficult Difficult Proven

10 to 20 kHz 1 to 2 kHz 50 to 100 kHz

1,000V 4,000V 1,000V

2.5 to 5 
percent

25 to 50 
percent

0.5 to 1 
percent

M C T s

MCTs o f on ly  sm a ll p ow er (1 ,000V , 75A) are available to d a y  b u t  MCTs are rapidly  
u n d ergo in g  d evelop m en t. T h e sc h e d u le  for availability o f h ig h  p ow er d ev ices  w ith  th e  required  
ch a ra cter istics  is  b e in g  review ed . MCTs are n o t favored in  h ard  sw itch in g  a p p lica tio n s d u e  to  
th e  degraded  SO A o f th e  d evice. T h is  ap p lication  d oes n o t u tilize  th e  low  co n d u ctio n  lo s se s ,  
h ig h  su rg e  cu rren t ca p a c ity  a n d  h ig h  d l /d t  capability  so  often  c ited  a s  th e  MCT r a iso n  d’etre. 
T h e M CTs an tic ip a ted  to  b e  availab le in  th e  n ear term  are u n su ita b le  for th e  con figu ra tion s  
s tu d ied  to  date.
GTOs

GTOs h a v e  a  large forw ard cu rren t an d  b locking vo ltage cap ab ility  (3kA, 6  kV). 
U n fortu n ate ly  th ey  h a v e  a  h ig h  en ergy  lo s s  p er  p u lse  an d  a  com p lex  ga te  drive. In ad d ition  to  
a  large en ergy  lo s s  p er  p u lse , th e  relatively slow  tu rn -off p ro c e ss  restr ic ts  GTOs to  low er  
freq u en cy  sw itch in g  a p p lica tio n s. T he air-core LCLSM m otor h a s  a  rela tively  lo w  in d u cta n ce  
requiring fa s t  sw itch in g  fo r  low  h arm onic cu rren ts. A t a  bridge freq u en cy  o f 4  kH z th e  
m a g n itu d e  o f th e  h a rm o n ic  cu rren t relative to  th e  fu n d am en ta l cu rren t i s  2 5  p ercen t requiring  
a  device  freq u en cy  o f  2  kH z. T he GTO allow s th e  b u s  vo ltage to  b e  ra ised  (desirab le to red u ce  
resistiv e  p ow er lo sse s ) . To th e  ex ten t th a t h igh  harm onic cu rren ts  are u n d esira b le , b a se d  u p o n  
degrad ed  ride q u ality , b o g ie  fa tigu e  a n d  v ibration  an d  eddy cu rren t lo s s e s , GTOs do n o t  se e m  
w ell su ite d  to  th is  ap p lication .
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* - peak harm onic current 
* * -  fu ll speed peak current

Figure 1-16. Sw itching harmonic versus sw itching speed

M O S F E T s

M OSFETs, a s  for MCTs, are availab le  on ly  in  sm all pow er d ev ices. In th is  c a se  it Is 
b e c a u se  th e  resistive  ch aracteristic  o f  th e  device in crea se s  exp o n en tia lly  w ith  in crea sin g  
block in g  voltage. Therefore, h ig h  vo ltage  d ev ices are u sa b le  o n ly  for low  pow er. M OSFETs 
h av e b een  in clu d ed  in  ou r co m p a r iso n s for co m p le ten ess  a n d  do n o t  rep resen t a  rea listic  
op tion  for delivering th e  required  p rop u lsio n  pow er to  th e  M aglev v eh ic le .
C onclus ion

The IGBT is  th e  preferred sw itch in g  device  d u e to  it s  sq u are  SOA; low  lo s s , h igh  frequ en cy  
capability; reason ab le  co n d u ctio n  lo ss;  an d  con v en ien t vo ltage g a te  control. D ev ices  are  
availab le tod ay  w ith  a  rating o f 2 ,0 0 0 V , 4 0 0 A  a n d  are exp ected  in  th e  n ea r  term  to approach  
2 ,3 0 0 V , 60 0A  levels. A  b u s  vo ltage o f  b etw een  1 ,7 0 0  to  2 ,0 0 0 V  r e su lts  if  th e  d ev ices are u se d  at  
8 5  p ercen t o f their sta tic  b lock in g  cap a b ility  (com m on u sa g e  is  > 8 0  percent). If b u s  vo ltage  
flu c tu a tio n s are severe th e  d ev ices  w ill n eed  to b e  red u ced  in  ratin g  com p ared  to  th eir  sta tic  
b lock in g  capability.
D C  B u s  V o ltag e  L ev e l

T he DC b u s  vo ltage level h a s  b e e n  determ in ed  b a se d  u p o n  a n  a n a ly s is  of th e  inverter  
perform ance (including pow er e lectron ic  sw itch in g  device, b u s  vo ltage , an d  h arm on ic  cu rren t  
levels). T he re su lt  i s  a  2 ,0 0 0  V D C b u s  is  preferred w ith  IGBT sw itch in g  d ev ices operating  
a ltern ately  a t 2 0  kH z providing - 2 .5  p ercen t h arm onic cu rren ts.

J
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1.3 Propulsion Analysis (Thrust Acceleration and Speed for 150 Passenger, 100 Mg, 
4 0 m  long, 100 to 150 k N  Thrust, 0.15 to 0.25g, Grades to 10 percent)

1.3.1 Utilize Task 1.1 Analysis to Characterize Conditions

• T h ru st h arm onics.
• I2R.
•  E d d y  cu rren ts .
•  O th e r losses.

T h e  in v e rte r a n d  th ru s t m odels  w e re  u s e d  to  c h a ra c te rize  th e  p a ra m e te rs  o f th e  se le c te d  
d e s ig n  p o in t

T h e th r u st  h a rm o n ic s , resistive  lo s s e s , an d  ed d y cu rren ts w ere ch aracterized  for th e  fu ll-  
sc a le  d esig n . T he d es ig n  o f  th e  p rop u lsion  sy stem  w a s  b a se d  on  th e  follow ing area s w h ich  are 
covered  in  th is  su b sec tio n :

• U niform ity o f th r u s t  an d  field  a s  se e n  b y  on e SCM - a s  required  to  m in im ize th e  lo ad s  
on  th e  m a g n et su p p o rt stru ctu re  an d  to  m in im ize th e  ed d y  cu rren ts se e n  b y  th e  low  
tem p eratu re m em b ers.

• U niform ity o f th r u s t  for th e  com p lete b og ie - a s  required  from  ride q u ality  
con sid era tion s.

• M inim ize lo s s e s  in clud in g:
- I2R.

E d d y C urrent (vertical b ar passing).
E d d y C urrent (sw itch in g  harm onics).

T h ru st H arm onics

Figure 1 -1 7  p r e se n ts  th e  cu rren t an d  b a ck  EM F se e n  b y  a  track  coil a s  a  fu n ctio n  o f th e  
p o sitio n  for a  s e t  o f  fo u r  su p erco n d u ctin g  coils. T he freq u en cy  o f  th e  cu rren t w ave in  th e  track  
i s  m a tch ed  to  b e  in  sy n c h r o n ism  w ith  th e  p a ss in g  su p erco n d u ctin g  co ils . F igure 1 -1 8  p r e se n ts  
th e  b a ck  EM F from  o n e  SCM  p a ss in g  a  track  coil. T he b a ck  EM F for th is  la tter  c a se  h a s  a  
m u ch  sh orter  ap p aren t len g th  th a n  th a t for th e  fu ll s e t  o f m a g n ets . S m oo th  th r u st  is  in

Position (m)

F igure  1-17. T ra ck  co il current and  E M F  versus po sition  (four SC  coils)
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*
*

*
- Position (m)

* Figure 1-18. Track coil current and EMF versus position (one SC  coil)
*

*  gen era l ach ieved  b y  sp a c in g  th e  track  co lls  a t 12 0  deg In crem en ts w ith  r e sp ec t  to  th e  b ack
* EM F w ave. It i s  c lear from  F igure 1 -1 8  th a t  th e  req u irem en t to  provide sm o o th  th ru st for the
* in d iv id u al coil requ ires a  sh orter  p itch  th a n  cou ld  be u se d  to  provide sm o o th  th r u st  for a  larger
* s e t  o f  m a g n ets .

T he b a se lin e  fu ll-sca le  d esig n  w a s  se lec ted  from  th e se  co n sid era tio n s b a se d  o n  a  m ea n  
effective gap  o f 0 .3 m  (coil cen ter-lin e  to  co il center-line). The gap  is  n o t  fixed  an d  w ill va ry  w ith  
w in d , cornering, an d  track  to lera n ces. T h e th r u st  varia tion  a s  a  fu n c tio n  o f gap  s ize  for the  
se lec ted  d esig n  is  p resen ted  in  F igure 1 -19 . T h ese  th ru st v a r ia tio n s are w e ll b elow  th o se  
required  from  ride q u ality  con sid era tion s.

F igure  1-19. Va riation  in  p ropu lsion  thrust versus gap
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Table 1-5 presents the resistive coll losses for the cases of Interest for the baseline full-scale 
design. The efficiency of the track coil exceeds 94 percent even at the peak thrust condition 
which is an infrequent event. Analysis of a particular route will determine if larger cross 
section coils are warranted in areas where peak thrust is frequently encountered.

Other electrical losses include eddy currents in the shield of the superconducting magnet. 
An ideal machine would have no losses in the shield because the flux wave produced by the 
track coils would be in synchronism with the SCM. In  practice losses in the shield result from 
harmonics in the track coil currents (asynchronous currents) and from nonidealities in the 
track coil construction. When the vertical bar portions of the track coils pass the magnet 
shield, image currents are produced in the shield. These image or eddy currents result in 
losses.

Figure 1-20 presents the variation in fields seen by a point on the SCM  as a function of the 
position of the SCM.

The following analysis is based on reference (6). The currents penetrate the shield based on 
the conductivity of the shield and the incident frequency. The bars pass at a frequency 
approaching 200 Hz and the shield is constructed from aluminum alloy with a thickness of 
approximately 1.5 cm. For the frequency of interest, the currents in the shield are inductively 
limited to a low value. For all 24 SCM  shields, the losses are estimated to be less than 4 kW.

Table 1-5. Track coil resistive losses

Accel
(a)

Thrust
(kN)

Coil Current (A) 
(peak)

Speed at 8.1 MW 
(m/sec)

12RCoil
(kW)

12R/Power
(percent)

0.25 245 909.00 33.06 431 5.32
0.15 147 545.40 55.10 155 1.92

60 327.24 135.00 56 0.69

x = track coil position

Figure 1-20. Shield eddy currents due to bar passing
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2
. 1lH ------cos
1 res

• rad • g 
4 -res

B  ratio
[l + (2 ■ n ■ v ■ t)2 j

o = 0.55826 • cm skin depth

t = 0.01911 ■ sec shield time constant

B ra tin = 0.04 outer shield effectiveness

n ■ thick ■ rad2 • (2 ■ n ■ v • rad • Bp)2 8 * 10
8 res • |l + (2 • it ■ v • t)2 j P = 52.46 • W eddy current loss per current loop In shield

3.8 kW in 24 magnet shields

The PWM harmonics In the track coll currents will also produce AC fields with respect to 
the SCM  shield. The above equations can also be used to calculate the losses due to switching 
harmonics. This has been summarized in Figure 1-21 for a 40 kHz PWM frequency. If the 
harmonic current is  maintained below 10 percent of the full thrust current, the harmonic 
losses will be negligible compared to other losses.

1.3.2 Determ ine Features and Parameters to  be Verified in  Testing

A  sensitivity analysis w ill be used  to determine the parameters w hich m ust be verified in  
testing. Transient conditions around the design point w ill also be investigated.

The analysis conducted to date indicates the following are the key parameters for modeling:

• Microcontroller timing cycle (control).
• Inverter switching speed/coil inductance (switching harmonics).
• Bus characteristics (bus voltage variation and efficiency).
• Thrust variation (ride quality).
• Geometric variations (coil placement and impact on thrust).

no5

Estimated 

Eddy Loss 

In 24 Magnet 

Shields 1000

(watts)

100

10

Figure 1-21. Harmonic losses in the shield
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The timing cycle is determined by the speed of the microcontroller selected for the full-scale 
system and for the experiment. Based on the simulations, this parameter has a strong impact 
on the performance of the control circuit. The switching harmonics impact bus losses and 
eddy currents in the shield. The bus characteristics, including filtering, impact efficiency. 
Thrust uniformity will be impacted by the overall performance of the current control and by 
track tolerances.

1.4 Power Transfer

1.4.1 Expand Power Transfer Model

A  sim ple model o f the pow er transfer system  will be developed fo r parametric studies. This 
model w ill utilize either M AT LAB or M CAP.

The power transfer model consists of a coupling model between the track coils and a pickup 
coil on the vehicle. The length of the pickup coil is being selected to lap several track coils.
The length is selected to minimize the change in total coupling to the excited track coils with 
time. Figure 1-22 presents the baseline configuration for the power transfer coil on the vehicle. 
The track coils are powered in parallel (in phase) by the local inverters to produce a 1 kHz AC  
field coupled to the power transfer coil. A s the vehicle moves down the track new coils are 
excited as passed coils are turned off.

The power transfer coil on the vehicle is connected to a rectifier on the vehicle as shown in 
Figure 1-23. Rectified current is supplied to the load. Multi-phase alternatives are also 
feasible but a single phase system will be sufficient to determine the requirements placed on 
the track coil inverter.

The characteristics of the baseline power transfer circuit are summarized in Table 1-6. The 
transferred power level was selected to be within the range specified in the statement of work.

1.4 .2  Parametric Studies

The model w a s used  to perform a  study o f the performance as a  function o f frequency and  
geometry.

There are only six track coils powered at any one time. A s coils are turned off, new coils 
are added at the beginning. The mutual inductance between the powered track coils and the 
power transfer coil varies as a function of position. This variation has been minimized as 
shown in Figure 1-24, shown in exaggerated scale.
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BUS VOLTAGE TRACK , VEHICLE

LOAD

MOTION

Figure 1-23. Power transfer circuit

The mutual Inductance also varies as a 
function of the gap size. This is shown in 
Figure 1-25.

The change in mutual inductance changes 
the frequency for resonance in the power 
transfer circuit. Figure 1-26 presents the 
variation in parameters with the variation in 
mutual inductance. The voltage which is 
provided by the PWM function at the track is 
shown to increase with the mutual coupling. 
The required coil current to provide the 
nominal power transfer is shown to decrease 
with the mutual inductance. Both voltage and 
current are within an acceptable range for 
estimated variations in the mutual inductance.

1.4.3 Summarize

Foster-Miller w ill sum m arize the results o f 
this study.

It can be concluded that the selected 
propulsion coils can be coupled effectively to 
provide resonant power transfer. In  addition it 
appears that with proper design expected 
variations in mutual inductances with gap and 
coil position are acceptably small.

1.5 Scaling Laws (1 /1 0  to  l/2 5 th  Scale)

1.5.1 Docum ent Scaling Laws

The scaling law s fo r designing a  1 /1 0  scale 
model based on a  full-scale circuit design will 
be documented.

Table 1-6. Power transfer fo r  
baseline system  
parameters

Number of track coils coupled 6

Secondary coil
Length 7 x track pitch
Height 0.7m
Number of turns 22

Section 4 cm x 4 cm
Inductance 0.00427 Henry
Resistance 0.055 Ohm
Avg. mutual inductance 7.74 10‘4 Henry

Load characteristic 26.7 ohm

Load resistance 2.67 ohm
Load voltage 700.6V rms

Resonant capacitor 6 x 10' 6 Farad
Peak voltage 9.9 kV peak
Resonant frequency 996.28 Hz

Track coil voltage 1,800V peak
Track coil current 147.7A rmsec

Power transfer 184.1 kW avg.
Efficiency 0.979
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(normalized)

Figure 1-24. Power transfer mutual Figure 1-25. Power transfer mutual
inductance variation with inductance as a  function of
position gap size

The full and scale systems have been studied by directly calculating the key parameters 
including thrust and switching harmonics. Table 1-7 summarizes the scaling. H ie scaling can 
be estimated (with a fair degree of accuracy) by using the equation below from Nasar and 
Boldea (Z) developed for three-phase block switched LSM. The LCLSM  design has separate 
inverters powering each coil. These inverters are used to synthesize a synchronous flux wave 
in the track which is sim ilar to that for a three phase block switched system. The scaling of 
the mutual inductances can be done by inspecting the Newman equation (8).

P “f Ipc•nt

M  is the peak mutual (one turn)
Isc is the ampere-tums of the SCM  
Gif is the fundamental frequency 
lpC is the peak track current (one turn) 
nt is the number of turns in the track coil 
P is the average power per SCM  pole pair

■dlscm

M  is the mutual between the field and track 
coils

r is the spacing between elements 
dlpc is a incremental length of propulsion 
coil

dlscm is an incremental length of scm

These equations were used to provide 
general scaling guidance in selecting a 1/10 
scale design. The resulting 1/10 scale design 
was then analyzed using the same tools used to 
develop the full-scale system. The resulting 
scale system parameters appear to be within 
measurable ranges.
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Figure 1-26. Power transfer
parameter variation 
with mutual inductance
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Table 1-7. Scaling summary
Variable

Approx.
Scale

Actual
Scale , Full-Scale Value Scale Value

s 1/10 1/10 Geometry scaling 1 1/10

COf 1 1 Fundamental frequency 51.9 ■ Hz 51.9-Hz

YC| _ 2 ’ Psc ’ wf
2 -jt

s = 0.1 0.1 Peak velocity 135 • m/sec 135 ■ m/sec

Ppc s = 0.1 0.112 Propulsion coil pitch (modified by 
characteristics of pm versus sem)

0.6675m 0.0745 ■ m

Psc s = 0.1 0.1 sem/pm pitch 1.3 • m 0.13 ■ m

M = 4 ^  J* J* 7 dlpc dlscm

8 = 0.1 0.18 Mutual inductance (four sem coils on 
one track coil)

2.2 ■ 10' 7 ■ Henry/turn2 2.3 ■ 10-3 • Henry/turn2

Ipc 8 = 0.1 0.1 Propulsion coil length 0.6 ■ m 0.06 • m

hpc s = 0.1 0.1 Propulsion coil height 0.7-m 0.07 • m

Ape s2 = 0.01 , 0.25 Propulsion coil area, increased over 
scaling to permit increased duty 
cycle in the scale system

4 ■ cm2 . o.9 = 3.6 • cm2 1 • cm2 ■ 0.9 = 3.6 ■ cm2

Vemf = M • coab ' Isc s3 = 0.001 0.0012 Approximate EMF (where M is the 
peak amplitude of the mutual 
inductance)

133.79 ■ V/turn 0.161 ■ V/turn

nt 1 10 Number of turns 12 • turns 120 • turn

Vemf Peak EMF 1.605-103- V 19.29 V

Jpc 1 0.22 Current density in propulsion coil 
reduced to permit high test duty 
cycle

3.03 ■ 104 ■ A/cm2 666.67 • A/cm2

J • ApC s2/nt = 0.001 0.006 Propulsion coil current (peak) 909-A 5 • AU*Mpc
'p C=" T T
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Table 1-7. Scaling summary (continued)

Variable
Approx.

Scale
Actual
Scale Full-Scale Value Scale Value

Lpc
nt2

s = 0.1 0.052 Inductance is roughly proportional to 
the scale. In practice the coil cross 
section has a significant impact on 
the inductance

1.91 • 10' 6 • Henry/turn2 1.03-1 O' 7 • Henry/turn2

Lpc Propulsion coil inductance 2.75 • 10-4 ■ Henry 0.00148 • Henry

Rpc

nt2

1/8 = 10 0.388 Propulsion coil resistance 1.04-10-4 ■ ohm/turn2 1.03 • 10-4 ■ ohm/turn2

Rpc 0.015 ohm 1.48 ohm

L
T R

s2 = 0.01 0-056 Propulsion coil time constant. Coil 
area was increased over simple 
geometric scaling to increase coil 
time constant

0.018 ■ sec 0.001 • sec

isc s2 = 0.01 0.0096 Determined by properties of 
selected permanent magnet (1/10 
physical scale)

1.8 • 10'6 ■ A/turns 17,300 ■ A/turns

P = 2 -
lpc ■ fit

~ (M -ISC -cof)
s3 = 1 • 10-3 9.11 • 10-4 Power per bogie side (2 scm pole 

pair) approximate expression (±10 
percent)

505.54 • W/A ■ turn 0.461 • W/A • turn

p Power limit on bus 8.1 •10®■ W 276.23 ■ W

F = 3 • M • lsc • 71 
lpc‘fit Psc

s2 = 0.01 0.0091 Force per bogie (2 scm pole pair) 
(derived as power/velocity)

3.745 ■ Newton/A ■ turn 0.0341 • Newton/A • 
turn

F Thrust limit per two pole pair 4.1 kN 20.46 • Newton

2-71
'SW - g

‘ rof i
i ,, ' 'sc LcoSw

S2/nt = 0.001 0.002 Switching harmonic estimate (peak 
based on zero bus voltage margin, 
40 kHz example)

18A 0.037 ■ A



The general approach was to geometrically scale all dimensions. The superconducting field 
winding in the scaled system was replaced with a scaled block of permanent magnet material 
(with squared ends). The pitch of the track coils in the scaled system was adjusted to provide 
smooth thrust when operated with the permanent magnets. The number of turns in the scaled 
system was increased by a factor of 10 from the full-scale system to increase the back EM F to a 
level consistent with a 24V bus. Taps are included in the track coil to permit operation with a 
reduced number of turns.

1.5.2 Model 1 /1 0  Scale Perm anent Magnet Representation o f the Field Winding

The permanent magnets were used  to represent the fie ld  w inding in the 1 /10  scale model 
(both analytically using Am peres and  physically by iteratively m odifying magnets) to determine 
the pole shaping required to produce a  back E M F  wave sim ilar to a  sca led  coiL

A  1/10 scale system was modeled assum ing the SC M  is replaced with a permanent magnet 
scaled to 1/10 the physical size of the superconducting coil (with squared ends). Figure 1-27 
shows the single turn flux linkage to a 1/10 scale track coil. This was calculated using the 
Amperes code.

This flux linkage distribution was used to calculate the thrust as a function of position per 
ampere-turn in the propulsion coil. Multiple track coils were added to determine the total 
thrust and power as a function of track current. The pitch of the track coils was varied until 
the thrust and power were smooth. A  pitch of 7.44 cm was found to yield smooth thrust and 
power. Figure 1-28 presents the power as one bogie with four permanent magnets moves one

O N E  T R A C K  C O IL  

F O U R  P E R M A N E N T  

M A G N E T  F IE L D  M A G N E T S

Figure 1-27. Scale system jlux linkage

51.2

POWER
PER 51.1
AMPERE-TURN 
IN PROP COILS 
(WATTS) 51

POSITION/TRACK PITCH

0 0.5 1

13.5 m/sec

Figure 1-28. Scale system power
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track pitch. Note that the calculated variation in power is less than 0.2 percent with the 
configuration selected.

1.5.3 Sum m arize Scaling Laws (Combine 1.5.1 and 1.5.2)

The results o f the seeding law analysis and  the perm anent magnet m odels were com bined to 
optimize the scaling approach.

The scaling was summarized in Table 1-7 and includes the analysis of the permanent 
magnets representing the superconducting magnets.
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2 . COMPONENT DESIG N AND ANALYSIS

2.1  Preliminary Full-scale Circuit Analysis and Preliminary Design

In  the follow ing subtasks, the full-scale design parameters were selected. This w a s the 
baseline w hich the 1/10  scale m odel simulated.

A  simulation of the full-scale system including both local and central control was completed 
as a baseline for comparison to the scale system. Figure 2-1 presents the division of controls.
A  command for a specific velocity is received at the base processor which communicates to the 
local processors over a fiber optic link. The local processors control the current in the track 
coils to provide propulsion and power transfer.

Figure 2-2 presents the control blocks for the base station. The commanded velocity is 
compared to the estimated velocity to generate an error signal. A  simple gain is used to

C O M M A N D B A S E
F IB E R

O P T IC L O C A L
D /A

P H Y S IC A L

P R O C E S S O R 4 --------- — ► P R O C E S S O R S
A /D

S Y S T E M

Figure 2-1. System summary block diagram

Figure 2-2. Base station control blocks
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develop a current amplitude command. This amplitude is compared to current amplitude 
limits for acceleration and power (bus current) limits. If required, the commanded current 
amplitude is reduced to be consistent with these limits. This amplitude and the estimated 
position and velocity are communicated to the local controller. The estimated position and 
velocity are generated by a Kalman filter which has measured position as an input. This 
position measurement is generated at the track coils and communicated over the fiber optic 
bus to the central controller.

Figure 2-3 presents the general approach recommended for position detection. A  shorted 
coil on the vehicle with the same dimensions as the track coil is shown moving past a track coil 
in this figure. The effective impedance of the coil pair is a function of the mutual inductance 
between the coils and therefore a function of position.

The impedance looking into the track coil as a function of the position relative to the track 
coil was investigated to determine the sensitivity of this approach to position sensing.
Figure 2-4 presents the results of this analysis for a 1 kHz source. If a 20 kHz , 1,800V square

V«Lc-— l -  +  M-— l 
dt c dt s

O-Ls-— l e + M-— I -  
dt c dt s

Lc-
Wf
Ls

i i (
dt

Figure 2-3. Position detection

RELATIVE
IMPEDENCE

Figure 2-4. Relative impedance as a function of coil position
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wave is input to the coil, a current of approximately 50A would result. When aligned with the 
shorted coil on the vehicle, the resulting current would be increased by 20 percent.

The local controller functions are summarized in Figure 2-5. The commanded current 
amplitude combined with the estimated velocity and position are the inputs to the local 
controller. The position is used to determine the relative position to the center of the first 
magnet in the first bogie. If the relative distance is small enough, a reference sine wave is 
generated based on the position and commanded amplitude. The error between the command 
and measured current is used as an input to the control block. In previous sections, a PI 
control was described. In following sections alternate control strategies will be discussed, but, 
for the purpose of comparing the performance of the full and scale systems, a PI control was 
assumed. The amplitude of the output of the controller is used as the duty cycle input to the 
PWM chip. The sign is used as a “direction” command.

In Figure 2-5 the relative distance to shorted position coils on the vehicle is used to 
determine whether a 20 kHz square wave should be generated to permit position sensing. The 
harmonic current in the coil is measured and this measurement is sent over the bus to the 
basestation processor where position is calculated.

Figure 2-6 presents a portion of the Simulink model used to compare performance of the 
full-scale and 1/10 scale systems. The position sensor was not modeled in detail and instead 
was represented as a position signal with superimposed noise. The block labeled as “motor” 
was modeled as 12 track coils which were used repeatedly to simulate a long section of track 
with many track coils. When the vehicle moves far enough past a track coil that the coil does 
not need to be excited anymore, the coil is numerically moved to the next available position in 
front of the vehicle.
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Figure 2-5. Local controller software blocks
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F i g u r e  2 - 6 .  B a s e  s t a t i o n  S i m u l i n k  m o d e l

Figure 2-7 compares the predicted performance of the full and 1/10 scale systems. All of 
the data presented in the figure has been normalized by the factors indicated underneath each 
variable. The case investigated consisted of acceleration from a standing start to full speed.
The bus power limit requires a reduction in coil current as the speed is increased in the full- 
scale system. The scale system has sufficient bus and power supply capacity to not necessarily 
require this reduction in coil current with Speed. The weight of the scaled system was selected 
to be low to permit rapid acceleration. These factors combine to result in a time to full speed in 
the scaled system which is a factor of 10 quicker than the full-scale system. This rapid time to 
full speed will be useful in demonstrating the stability of the control system. Since the 
operating range of the scale system encompasses the range of operation of the full-scale 
system, we can artificially impose bus current limits in software to simulate the requirements 
of the full-scale system bus.
2.2 Detailed Scale Circuit Analysis and Preliminary Design

T h e  s c a l i n g  l a w s  a n d  a n a l y t i c a l tools mill b e  u s e d  t o  d e t e r m i n e  t h e  s c a l e  s y s t e m  c i r c u i t  
c h a r a c t e r i s t i c s :  i n d u c t a n c e s ,  r e s i s t a n c e s ,  m u t u a l  i n d u c t a n c e s  a n d  f r e q u e n c i e s .

The analysis of the scale system included electromagnetic and controls modeling. We have 
used Simulink to investigate alternate control strategies for the current in the track coils. In 
the previous section the full and scale system overall performance were compared. In this 
section the basic configuration of the scale system model used to analyze the performance 
capabilities of alternate control strategies are described and the performances of the alternate 
control strategies are compared.
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FULL SCALE SYSTEM 1/10 SCALE SYSTEM

F i g u r e  2 - 7 .  F u l l  a n d  s c a l e  s y s t e m  c o m p a r i s o n  

2.2.1 Description of Scale System Configuration Used for Controller Design
Figure 2-8 is a block diagram for the simulated control logic. The base processor 

coordinates the control of the local processors. It receives input through a serial port from a 
PC and can return test data over the same link. The PC is used in the system as a test 
interface only. The base processor also receives input from the system instrumentation 
including an encoder (position) and a load cell on the vehicle measuring acceleration. The base 
station sends commands to the local processors (only one shown) over the fiber optic links.

Figure 2-9 presents the software blocks for the base station in the 1/10 scale system. In 
this figure a PC is used to input commanded velocity goals and peak allowed acceleration in 
achieving the commanded velocity. The base station uses a Kalman filter to estimate position 
and velocity based on position inputs from the position encoder on the test motor. The 
estimated velocity is used to create a velocity error signal which is used to generate a 
commanded current subject to acceleration and power limits. A shaft encoder on the rotor will 
be used for most position measurements. A load cell on the rotor will measure thrust on the 
rotor and the data will be sent through the base station to the PC for display.

F i g u r e  2 - 8 .  S u m m a r y  s c a l e d  s y s t e m  b l o c k  d i a g r a m
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F i g u r e  2 - 9 .  B a s e  s t a t i o n  b l o c k s  -1 / 1 0  s c a l e  s y s t e m

Figure 2-10 presents the local controller software blocks. The commanded current, 
estimated velocity and estimated position are used as inputs. The vehicle relative position 
(relative to the local coil) is used to determine when the coil should be powered. If the relative 
position is within the desired limits, a reference sine wave is generated based on the 
commanded amplitude and the relative position. The measured coil current is compared to the 
reference current wave and an error signal is generated for use in the controller. A duty cycle 
and direction signal are then generated for the inverter controller.

These models of the scale system were used to consider strategies for controlling the 
current in the track coils. The design problem is to develop a current controller which is 
responsive to the current command and is insensitive to disturbances including the back EMF (Figure 2-11).
2.2.2 Results of Controller Investigation

Three controllers were investigated. The first was the PI discussed in previous subsections 
(PI 1). A variation on this controller was investigated with increased damping (PI 2). An LQG 
controller was also investigated. This was designed using the controls package with MATLAB. 
The poles and zeros for these systems are presented in Figure 2-12.

Figure 2-13 presents the bode plots for the current and EMF response for the three 
controllers investigated. It is clear that the PI 1 has the fastest current response and best 
rejection of the back EMF. PI 2 with increased damping has slightly reduced response. The 
LQG was formulated without adding any integrators to the overall system. The result is a 
system which is type 0 and has finite error for a steady input. The LQG controller is not as 
responsive as either the PI 1 or PI 2 controllers. Not shown in these plots is the sensitivity to
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perturbations not included in the model. In running Simulink models using all three 
controllers it was clear that the LQG is the most stable of the three controllers investigated. 
Large perturbations in the commanded current resulted in a smooth approach to the correct 
answer without oscillation.

* Figure 2-14 presents the calculated overall thrust for the 1/10 scale vehicle as a function of
* the current control. The harmonic content appears acceptably low for all of the cases
* considered. The LQG has lower thrust harmonic than the PI 2. The phase lag for the LQG* results in a 10 percent loss in output power (reduced power factor).

2.3 Design 1/10 Scale Experiment

T h e  1 / 1 0  s c a l e  s y s t e m  w i l l  b e  d e s i g n e d .  T h i s  w i l l  i n c l u d e  t h e  m e c h a n i c a l  d e s i g n  o f  t h e  w h e e l  
a n d  v e h i c l e ,  c o i l  d e s i g n ,  a n d  c o n t r o l  s y s t e m  d e s i g n .  V e r i f i c a t i o n  o f  t h e  i n v e r t e r  p e r f o r m a n c e  i s  a  
k e y  e x p e r i m e n t a l  r e q u i r e m e n t  w h i c h  w i l l  b e  a c c o u n t e d f o r  i n  t h e  e x p e r i m e n t  d e s i g n .

The design parameters of the 1/10 scale system are summarized in Table 2-1. Figure 2-15 
is a photograph of the scale system. The track coils are mounted on blocks forming a 1.5m 
diam circular track. The vehicle includes four permanent magnets which simulate the 
superconducting field magnets in the full-scale system. The vehicle is mounted on a composite 
rotor which is mounted on its hub to a vertical shaft. The vertical shaft is the drive shaft of a 
permanent magnet motor which can be used as a load for the experiment. The inductances 
have been verified in component testing.

The rotor detailed design is summarized in Figure 2-16. The rotor structure is fabricated 
from high strength carbon fiber reinforced composite tubing. This structure was selected for 
light weight and high resonant frequencies. The vehicle is shown on the left in this figure. It 
consists of a housing clamping four magnets. It is supported from four pivot arms which are 
constrained by the load cell. Adjustable counterweights are shown on the right in this figure. 
The shorted coils used for position sensing are shown between the counterweights.
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The permanent magnets were modeled with 
Amperes to determine the field distribution and 
back EMF. The Amperes model yields the 
current distribution on the surface of the 
magnet which yields a field distribution which 
is equivalent to the magnet. For the assumed 
permanent magnet properties this corresponds 
to a surface current of 10,820 A/cm of magnet 
thickness. This results in a surface current of 
17.300A for the 1.6 cm thickness used in the 
model. This magnet model was used to develop 
the scaling of the system model. To verify the 
performance of the actual magnet system we 
have tested the back EMF produced by one of 
the permanent magnets when swung from a 
pendulum (Figure 2-17) with an effective radius 
of 0.73m (similar to the experimental gap 
diameter). During this test the magnet 
achieved a velocity of 3.78 m/sec based on 
height of the drop.

T a b l e  2 - 1 .  S c a l e  m o d e l  f e a t u r e s

Permanent magnets Quantity 4
Pitch 13 cm
Height 5 cm
Length 1 cm
Thickness 1.8 cm

Track coils Quantity 64
Turns 120
Width 6 cm
Height 7 cm
Pitch 7.45 cm

Overall Gap 3 cm
Gap diameter 1.5 m

The permanent magnet was also modeled as a rectangular coil on the perimeter of the 
magnet using the Newman equation model used to design the full-scale system. The analytical 
and experimental results are compared in Figure 2-18. The agreement is good.

Figure 2-15. Scale system design
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F i g u r e  2 - 1 6 .  R o t o r  d e t a i l e d  d e s i g n

The results for one magnet were summed to 
predict the performance for a set of four field 
magnets. This was done for the experimental 
results, the analytical results based on the 
Newman equation, and the numerical results 
based on the Amperes code. The results are 
presented in Figure 2-19 for the test speed of 
3.78 m/sec. The results are in good agreement 
giving confidence to analytical and numerical 
calculations for the scale and full-scale systems.

The controller hardware block diagram is 
shown in Figure 2-20. This chart is consistent 
with the software module block diagram shown 
previously with the addition of analog inputs to 
the base station.

Figure 2-21 presents the controller board 
design. This board is used for the individual 
coils and in slightly modified form for the base 
station. It includes four amplifier circuits on the 
left which are used for current and voltage 
measurements. The controller is in the center of 
the board and the fiber optic interface is shown 
on the lower right of the board.

F i g u r e  2 - 1 7 .  B a c k  E M F  t e s t i n g
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F i g u r e  2 - 1 8 .  E M F  t e s t  r e s u l t s

* surface current of 1,082 amp/cm thickness or 17,300 amperes for the 1.6 cm thick magnet.

F i g u r e  2 - 1 9 .  C a l c u l a t e d  E M F  f o r  f o u r  p e r m a n e n t  m a g n e t s
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3 . FABRICATE SCALE EXPERIMENT

3 .1  C o m p o n e n t F a b r ic a tio n

T h e  f a b r i c a t i o n  o f  t h e  s c a l e  e x p e r i m e n t  w a s  b e g u n  w i t h  c o m p o n e n t  f a b r i c a t i o n  i n c l u d i n g  t h e  
s c a l e  m o d e l  s y s t e m  m e c h a n i c a l  c o m p o n e n t s ,  c o i l s  a n d  c o n t r o l  c o m p o n e n t s .  W h e r e  p o s s i b l e ,  t h e  
p e r f o r m a n c e  o f  t h e  s u b s y s t e m s  w a s  v e r i f i e d  b e f o r e  a s s e m b l y  o f  t h e  f u l l  e x p e r i m e n t  T h e . 
s o f t w a r e  f o r  c o n t r o l  w a s  d e v e l o p e d  d u r i n g  t h i s  s u b t a s k .

3 .1 .1  S c a le  M o d e l S y s te m  M e c h a n ic a l F a b ric a tio n

A  ro to r sy ste m  w ith  sta tio n ary  co lls  w a s determ ined to be  a  m ore su itab le  ap p roach  fo r th is  
d em o n stra tio n  m odel. T he  com plete experim ent a sse m b ly  u se d  is  sh o w n  In  F igu re  3-1. The  
hardw are  w a s m ou nted  o n  a  F orm ica  covered table  w ith  a  6  In . th ic k  top. T h is  tab le  form ed a  
r ig id  m o u n t d esign ed  to be  free o f v ib ratio n  an d  d istortion.

T he  ro to r w a s m ou n ted  on  a  sh a ft In  the center o f the table. The  sh a ft w a s p a rt o f a  D C  
m otor located  be low  the tab le  w h ich  served a s  a  load  for the experim ent. The  m otor w a s  
m ou n te d  to a n  a lu m in u m  p late  bolted  to the tab le  top. The  ro tor w a s  a  com posite  m ateria l

Figure 3-1. LCLSM table
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(ca rbo n /fib erglass/e p oxy) stru ctu re  w h ich  su p p o rte d  a n d  gu id e d  the m agn e ts o n  one sid e  an d  
the counterw eight an d  p o sitio n  detection sy stem  o n  the other.

The co ils were m ou nted  on  coil su p p o rt b lo ck s bo lted  to the table. There were 64  co ils  an d  
su p p o rt b locks. The  tab le  top w a s sh im m e d  to be fla t w ith  respect to the rotor sh a ft to w ith in  
0.015  in. The  co il su p p o rts w ere th e n  position ed  a t a  co n stan t ra d iu s  w ith  respect to the sh a ft 
(to w ith in  0.005 in.). The  co ils were th en  m ou n ted  to the b lo ck s a n d  positioned  
circum ferentia lly  b y  u s in g  sh im s betw een the edges o f the co ils. W ith  th is  m ethod  the co ils  
w ere un ifo rm ly  p osition ed  a ro u n d  the periphery  to better th a n  0 . 0 1 0  in.

The m agne t a sse m b ly  (referred to a s  the vehicle) m ou n ted  on  the rotor is  sh o w n  in  
F igu re  3-2. It  con siste d  o f com posite  side  p la te s covering fo u r o f the veh icle  perm anent 
m agn e ts (5 x  10 x  1.6 cm ). P la stic  n o se  an d  ta il p ieces have been in c lu de d  to reduce  w indage  
effects on  the m easu red  p ro p u ls io n  forces. The m a gn e ts were spaced  o n  a  13 cm  p itch . The  
centers o f the m agn e ts w ere located a t a  ra d iu s  o f 72.85  cm . The  p itch  o f the perm anent 
m agn e ts a t th is  ra d iu s  w a s 13 cm.

The veh icle  w a s m ounted  to the ro to r on  tw o a rm s. T h e  a rm s w ere m ounted  to the vehicle  
a n d  the ro tor in  b e arin gs to form  a  fo u r b a r  lin kage . The  a rm s a n d  vehicle  were restra ined  
from  sw in gin g  b y  a  load  cell on  the ro to r (attached  to the top a rm  in  F igu re  3-2). T he  lo ad  cell 
m easured  the th ru st o n  the m agn e ts w h ich  w a s tran sm itte d  to the rotor. The lo ad  ce ll s ign a l 
w a s am plified  on  the rotor in  the am p lifie r sh o w n  in  F igu re  3-1 (the b ox  n e ar the center o f the  
rotor assem bly). D a ta  from  the load  ce ll w a s tran sm itte d  th ro u gh  a  s lip r in g  located  a t the top  
o f the rotor hub.

The side  o f the rotor opposite  o f the  m agn e ts is  sh o w n  in  F igu re  3-3. The m eta l d isk s  
m ounted  on  the com posite  p la te s on  the ro to r w ere coun terw e igh ts u se d  to ba lan ce  the rotor.

Figure 3-2. LCLSM "vehicle"

3-2



F i g u r e  3 -3 . C o u n t e r w e i g h t  a n d  p o s i t i o n  d e t e c t i o n  c o i l s

P o sitio n in g  c o lls  w ere m ou nted  on  the outer face o f the ou ter ligh t colored p la te s on  the rotor. 
T hese  tw o co ils  were sh o rte d  an d  tended to reduce the tran sie n t Im pedance  o f a  co ll position ed  
a c ro ss the  relative m otio n  gap. F igu re  3 -3  a lso  p rov ides a  good  view  o f the co il cu rren t control 
b o a rd s m ou n ted  to the table.

F igu re  3 -4  is  a  view  u n d e r the table  sh ow in g the perm anent m agne t m otor w h ich  w a s u sed  
a s  a  con tro llab le  load. B y  vary in g  the resistan ce  a c ro ss the arm ature, the load  on  the L C L S M  
m otor w a s varied. F o r em ergency stop p in g a  d irect sh o rt can  be app lied  a c ro ss the  lo ad  m otor. 
V e rtica l su p p o rt b ra ce s (4) su rro u n d in g  the load  m otor are a lso  sh ow n  in  F igu re  3-4. T hese  
w ere in c lu d e d  to stiffen  the  tab le  top a ga in st vertica l m odes o f v ibration.

3 .1 .2  In v e r te r /C o n t ro l C o m p o n e n t F a b r ic a tio n

C o n t r o l  B o a r d / I n v e r t e r

The m icrocontro ller, m em ory an d  inverter were m ounted  on  a  com m on board  w ith  the fiber 
optic transce ivers. O ne  o f the 64  b o a rd s is  sh ow n  in  F igu re  3 -5  d isp layed  on  the co m e r o f the  
L C L S M  table. A  fibe r optic cable w a s connected in  th is  figure  to d isp lay  the co m m u n ica tio n s  
hardw are.

B a s e  S t a t i o n

The b a se  sta tio n  con tro l box  is  sh ow n  in  F igu re  3-6. T h is  in c lu de d  m a n u a l in p u t con tro ls 
(knobs) fo r po sition , speed, an d  ve locity lim its. A n  em ergency stop  w as in c lu de d  (sw itch  o n  the  
u p p e r right) w h ich  sh u t o ff pow er to the inverter b u s  an d  app lied  b re ak in g  torque to the rotor.
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F i g u r e  3 - 4 .  L o a d  m o t o r

Figure 3-5. Coil control board
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F i g u r e  3 - 6 .  B a s e  s t a t i o n  c o n t r o l  b o x  

3 .1 .3  C o m p o n e n t T e s ts

T he  b a c k  E M F  w ave  fo r one o f the test perm anent m agn e ts {5 b y  10 b y  1.6 cm ) w a s tested  
on  a  prototype tra c k  coll. The  fiber optic com m u n ication s com ponents lin k in g  the in d iv id u a l 
p ro ce sso rs w a s a lso  tested. The electrical ch aracte ristics o f the co ils w ere m easu red  (1.43 m H  
an d  1.23 o h m s w ith  better th a n  4  percent accuracy). The effect o f sm a ll v a r ia tio n s in  the  
in d u ctan ce  a n d  re sistan ce  betw een co ils can  be accom m odated  b y  the lo ca l cu rren t control. A  
p oten tia lly  m ore im p o rtan t param eter w a s varia tio n  in  the m u tu a l in d u ctan ce  betw een the  
ro to r m agn e ts a n d  the  sta to r co ils. The varia tio n  in  m u tu a l in d u ctan ce  w a s tested a s  p a rt o f 
the ro to r te sts a n d  w a s fo u n d  to be accom m odated b y  lo ca l cu rren t control.

E a c h  in ve rte r/con tro lle r b o a rd  w a s in d iv id u a lly  in spected  a n d  tested  fo r proper a sse m b ly  
a n d  fun ctiona lity .

3 .2  A sse m b ly

A s s e m b l y  o f  t h e  e x p e r i m e n t  w a s  b e g u n  w i t h  t h e  m e c h a n i c a l  a s s e m b l y  o f  t h e  w h e e l  
c o m p o n e n t s .  A f t e r  c o m p l e t e  a s s e m b l y  t h e  s y s t e m  w a s  b a l a n c e d .  E l e c t r i c a l  s u b a s s e m b l i e s  a n d  
t h e  f i n a l  a s s e m b l y  w e r e  t e s t e d  a s  e a c h  w a s  c o m p l e t e d .

3 .2 .1  M e c h a n ic a l A s se m b ly

The a sse m b ly  o f the tab le  a n d  co ils w a s described  in  su b se ctio n  3.1. In  su m m ary  the co ils  
are po sition e d  to w ith in  0 .015  in. (0.38 m m ) vertically, le ss  th a n  0.005 in. rad ia lly  (0.13 m m ) 
a n d  le ss  th an  0 .010  in. (0.25 m m ) in  the circum ferentia l d irection. These  to lerances were 
b ased  on  the ca lcu la te d  va ria tio n  in  th ru st for a  given  p o sitio n  error a s  presented  in  F igu re  3-7.

3-5



F i g u r e  3 -7. C a l c u l a t e d  i m p a c t  o f  a s s e m b l y  t o l e r a n c e s

T h is  ca lcu la tio n  w a s m ade u s in g  the N e u m an  equation  com puter ro u tin e s verified  in  p e n d u lu m  
te stin g  o f a  perm anent m agnet w ith  one coil.

3 .2 .2  B a la n c in g

The a sse m b ly  w a s sta tica lly  b a lan ce d  b y  h a n g in g  the ro to r from  its  center an d  ad d in g  
w e igh ts sh o w n  in  F igu re  3-3.

3 .3  D e b u g g in g

A f t e r  a s s e m b l y  o f  t h e  f u l l  e x p e r i m e n t ,  t h e  c o m p l e t e  s y s t e m  w a s  d e b u g g e d  t o  e n s u r e  t h e  
c o m m u n i c a t i o n s  a n d  c o n t r o l  f u n c t i o n s  w e r e  o p e r a t i n g .

The in d iv id u a l co il curren t con tro l b o a rd s were u se d  to p roduce  u p  to 100 H z  sin e  w aves in  
the tra c k  co ils. The overall fu n ctio n  o f the  sy stem  w a s  dem onstrated  w ith  som e  rem a in in g  
an o m a lo u s behav io r w h ich  developed over tim e in  a  few o f the board s. T h ese  b o a rd s were 
rep laced  w ith  spares.

D e la y s w ere experienced in  co m m u n ica tio n s betw een the b ase  sta tio n  a n d  the lo ca l curren t 
con tro l board s. C o m m u n icatio n  a t reduced  ra te s w a s u se d  to reduce the  cycle  tim e on  the  
lo ca l p rocessor. The ab ility  o f the lo ca l con tro lle r to con tro l sm ooth  cu rren t sine  w aves in  the 
tra ck  co ils (a fu n ction  p rev iou sly  dem onstrated  fo r a  lo ca l con tro l b o a rd  n o t co m m u n icatin g  to 
the b ase  station) required a  s ign ific a n tly  fa ste r cycle tim e th a n  p re v io u sly  achieved. The  
presen t cycle tim e for the L C L S M  p ro ce sso rs w a s reduced b y  a n  order o f m agn itu d e  from  th at 
u se d  for con tro l an d  perform ance d e sign  a n d  an a ly sis. T h is  order o f m agn itu d e  red uction  h ad  
su b sta n tia l adverse im pact on  perform ance  o f the system  u n d e r ce rta in  operatin g conditions.
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4 . TEST AND EVALUATION

Se ctio n  4  d e scrib e s the  te sts an d  e va luation s perform ed w ith  the experim ental ap p aratu s. 
F irst, b a s ic  e lectrica l te sts  w h ich  verified d e sign  param eters, sc a lin g  law s, a n d  ca lcu la ted  
electrical ch aracte ristic s o f the  ap p ara tu s are described. Then, sta tic  an d  d yn am ic  te sts o f the  
m otor sy ste m  are  described, follow ed b y  co n c lu sio n s an d  recom m endation s re la tin g  to the  
sy stem  tests.

4 .1  B a s ic  E le c t r ic a l T e s ts

4 .1 .1  S t a t ic  T e s t s  M e a su r in g  V a r ia t io n  in  E le c tr ic a l P a ra m e te rs

The  e lectrical ch aracte ristic s o f the track  co ils  were m easured. The co il in d u c tan ce s were 
1.43 m H  a n d  the re s istan ce s averaged 1.15 oh m  a t 23°C. The  re sistan ce  m easurem ent w a s  
u se d  to com pare co il ch aracte ristics a s  sh ow n  in  F igu re  4 -1 . The co ils were specified  a s  h av in g  
120 tu rn s. W ith  the p o ssib le  exception o f co il 55, the re sistan ce s o f the co ils ind icated  
con siste n cy  in  the  n u m b e r o f tu rn s.

T h e  co ils w ere p o sition e d  w ith  respect to the  center of ro tation  an d  the tab le  w a s sh im m ed  
to be ge n e ra lly  flat. Tab le  4 -1  p resen ts the location  o f the 64  tra ck  co ils a n d  the fo u r m agn e t 
se t on  the vehicle. T he  vertica l lo ca tion s were accurate  to approx im ate ly  0.5 m m  a n d  the rad ia l 
lo ca tio n s w ere accu rate  to approxim ate ly  0.2 m m . D u r in g  te stin g  the co ils w ere located  w ith  
respect to the  13 b it (8192 count) encoder u se d  to m easure  the veh icle  location.

T ab le  4 -2  p re se n ts the e lectrical ch aracte ristics o f the load  m otor u se d  w ith  the experim ent.
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Figure 4-1. Variation in coil resistance
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Table 4-1. Encoder calibration

Rad Centers 
(cm)

Pitch
(cm) Count/Rev Count/Pitch

Count per Four 
Magnets

Coils 7 5 .8 5 7 .4 5 8 ,1 9 2 1 2 8 .0 0

Perm, magnets 7 2 .8 5 13 .00 8 ,1 9 2 2 3 2 .6 5 930 .61

F igu re  4 -2  p resen ts the m easurem ents T a b l e  4 - 2 .  L o a d  m o t o r  c h a r a c t e r i s t i c s  
m ade  on  the bridge. V o ltage  m e asu rem e n ts 
w ere m ade relative to po in t 5 a t p o in ts 1-4.
The curren t read in g w a s m ade b y  m e asu rin g  
the vo ltage  drop  a c ro ss a  0.05 ohm  re sisto r  
betw een the bottom  of the b ridge  a n d  the low  
side  o f the pow er b u s. T h is  read in g w a s  
filtered (1.6 k H z  second  order low  p a s s  filter) 
a n d  am plified  b y  a  factor of 10 before go in g  to  
the d ata  a cq u isitio n  system . T h is  resu lted  in  
a  0.5 V / A  ou tpu t for the bridge  current.
B e cau se  the curren t in to  the bottom  o f the b rid ge  is  a lw ays positive  (except d u r in g  regenerative  
b rak in g) th is  m easurem ent read s the rectified  cu rren t w h ich  goes th rou gh  the tra c k  coil.

Armature

Armature + 
Load  

Resistor
Load (ohm) 0.1 0 .4 7 4

EM F/Hz (approximate 2 .8
single phase RMS
value)

Perm anent m agn e ts were u se d  in  th is  experim ent a s  a  sim p le r a lternative  to excited  
m agn e ts on  the rotor. These  m agn e ts were a  m odel o f the su p e rco n d u ctin g  co ils  in  the fu ll- 
sca le  system . The  neodym iu m -iron -boron  m a gn e ts u se d  in  the experim ent w ere p a rticu la rly  
stro n g  an d  provided  a  large  n u m b er o f e qu ivalen t am pere tu rn s  o f excitation. The  fo u r  
perm anent m agn e ts were characterized a s  equ ivalen t co ils w ith  a n  effective n u m b e r o f am pere- 
tu rn s  w h ich  were inductive ly  coup led  to each  o f the tra ck  co ils w ith  the co u p lin g  b e in g  a  
fu n ctio n  o f position . These e lectrical ch aracte ristic s o f the perm anent m a gn e ts are 
su m m arized  in  Tab le  4-3. F igu re  4 -3  sh o w s the m easu red  an d  ca lcu lated  b a c k  E M F  in  one o f 
the tra ck  co ils (num ber 32, unexcited) w ith  tw o se ts of tim in g  p u lse s from  the encoder. O ne of 
the p u lse s occurred  tw ice per ro tor ro ta tion  a n d  the other occurred  128 tim e s per rotation.

o  voltage reading n measured with respect to point 5

Figure 4-2. Bridge measurements

4-2



Table 4-3. Permanent magnet model

Length (cm) Height (cm) Thickness (cm)
Pitch at Mid- 
Plane (cm)

Effective
Am pere-Turns

Perm anent
m agnet 10 5 1 .6 13 1 6 ,8 0 0

The ro to r frequency can  be ca lcu lated  a s  the frequency o f the rap id  tim in g  p u lse  d iv ided  b y  
128. F o r the  case  sh ow n  in  F igu re  4 -3  the ro to r frequency is  2.62 Hz. T he  p e ak  b a c k  E M F  on  
the co ll w a s 16.8V  for th is  velocity. O n  the b a s is  o f the m agn e t speed a t the ou ter ra d iu s  o f the  
ro to r the b a c k  E M F  ch aracte ristic  o f the lin e a r m otor is  14.01 V /(m /se c ).

4 .2  D y n a m ic  T e s ts

The  im p o rtan t featu res o f the L C L S M  concept were dem onstrated  b y  the m odel system . 
M e asu re m e n ts m atch  predicted re su lts  an d  the d istribu ted  con tro l a n d  pow er p ro ce ssin g  were 
dem onstrated  in  theory a n d  practice. A lth o u gh  the dem onstration  w a s su c c e ssfu l a n d  the  
L C L S M  concept w a s proven  feasib le, there were som e perform ance lim ita tio n s in  th is  p a rticu la r  
experim ental im p lem en tation  th a t prevented the m o st u se fu l re su lts  from  b e in g  obta ined  in  a ll 
te st sce n ario s. The  p rim ary  lim ita tio n  w a s th a t cau sed  b y  the effective u pdate  tim e for the  
inverter con tro lle rs. 'H ie  d u ty  cycle fo r the P W M  w a s updated  on  the order o f every 1 m sec. A s  
w a s d isc u sse d  in  earlier se ctio n s o f the report, a ll m ode ling a n d  s im u la tio n  w ere perform ed  
b ase d  o n  a n  up d ate  rate o f 100 psec, on  the order o f ten tim es faste r th a n  the update  rate  
a c tu a lly  achieved. T h is  h a d  several adverse  effects on  the sy stem  perform ance^ The p rim ary  
adverse  effects were: the P W M  du ty  cycle se ttin g  update  rate  w a s inadequ ate  to produce  a s  
sm o oth  a  w aveform  a s  desired, a n d  the con tro l sy stem  suffered som e in sta b ility  due to the

VOLTAGE/IO
(v)

T IM E  (S)

Figure 4-3. Field characteristics/back E M F
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delay both  in  the P W M  update  tim e a n d  feedback de lay  due  to co m m u n ica tio n s protoco l 
im p lem entation  w h ich  increased  the loop tim e. A  (m an u a lly  adjustab le ) p h ase  sh iftin g  sy ste m  
betw een the encoder p o sitio n  read in g  an d  the con tro l sy ste m  w a s im plem ented to p a rtia lly  
accou n t for the de lays, b u t th is  w a s n o t a n  ide a l so lu tio n  sin ce  it  re su lted  in  in a ccu rac ie s in  
the curren t p h a s in g  a n d  produced  th ru st o sc illa tio n s a n d  poten tia l re son an ce s in  the system . 
U n d e r h igh  pow er facto r operation  the  rotor e sse n tia lly  operated a t the top o f the m agn e tic  
w avefront peaks. The  con tro l sy stem  corrected the p h ase  a n d  cu rren t to keep the p e ak s lin e d  
up. The increased  P W M  update  tim e m ean t th a t the o sc illa tio n  a ro u n d  the peak, term ed  
cogging, w a s la rge r th a t the d e sign  con figu ration . B e cau se  o f the effects o f the in crease d  P W M  
update  delay tim es o f the presen t im p lem en tation  a n d  the h igh e r loop tim e o f the con tro l 
softw are, cu rren t w aveform s an d  th ru st d id  n o t achieve the extrem e sm o o th n e ss p o ssib le  w ith  
the L C L S M  con figu ration .

These  lim ita tio n s o f the experim ent im p lem en tation  can  be overcom e w ith  fu rth e r  
refinem ent o f the system . M o d ifica tio n  o f the co d in g  fo r the p ro ce sso rs is  a  s ign ific an t m e an s  
o f im provem ent. M o st o f the cod in g is  in  the C  lan gu age . Code  im p lem entation  in  a sse m b ly  
lan gu age  a lon g w ith  stre am lin in g  o f the con tro l p rocedu re s w ou ld  re su lt in  a  su b sta n tia l 
im provem ent in  loop  speed. Then, tu n in g  o f the con tro l sy stem  param eters to m atch  the  loop  
speed  achieved w ith  the new  cod ing w ou ld  im prove  perform ance  an d  sy stem  stab ility . T u n in g  
the b u s  filte r param eters aro u n d  the ch aracte ristics o f the con tro l sy stem  w ith  the new  loop  
tim e fu rther a id s  in  the ab ility  to provide sm o o th  th ru st. T h u s  there are b o th  im p lem en tation - 
specific an d  general approach es to im p ro v in g  sy ste m  perform ance.

A n y  o f the lim ita tio n s th a t were observed in  th is  experim ent were no t lim ita tio n s inh eren t 
to the L C L S M  concept b u t were s im p ly  lim ita tio n s re la tin g  to the specific experim ental 
im p lem en tation  a n d  p ractica l is su e s  o f fu n d in g  a n d  scope o f the  program .

The test con figu ration  presented in  F igu re  4 -2  w a s  u se d  w ith  a  d a ta  a cq u isitio n  sy ste m  to 
ob ta in  the operating ch aracte ristics o f the sy stem  a s  a  fu n c tio n  o f operating point. A  typ ica l 
ru n  is  presented in  F igu re  4-4. The curren t m easu rem en t w a s rectified a s  a  re su lt o f the  
location  o f the cu rren t m easurem ent re sisto r a t the bottom  of the b rid ge  (F igure  4-2). T he  b u s  
vo ltage  w a s seen to have  su b sta n tia l h arm on ic  con tent w h en  the lo ca l b ridge  w a s excited. T he  
b u s  h arm on ic  content q u ick ly  d ied  dow n  a s  the excited region  m oved aw ay fro m  the  
m easurem ent point.

The force m e asurem ent presented  in  F igu re  4 -4  is  b ase d  on  a  load  cell on  the fo u r b a r  
lin kage  su p p o rtin g  the vehicle. The force m easu rem en t sy stem  m ay  n o t be operatin g op tim a lly  
due to ad ju stm en ts o f the lin kage  a n d  p o ssib le  st ic k -s lip  phenom enon. C a lib ra tio n  te stin g  
show ed th at a t very  low  ro tationa l sp eeds the th ru st can  be ca lcu la ted  a s  the fo llo w in g fu n ctio n  
of the se n so r read in g  (r):

Thrust = ( r -  3.4 v ) -77 —
v

It  w as fo u n d  th a t the offset sh ifts  s ign ifican tly  a t h igh e r speeds; add ition a l ad ju stm e n t a n d  
ca lib ration  o f the force m e asu rin g  sy stem  cou ld  im prove  the accu racy  o f the th ru st  
m easurem ents.

The  vo ltage  fro m  g ro u n d  to each te rm inal (side) of the co il is  a lso  plotted in  F igu re  4-4.
S in ce  the co il w a s driven  b y  P u lse  W id th  M o d u la tio n  (PW M ), the vo ltage  m easu rem en t w a s  
e sse n tia lly  ra il to ra il p u lse s  w hen the  m easu red  te rm in a l w a s driven  b y  the positive  b u s. The  
sa m p lin g  rate o f 20  k H z  w a s w ell below  the N y q u ist frequency (80 kH z) for the 40  k H z  P W M  
frequency, so  the d a ta  were a lia se d  (peaks m a y  n o t be sam p led, etc.), b u t th is  w a s n o t a  critica l 
m easurem ent in  te rm s o f the d e ta ils o f the P W M  p u lse s. The  cu rren t a n d  th ru st w aveform s
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TIME (S)

Figure 4-4. Typical test run

w ere adequate ly  sam p led  b ecau se  they were b an d  lim ited to m u ch  le ss  th a n  5 kH z. The  p u lse s  
stopped  a t the zero c ro ss in g  p o in t in  the cu rren t w aveform  (the rectified sin e  w ave n e a r the top  
o f the figure). T h is  w a s becau se  the b a ck  E M F  an d  the desired  curren t were n e ar zero a t th is  
p o in t so  the d u ty  cycle w a s very low. T h is  figure  sh o w s the vo ltage s m e asu red  a t bo th  
te rm in a ls o f the coil. E a c h  p u lse  b lo ck  w as the voltage m easured  (relative to ground ) a t the  
opposite  te rm in a l o f the co il from  the adjacent p u lse  b lock. B e cau se  bo th  vo ltage s are sh ow n  
on  the sam e  grap h , the vo ltage  on  the low  (ground) side  o f the co il w a s ob scu re d  b y  the  
pow ered sid e  voltage, so  o n ly  the positive  side  o f the co il is  v isib le . A s  expected the inverter 
o u tp u t w a s  sym m etric  a s  sh o w n  b y  the fact th a t adjacent p u lse  p acke ts are sim ilar.

O ne  co il vo ltage  m e asurem ent w a s deleted from  F igu re  4 -5  so  th a t the vo ltage  o n  the other 
sid e  o f the co il cou ld  be observed. F o r a  n o rm a l bridge  con figu ration , the vo ltage  w o u ld  be zero 
w hen  the  other te rm in a l o f the co il is  driven, but, in  th is  con figu ration , the cu rren t sense  
re s isto r betw een the b rid ge  a n d  gro u n d  produced  a  voltage in  p roportion  to the current. T h is  
w a s the b a s is  o f the cu rren t w aveform  m easurem ent and  w a s the sam e fo r th is  p a rt o f the cycle  
except fo r the con ve rsion  facto rs, ga in s, an d  filte rs on  the cu rren t se n se  m easu rem en t 
in stru m e n ta tio n .

A  po rtion  o f F igu re  4 -4  h a s  been expanded in  F igu re  4 -6  (the exact p a rt can  be determ ined  
fro m  the  tim e scale). The  b u s  h arm on ic  (peak to peak) w a s approx im ate ly  15 percent o f the 
b u s  vo ltage  fo r the  case  stud ied . The  cu rren t h arm on ic  th rou gh  the co il w a s  approx im ate ly  
0 .2 A  p e ak  to p e ak  w h ich  w a s  co n siste n t w ith  the ca lcu la tio n s b ased  on  the co il in d uctan ce  and  
P W M  frequency.
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4.2.1 No Load Cases

N o  L o a d ,  N o  A c c e l e r a t i o n  C a s e s

A  se rie s o f te sts w ere con ducted  w ith  the load  (drag) m otor operated open circu it. In  th is  
m ode o f operation  the p rim a ry  so u rce s o f d rag  were aerodynam ic a n d  b e arin g  lo sse s. These  
ca se s are referred to a s  “n o -lo ad .” The  d ata  are presented In  F igu re s 4 -7  th ro u gh  4-10. A s  can  
be seen, there w ere s ign ific a n t th ru st varia tio n s In  these cases. In  general the n o -lo ad  ca se s  
h a d  sign ific an t th ru st v a r ia tio n s due to update  rate lim ita tion s. T hese  lim ita tio n s w ere specific  
to th is  experim ental se tup. F o r exam ple, In  F igu re  4 -7  the th ru st o sc illa tio n s sh ow n  were a  
sign ific an t fraction  o f the rated  th ru st. The curren t w aveform s were poorly  form ed. T h is  w a s  
In  p a rt due to d u ty  cycle  u p d ate  rate lim ita tio n s p rev iou sly  described. A n o th e r facto r w a s the  
low  curren t draw  w h ich  In cre ased  the m agn itude  o f curren t w aveform  errors due to cycle tim e  
co n stra in ts relative to the a c tu a l delivered current. The large  ra tio  o f cu rren t error to desired  
curren t In creased  the  In sta b ility  o f the control system  a n d  re su lted  In  reduced  accu racy  o f the  
cu rren t w ave form .

N o  L o a d ,  A c c e l e r a t i o n  C a s e s

In  F igu re s 4 -11  a n d  4 -1 2 , c a se s are presented w here the lo ad  m otor w a s operated open  
c ircu it a n d  the ro to r w a s accelerated. The curren t w aveform s w ere s ign ific an tly  better th a n  for 
the no -load , n o  acce leration  cases. T h is  w a s due In  p art to the low er ro to r speed  a n d  hence  
curren t w aveform  frequency fo r the acceleration ca se s stu d ie d  (w hich  reduced  relative cycle  
tim e delay) a n d  In  p a rt to the fac t th a t acceleration called  fo r a  h ig h  cu rren t to produce  h ig h  
th ru st. T he  h igh  cu rren t reduced  the relative m agn itu de  o f the cu rren t error a n d  resu lted  in  
m ore stab le  operation  o f the con tro l system . The current w aveform  produced  In  the

0 0.2 0.4 0.6 0.8 1.0

TIME (S)

Figure 4-7. No-load, no-acceleration, case 16 (1.28 Hz, 5.87 m/sec)
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F i g u r e  4 - 8 .  N o - l o a d ,  n o - a c c e l e r a t i o n ,  c a s e  1 7  ( 2 . 7 8  H z ,  1 2 . 7 2  m / s e c )

TIM E  (S)

Figure 4-9. No-load, no-acceleration, case 19 (1.25 Hz, 5.72 m/sec)
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Figure 4-10. No-load, no-acceleration, case 20 (2.56 Hz, 11.73 m/sec)

HL ACC PLOT.27

TIME (S)

Figure 4-11. No-load, acceleration, case 27  (0.47 Hz, 2.15 m/sec, 0.3 Hz/sec,
1.39 m/sec?)
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Figure 4-12. No-Load, acceleration, case 29 (0.82 Hz, 3.75 m/sec, 0.39 Hz/sec,
1.79 m/sec?)

acceleration  te sts w a s m ore typ ica l o f w h a t w ou ld  have  been produced  a t low er cu rren t leve ls if  
the loop tim e w a s reduced.

N o  L o a d ,  D e c e l e r a t i o n  C a s e s

F igu re s 4 -1 3  th rough  4 -15  p resen t dece leration  ca se s w ith  the ve locities a n d  ra te s of 
ch an ge  o f ve locitie s liste d  w ith  each figure . In  these tests, deceleration w a s achieved b y  the  
stan d a rd  m otor contro l a lgo rith m  a c tin g  o n  the com m and  to reduce cu rren t (th ru st) so  th a t the  
velocity  m atch ed  the  se t p o in t velocity. F o r n o  lo ad  co n d itio n s a n d  a  h ig h  deceleration rate th is  
m e an s th a t the com m anded curren t w a s  negative  relative to w h at w ou ld  have  been  
com m anded  for steady operation  or acceleration. T h is  w a s n o t a  regenerative deceleration. 
U n d e r these  con d ition s the b a c k  E M F  w a s  a id in g  the b u s  vo ltage  becau se  the cu rren t w a s  
b e in g driven  in  the sam e d irection  a s  the b a c k  E M F  u n d e r deceleration rathe r th a n  b u c k in g  it 
a s  in  n o rm a l operation.

F igu re  4 -1 3  p resen ts a  deceleration fro m  a  slo w  speed  to a  stopped  con d ition  a s  can  be 
seen  b y  the in cre a sin g  period  o f encoder p u lse  an d  the curren t w aveform  w h ich  tracked  the 
m agn e t p o sition . B e cau se  the w aveform  frequency w a s low, the effect of the loo p  P W M  update  
tim e delay w a s reduced. F igu re s 4 -1 4  a n d  4 -1 5  sh o w  a  deceleration o f su ffic ien t rate to re su lt 
in  a n  o sc illa tio n  in  the contro l c ircu it fo r the co il current. T h is  can  be seen  in  the m idd le  o f the  
curren t w aveform s in  the figures. T h is  in sta b ility  occurred  n ear the p e ak  o f the  curren t 
w aveform . T h is  in stab ility  w a s n o t observed  in  the acceleration  d ata  sh o w n  in  the p rev ious 
subsection .

A cce le ration  a n d  deceleration differed in  th a t the b a c k  E M F  w as a id in g  the cu rren t flow  in  
the deceleration control m ode u sed  in  the te sts. T h is  effectively increased  the “g a in ” o f the
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Figure 4-13. No-load, deceleration, case 32 (0.12 Hz, 0.536 mfsec, 0.39 Hz/sec, 
1.79 m/sec2)

TIME (S)

Figure 4-14. No-load, deceleration, case 34 (0.23 Hz, 1.07 m/sec, 0.52 Hz/sec,
2.38 m/sec?)
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Figure 4-15. No-load, deceleration, case 37(0.22 Hz, 0.98 m/sec, 0.48 Hz/sec, 2.2 
m/sec2)

curren t su p p ly  w h ich  can  re su lt in  in stab ility . T h is  in sta b ility  w a s n o t ap p are n t a t low  speed  
becau se  the b a c k  E M F  w a s p roportiona l to speed. A t low  speeds, sh o w n  in  F igu re  4 -13 , the  
b a c k  E M F  w a s  very  low  an d  the loop de lay tim e w a s  a  sm a lle r fraction  o f the w ave period. B o th  
these  facto rs con tribu ted  to stab ility  a t low  speed  a n d  in sta b ility  a t h ig h  speed  fo r th is  type o f 
deceleration con tro l (current driven w ith  b u s  vo ltage  a n d  E M F  add ing). Regenerative  
deceleration u tilize s a n  entire ly different m ode  o f operation  in  w h ich  the b a c k  E M F  a n d  co il 
in d uctan ce  are u tilized  to p roduce  a  b o o st su p p ly  th a t d rive s cu rren t a g a in st the  b u s  vo ltage  
a n d  p u ts  pow er b a c k  in to  the bu s. Regenerative  b ra k in g  is  w ith in  the cap ab ility  o f the  system  
b u t h a s  n o t been im plem ented in  the con tro l softw are.

4.2.2 Partial Load Cases
The p a rtia lly  loaded  case, w ith  the lo ad  (drag) m otor a s  described  in  Tab le  4 -2 , u tilized  the  

d rag  m otor arm atu re  connected in  se rie s w ith  a  lo ad  re sisto r to provide a  d ra g  load  
proportiona l to velocity. T h is  w a s called  the p a rtia l lo ad  case  becau se  a  s t ill greater lo ad  w as  
achieved b y  sh o rtin g  the d rag  m otor a t the  m otor te rm in a ls to achieve m in im u m  re sistan ce  an d  
th u s  m ax im u m  d rag  torque in  the lo ad  m otor. The  h ig h  load  ca se s are presen ted  in  the  
su b se ctio n  th a t fo llow s th is  one. D a ta  presented  in  th is  su b se ctio n  w ere take n  u n d e r  
co n d ition s o f co n stan t velocity, acceleration, a n d  deceleration w ith  0.375 oh m  re s isto rs (w ires) 
connected a c ro ss the d rag  m otor te rm in a ls to p roduce  a  d rag  force p rop ortion a l to the rotor 
velocity in  ad d itio n  to the aerodynam ic a n d  b e arin g  lo a d s a lready p resen t in  the  system .
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Partial Load, No-Acceleration Cases
F igu re  4 -1 6  sh o w s a  low  speed  condition. The curren t w aveform , force, an d  P W M  ou tp u t 

flu ctu a te d  in  a  m an n e r th a t in d icated  a  low  frequency speed o sc illa tio n  in  the system . A t very  
low  sp eeds th is  ve locity v a ria tio n  w a s observed v isua lly . T h is  low  speed  o sc illa tio n  is  typ ica l o f 
ve locity  con tro lled  m otors. A t low  speed, a  p o sition  control schem e is  m ore  appropriate  th a n  
the ve locity  con tro l u se d  fo r the outer loop vehicle th ru st con tro l (w hich  is  controlled  a t the  
“b ase  sta tio n ”).

F igu re s 4 -1 7  a n d  4 -1 8  sh ow  d a ta  take n  a t h igh er speed. The  w ave form s w ere relatively  
stead y  since  the load  torque required sign ifican t current a n d  the ve locity  con tro l m ode w orked  
w ell a t these  speeds. The  force m easurem ent in  these figu re s is  in te re stin g  sin ce  it sh o w s a  
h ig h  frequency com ponent o f o sc illa tio n  on  the order o f 100 Hz.

P a rtia l L o a d ,  A c c e l e r a t i o n  C a s e s

The  p a rtia l lo ad  acce leration  c a se s are sh ow n  in  F igu re s 4 -1 9  th ro u gh  4 -21. A s  w a s typ ica l 
fo r acce leration  w here the speed w a s m oderate a n d  the cu rren t d em and  w a s h igh , the  
w aveform s a n d  stab ility  were good.

P a r t i e d  L o a d ,  D e c e l e r a t i o n  C a s e s

F igu re s 4 -22  th ro u gh  4 -2 5  sh ow  deceleration d ata  for the m oderate  load. F igu re s 4 -22  
th ro u gh  4 -2 4  a n d  are p a rticu la rly  notable. N ot on ly  do they sh o w  the con tro l in sta b ility  th at 
occurred, b u t the b ridge  con tro l errors th a t occurred d u rin g  th is  in sta b ility  p roduced  som e  
sp ik e s above the b ase lin e  cu rren t reading. These  positive  sp ik e s represented regenerative

Ol

1
?

FORCE (-1 OfFSET)

0.2 0.4 0.6 0.8 1.0

TIME (S)

Figure 4-16. Partial-load, no acceleration, case 21 (0.21 Hz, 0.95 m/sec)
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0.2 0.4 0.6 0.8 1.0

TIME (S)

Figure 4-17. Partial-load, no-acceleration, case 22 (1.22 Hz, S.58 m/sec)

TIME (S)

Figure 4-18. P€trtial-load, no acceleration, case 23 (1.59 Hz, 7.3 m/sec)
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HLACC  PLOT26

F igure  4-19. Partial-load, acceleration, case 26  ( 0.39 Hz, 1.78 m/sec, 0.35 Hzfsec, 
1.56 m /sec?)
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FORC 5 (-1 OFI SET)
f tP

-1.5
0.2 0.4 0.6

TIME (S)

0.6 1.0

Figure 4-20. Partial-load, acceleration, case 27 (0.5 Hz, 2.3  m/sec, 0.35 Hzfsec,
1.56 m/sec?)
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F igure  4-21. Partial-load, acceleration, case 2 9  (0.94 Hz, 4.3 m/sec, 0.26 Hz/sec, 
1.2 m /sec2)

UJ1
?

Figure 4-22. Partial-load, deceleration, case 38 ( 0.94 Hz, 4.3 m/sec, 0.78 Hz/sec,
3.6 m/sec2)
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F igure  4-23. Partial-load, deceleration, case 39  (0.625 Hz, 2.86 m/sec, 0.52 Hz/sec, 
2.38 m /sec?)

0 . 3  0 .4  0 .5  0 .6  0 .7

TIME (s)
F igu re  4-24. Partial-load, deceleration, case 39  - sing le  side co il voltage a nd  bridge 

current (0.625 Hz, 2.86 m/sec, 0.52 Hz/sec, 2.38 m /sec?)
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TIME (S)

F igure  4-25. Partial-load, deceleration, case 41 (0.12 Hz, 5.4 m/sec, 0.26 Hz/sec, 
1.2 m /sec?)

current flow and showed that regenerative operation of the system w as physically feasible with 
the experimental apparatus. Figure 4-24 is  a more detailed view of Figure 4-23 In  which the 
bridge bus current and a single terminal coil voltage are shown. The current in  the beginning 
w as in  the same direction as the back E M F  and acted as a  brake. The power w as dissipated in  
the coil resistance and the thermal protection resistors that protect the FETs. The spiking 
region ju st before the 0.5 sec point w as a region where the control w as sw itching the bridge to 
buck the back E M F  as seen in  the PW M  voltage on the coil. The bridge coast configuration in  
th is mode resulted in  a situation in  which the coil current caused regeneration through the 
bridge diodes.

4.2.3 F u ll Load Cases

This subsection presents the measured test data for cases in  which the motor w as loaded 
by shorting the drag motor at its terminals. Th is provided the m axim um  resistance to rotation 
which was proportional to the rotational velocity. For this load, cases were run at constant 
speed and acceleration. The high drag precluded significant deceleration testing.

F u ll L o ad , N o A ccelera tio n  C a s e s

Figures 4-26 through 4-28 show full load no-acceleration data. For full load operation, the 
required current w as high and the speed w as relatively low. For the reasons described 
previously, relatively good performance results under these conditions.
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TIME (S)

F igure  4-26. Full-load, no acceleration, case 24  (0.35 Hz, 1.6 m/sec)

TIME (S)

Figure 4-27. Full-load, no acceleration, case 25 (0.25 Hz, 1.16 m/sec)
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-1.5
0.2 0.4 0.6 0.8 1.0

TIME (S)
9

F igure  4-28. Fu ll-load  acceleration, case 31 (0.16 Hz, 0.72 m/sec, 0.13 Hz/sec,
0.60 m /sec2)

FuR  L o ad , A ccelera tio n  C a s e s

Figure 4-29 shows full load acceleration which produced good performance since the 
current demand was high and the speed w as low.

Coil Spatial Placement

A  change in  coil spatial placement w as simulated by changing the software so that the coil 
w as assum ed to be and controlled as if w as out of position by 20 percent of the pitch. Th is w as 
an extreme case and represented a m uch greater error in  position than is physically possible 
since the coils would interfere m echanically at th is large a displacement. The reason for 
investigating this case w as to explore the lim its of coil m isplacement compensation. Results of 
the measured perturbation in  thrust are shown in  Figure 4-30.

4.3 Experimental Conclusions/Recommendations

The experimental apparatus demonstrated the feasibility of the LC LSM  concept. Measured 
electrical parameters agreed with the modeling and sim ulation performed in  the program. The 
experiment demonstrated distributed communications, control, and power processing for the 
LCLSM . The loop delay in  the PW M control of approximately an order of magnitude greater 
than that used in development of the control system prevented optim al operation under all 
conditions. This problem w as not one inherent to LCLSM . Given more time and resources, the 
loop delay could have been reduced substantially using the existing experimental apparatus 
and more refined programm ing  (assembly code).
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TIME (S)

F igure  4-29. Full-load, acceleration, case 30 (0.27 Hz, 1.25 m/sec, 0.11 Hz/sec, 
0.52 m /sec?)

Figure 4-30. Impact of 20 percent coil misplacement
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The experimental tests demonstrated that even under a  range of operating conditions, 
optimal and nonoptimal, the LC LSM  performed adequately. Indeed, the PW M update delay 
problem provided significant insight Into the variety of phenomena that can be exhibited and 
the inherent ability of the LC LSM  configuration to accommodate these problems and still 
operate. Practicality of com m unications between processors and transitions from coil to coil as 
the vehicle passes were demonstrated. Distributed control and local processing even under 
degraded operating capabilities w as demonstrated. Local power conditioning (inverter 
operation) with low inductance and h igh power factor operation w as achieved and bus 
harmonic content and filtering were demonstrated. The major technical aspects of LC LSM  
operation were proven feasible by the experimental apparatus and testing program.
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5 . CONCLUSIONS AND RECOMMENDATIONS BASED ON THE 
LCLSM PROGRAM RESULTS

The LC LSM  program  verified the feasibility of the LCLSM  concept. Analytical tools, scaling 
laws, control system s, and sim ulations were developed and verified to enable design of the 
LC LSM  for specific applications. Communications, control, and power processing for the 
LC LSM  were demonstrated. Both specific and general approaches to improving the 
experimental scaled motor performance have been identified and could be implemented to 
result in  substantial improvement in  the range of tests that could be performed. It  is 
im portant to note that lim itations in  the present configuration of the experiment are not 
inherent lim itations in  the performance capabilities of the LC LSM  concept, but instead reflect 
the lim itations in  program  schedule, resources, and scope. It is recommended that the LC LSM  
concept investigated and demonstrated in  this program, or variants of it, be considered as a 
sound approach to electric machine design with m any advantages for Maglev propulsion 
applications.

The overall design philosophy which guided the development of the LC LSM  system  w as 
high efficiency, h igh reliability, graceful degradation, and low electromagnetic interference. 
LC LSM  is a single-layer propulsion and power transfer system in  which independent 
controllers control dedicated coils to supply a desired waveform with the proper frequency, 
phase and amplitude. In  one embodiment, the coils are commutated locally by pulse-width- 
m odulation (PWM) of semiconductor switches in  an H-bridge configuration controlled by 
signals transm itted over fiber optic communications lines from a central control. Local 
communication allows energized coils to be lim ited to those required to achieve a  specific 
purpose (propulsion or power transfer). For example, only those coils in the immediate vicinity 
of the superconducting m agnets need to be energized for propulsion.

The LC LSM  design utilizes the same guideway coils for the propulsion and power transfer 
functions. The PW M  scheme is  modified from that appropriate for propulsion to a higher 
frequency, lower current waveform appropriate for power transfer. Power is  inductively 
coupled to onboard coils for power factor correction. In  addition, for true Maglev systems, the 
LC LSM  coils can also be used to supply a magnetic guidance function.

A  complete LC LSM  system w ill have a great m any identical single units, especially 
semiconductor devices. Repeated experience with semiconductor devices has shown that the 
cost of a system  m ust account for the dramatic unit price drop as a result of the increase in 
volume of units. It is  recommended that LC LSM  be evaluated for economic viability as a 
propulsion technology for Maglev and related applications.

A  specific conclusion of the work is the ability to compensate in  software for low tolerance 
guideway manufacture. Th is feature was demonstrated and discussed in  the report. In  m ost 
system-level cost analyses, the structural guideway dominates the cost of the entire project for 
m ost specific routes. The advantage of this capability is that the guideway system  can be 
m anufactured according to low cost, low tolerance methods without com prom ising future 
passenger ride comfort.
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* A  major application for LC LSM  technology m ay be in  Industrial assem bly line conveyance
* system s with variable station dwell times and velocity profiles. Essentially a  part on the
* assem bly line can be moved independently to subsequent stations a s required w ithout regard
* to progress at other stations. Thus, a  part can dwell at a station until ready to advance and
* then the advancement can occur independently of other stations. Nonproductive station
* backups are avoided since each part can be independently rerouted to open or available
* stations.

* A n  additional specific conclusion of th is work is  the applicability of the LC LSM  concept to
* other applications such as photovoltaic power systems, multiple-battery power subsystem s
* (including battery chargers, uninterruptible power system s (UPS), etc.), w iring harnesses such
* as used in  the automotive industry, and general distributed power processing subsystem s.

Recommendations for additional work based upon the successful demonstration of LC LSM - 
based propulsion include the following areas:

• Cost analysis.

• Power transfer demonstration.

« Investigation of stability enhancement in  the air gap and improved ride quality via 
active control, both dissipative and nondissipative.

A  brief description of the recommended areas for investigation follow. The cost analysis of 
the LC LSM  system  should include the LC LSM  cost savings of capabilities such  as power 
transfer, guidance, and the ability to utilize low tolerance construction techniques for guideway 
cost savings. The power transfer demonstration could be made with the test bed already 
established. The goal should be to reduce future risk  of design by accom plishing sim ultaneous 
propulsion and power transfer with the same coils and control logic at the appropriate 
frequencies and speeds. Stability enhancement and improved ride quality arise from forces in  
the track coils which are normal to the plan of the coils. These forces can be used to 
compensate for the natural tendency of electrodynamic repulsive levitation system s to oscillate 
about an equilibrium. The magnetic dam ping of the oscillation can be quite sm all and the 
amplitude of the oscillation can grow. Stability enhancement can be used to actively absorb 
the energy of oscillation.

"Information on this page identified by 
asterisk (*) in the margin is proprietary to 
Foster-Miller, Inc." 5-2
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HARMONIC CURRENT EQUATIONS
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The duty cycle can be derived as follows.

The rates of current change in on and off states are:

= — ■ (VB - EMF -1 ■ R - 2 • VS) vdt Jnn L

4-0 = — • (—EMF -1 • R - VD - VS)dt ' off L
Off plus on time = total cycle

8t = 8toff + 8ton
The rate of change of current is the on time change plus off time change

We can then solve for the fraction of time which the bridge is on (duty cycle)

f-j- il • 8t = ■ (VB - EMF -1 • R - 2 • VS) • 8ton + — • (-EMF -1 • R - VD - VS) ■ (8t - 8ton) ̂dt J L L

R. EMF + RI + VD + VS + L — I^on ________________ dt8t VB-VS-VD
where

EMF = instantaneous back EMF 
VD = diode drop 
VS = switch drop 
I = lo sin (cot)
L = coil inductance
VB = bus voltage
810ff = peak to peak harmonic current (off state current change)
8 Ion = on state current change 
81 = current change during one cycle
8ton = duration of the on state 
Stoff = duration of the off state 
8t = duration of one cycle

Given the duty cycle we can then calculate the current change in one off cycle:

f-̂-I ] = • (-EMF -1 • R - VD - VS)ydt y0ff L 8

8 Ioff = 1 • (-EMF -1 • R - VD - VS)8toff
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8t8Ioff =

_ 2  n 
cos

s+ EMF + RI + VD + VS + L — I8ton ________________ dt_8t (VB-VS + VD)

8 W  = ~  (-EMF -1 • R - VD - VS)̂ 1 -8tn8t 8t

f

8 l0ff = j -  ■ (-EMF -1 • R - VD - vs) 1 
1*/

<

EMF+RI +VD + VS + L-̂-l"' ._____________dt(VB-VS-VD)
2n
cos

/

For LCLSM the EMF is much larger than the coil resistive or inductive drops or the drops 
through the components. This permits a simple estimation of the switching harmonic as:

The amplitude of the switching harmonic depends on the magnitude of the selected bus 
current (VB). For estimation purposes we can assume that the bus voltage equals the peak 
EMF (since the other voltage drops are small). When the EMF is zero, the harmonic current is 
zero by the first term in the above equation. When the EMF equals the bus current, the 
harmonic current is zero. The above equation is maximized when the EMF equals half the bus voltage:

8 EMF 2 7C 
2 L Q)g

The EMF can be represented as a sum of harmonics. The fundamental harmonic is: 
EMF = cof M0 Isc (peak)

where
M0 = peak SCM to track coil mutual
cof = fundamental frequency
Isc = superconducting coil current (ampere-turns)

81 off —  ̂  *sc ̂  n (based on 1 / 2 peak EMF)4 L £os

Harmonic (peak) = ̂ —  .̂f Isc. 2J t
2  8 L cos
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Ratings and characteristics of Fuji I CBT (M B T j Hodule

1 M  B  I  4  O O L — 2  O O C e t S - f d t f c S O

1. Outline Drawing 

Unit : bb

* Isolation Voltage (Teralnal to Copper Case) : AC 5400V, 1 oinute

DATE NAME
ORAWNjx. tar. TWW-eAfc

APPROVED Fuji Electric Co^Lid.
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2. Equivalent Circuit

(G J

3. Absolute Haxiaus Ratings ( Tj-25 *C)

I teas Syabols Ratings Units

Collector-eaiIter voltage Veil 2 0 0 0 V

Gale -eaitter voltage Vets ±2 0 V

Col lector 
current

Continuous 1 e 4 0 0

A
1 as I e pulse 8 0 0

Continuous -  I e 4 0 0

1 as —le pulse 8 0 0

Max.power dissipation PC 2 5 0 0 W

Operating teaperature T j + 15 0 t

Storage teaperature Tstg - 4 0  ~  + 1 2 5 •c

Isolation voltage V is AC 5400 (1 nin) V

DATE NAME APPROVED Fuji Electric Ca,Lid.
DRAWN

CHECKED h^sr oziS MT5 F4 fi1 5  2/
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1
4. Static electrical characteristics ( at Tj=25‘C unless otherwise specified )

m
*  I  S  9  o'
* i i  Im« e t a :
! I  i l l

— J i l l !
E ? t £Si f * I rJiS*
i s j l f
i i l i ;
5* l i tI2II2

I tens Synbols
Characteristics

Units
■in. typ. ■ax.

conui u o n s

Zero gate voltage
Ices

10.0 Tj= 25‘C V ct= 0V mA
collector current ffV CE

-2000V m A
Gate-eoitter 

leakage current
Ices 1.0

V ce-  0 V 

V se — ±  2 0 V
V A

Gate-eoitter
threshold

voltage
Vce <th>

*
3.0 6.0

V ce- 2 0 V 

I c -  4 0 0 aA
. V

Collector-eni tter 
saturation

voltage
Vce itat) 3.4 4.5

V 6E— 1 SV 

I c =  4 0 0 A
V

5. Dynaaic ratings ( at Tj =25’C unless otherwise specified )

Items Synbols ■
Characteristics

Conditions Units
nin. typ. nax.

Turn-off tine
toff 2.5 5.0 Vcc®750V. Ic=toOA 

VGE=± 15V,
RG= 1.1 ft ®

v s
tf 1.0 3.0

6 . Characteristics of reverse diode ( at Tj-25’C unless otherwise specified )

Item s S y n b o ls

C h a r a c t e r is t ic s

C o n d i t io n s U n it s

m in . ty p . e a x .

D io d e  fo rw a rd

o n - v o lta g e

V  F

£
3.0

IF  = 400A 

VGE = 0V
V

R e v e rs e  re c o v e ry  

t in e

t  r  r

©

0.6 • •

©
. IF =400A 

VGE=-10V , 900A//is
IIS

DATE NAME APPROVED

DRAWN - -

CHECKED _____i£r1 ^

Fuji Electric Co,LtcL

MT5F4615 It.
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7. Theraal resistance characteristics

I teas Syabols
Characteristicsy ...

> Conditions Uni Is
ain. typ. ■ax. ‘

Theraal

resistance

Rth(j-c) 0.05 1GBT
'C/W

Rth(j-c) 0.24 Diode

Fuji Electric Co,Ltd.
ntTr- r  J  n w  r

\ N A M E APPROVED

DRAWN - -
. - - -  . . .
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