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ABSTRACT 

This  r e p o r t  summarizes an i n v e s t i g a t i o n  i n t o  t h e  c h a r a c t e r i s t i c s  
o f  t h r e e - p h a s e ,  400  Hz, i n d u c t i o n  motors  o f  t h e  g e n e r a l  t ype  
used on a i r c r a f t  and s p a c e c r a f t .  R e s u l t s  o f  l a b o r a t o r y  t e s t s  
conducted i n  t h e  PDCL (Power D i s t r i b u t i o n  and Con t ro l  Labora to ry )  
are p r e s e n t e d  and compared w i t h  r e s u l t s  from a computer program 
developed  by t h e  PDCB (Power D i s t r i b u t i o n  and Con t ro l  Branch) .  
R e p r e s e n t a t i v e  motors were b o t h  t e s t e d  and s i m u l a t e d  under  
nominal c o n d i t i o n s  as well as o f f -nomina l  c o n d i t i o n s  o f  temper- 
a t u r e ,  f requency ,  v o l t a g e  magnitude, and v o l t a g e  ba l ance .  Good 
c o r r e l a t i o n  was a c h i e v e d  between s i m u l a t e d  and l a b o r a t o r y  
r e s u l t s .  The pr imary purpose  o f  t h e  program was t o  v e r i f y  t h e  
s i m u l a t i o n  accuracy  o f  t h e  computer program, which i n  t u r n  w i l l  
be used as an  a n a l y t i c a l  t o o l  t o  s u p p o r t  t h e  S h u t t l e  O r b i t e r .  
O r b i t e r  1 0 2  and  subsequen t  v e h i c l e s  r e q u i r e  approx ima te ly  250 
motors o f  t h e  g e n e r a l  t y p e  d e s c r i b e d  above. A good u n d e r s t a n d i n g  
of t h e  c h a r a c t e r i s t i c s  of t h e s e  motors  i s  essent ia l .  

i i  
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1 .0  INTRODUCTION 

The Space S h u t t l e  O r b i t e r  (OV-102 and subsequent  v e h i c l e s )  w i l l  
have a complement o f  aFproximate ly  2 7 5  e l e c t r i c  motors  of  v a r i o u s  
t y p e s  and s i z e s .  For most a p p l i c a t i o n s ,  t h e  t h r e e - p h a s e  induc-  
t i o n  motor has been s e l e c t e d  because  of  i t s  a v a i l a b i l i t y ,  r e l i a -  
b i l i t y ,  and r e l a t i v e l y  low c o s t .  A thorough knowledge o f  t h e  
c h a r a c t e r i s t i c s  cnd l i m i t a t i o n s  o f  t h i s  t ype  motor i s  r e q u i r e d  
t o  make sound t e c h n i c a l  judgments on i t s  a p p l i c a t i o n .  

This  program c o n s i s t e d  of two s e p a r a t e  a c t i v i t i e s :  (1)  A 

l a b o r a t o r y  t e s t  phasc  where s e v e r a l  r e p r e s e n t a t i v e  motors were 
t e c t e d  on a dynamometer t o  o b t a i n  to rque - speed  c u r v e s  under  
v a r i o u s  nominal and o f f -nomina l  c o n d i t i o n s ,  and ( 2 )  3 computer 
s i m u l a t i o n  Khich p r e d i c t s  t h e  performance o f  t h e s e  same motors 
under s imi la r  c o n d i t i o n s .  Of i n t e r e s t  i s  t h e  performance o f  
t h e  motor under  unbalanced v o l t a g e  and phase  c o n d i t i o n s  i n -  
c l u d i n g  l o s s  o f  one phase and performance a t  each end o f  t h e  
t e m p e r a t u r e ,  f r equency ,  and v o l t a g e  limits. The motors f o r  t h e  
t e s t  were s e l e c t e d  t o  cove r  t h e  speed  and horsepower range  o f  
t h e  m a j o r i t y  o f  OV-102 motors .  The l a b o r a t o r y  p o r t i o n  o f  t h i s  
t a s k  was accomplished by LEC (Lockheed E l e c t r o n i c s  C o . )  under  
C o n t r a c t  NAS 9 - 1 2 2 0 0  and i s  r e p o r t e d  i n  r e f e r e n c e  1. 
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2 . 0  LABORATORY TEST PROGRAB1 

2 . 1  TEST ARTICLES 

SPEED HORSE- No, OF 
ITEH PAKT NO. EYUU’UFACIURER (W POWER WIRES 

~ 

1 42010309-11 Sawyer Ind. Inc. 10,700 0.12 4 

2 FBT 3815-2 IblC bbgnetics Inc. 5,250 0 .50  3 

3 FBT 2318-b I K  Masetics Inc. 7,000 0.25 3 

4 FBT 2914-7 IMC Magnetics Inc. 10,500 0 . 2 5  3 

5 FBT 2914-8 IMC blagnetics Inc. 7,000 0.125 3 

6 kBT 2910-14 IIYC Magnetics Irlc. 10,500 0.125 3 

7 1609 IMC Nagnetics Inc. 10,500 0.015 3 

2 . 2  TEST SET-UP 

Figure 1 shows a t y p i c a l  s e t - u p  used throughout the t e s t .  The 
l i s t  o f  equipment i s  a s  follows: 

Il€M ESCRIPTIOlri M4NUFACIUER M I E L  Nu. 
1 Wattmeter Sensitive Research U21398 

2 Wattmeter tinmnan Aircraft Eng. Corp. 203-1 
3 Wattmeter G r u n m n  Aircraft Eng. Corp. 203-1 
4 Voltmeter Wes ton 433 
5 Anmeter wcs m 904 

6 Amw ter 
7 Amncter 

Wes ton 
Kes ton 

904 
904 

a Current Sensor Amrican Aerospace 1002-50-400 

9 Watt Transducer Scientific Columbus XL34 - 2KSA2 
Controls 

2 



10 X-Y kcorder Honeywell 
11 Recording Oscilloscope C.E.C.  
12 Power Supply Invertran 
13 -meter Magtrol 
14 Digital Indicator kgtrol  
15 Power Supply Magtml 

500 
5- 124A 
1001- T 
HDSOO- 8 
4605-C 
4609/4772 

2 .3  EQUIVALENT C I R C U I T  PARAMETERS 

This  p o r t i o n  o f  tne t e s t  program was used  t o  measure pa rame te r s  
o f  each  motor f o r  i n p u t  t o  t h e  computer program. The e q u i v a l e n t  
c i r c u i t  o f  an  i n d u c t i o n  motor i s  shown i n  f i g u r e  2 .  The a n a l y t -  
i c a l  model used  by t h e  computer  t o  s i m u l a t e  t h e  motor i s  t h i z  
e l e c t r i c a l  e q u i v a l e n t  o f  t h e  motor ;  t h e r e f o r e ,  v a l u e s  of  t h e  
c i r c u i t  pa rame te r s  a r e  e s s e n t i a l .  Most t ex tbooks  on a . c .  

machinery d e s c r i b e  t h e  methods used  t o  o b t a i n  t h e s e  pa rame te r s  
from "no-load" and "blocked r o t o r "  t es t s .  T h i s  i s  d e s c r i b e d  
very thoroughly  i n  r e f e r e n c e  3. The L E C  r e p o r t  ( r e f e r e n c e  1 )  
i n c l u d e s  a t a b l e  l i s t i n g  t h e s e  pa rame te r s  f o r  a l l  t h e  motors  
under t e s t .  R e s u l t s  from o n l y  one motor w i l l  b e  p r e s e n t e d  i n  
t h i s  r e p o r t  and t h i s  motor w i l l  b e  used a s  an  example th roughou t  
t n e  r e p o r t :  

Fifg - S2lriyer I n d u s t r i e s ,  Model No. 42010301-11, 2 0 @  v o l t s ,  
u.12 horsepower,  3 -phase ,  4 - w i r e .  

K1 = 1 0 . 0 2  ohms, R2 = 17.54 ohms, S1=X2 = 16 .7  ohms, 
Sm = 196 o h m ,  Km = 0 (assumed).  

?he  v a l u e s  f o r  winding r e s i s t a n c e  p r e s e n t e d  i n  LEC r e p o r t  were 
o b t a i n e d  a t  room t empera tu re .  The r e s i s t ance  v a l u e s  p r e s e n t e d  
above have been c x t r a 2 o l a t e d  t o  a O°C r e f e r e n c e  f o r  c o m p a t i b i l i t y  



w i t h  t h e  computer program. I t  s h o u l d  be  p o i n t e d  o u t  t h a t  t h e  
accu racy  o i  t h e  computer program can  o n l y  be as good a s  t h e  
accu racy  o f  t h e s e  pa rame te r s .  S e v e r a l  assumpt ions  a r e  used  
i n  o b t a i n i n g  them from "no-load" and "blocked r o t o r "  t e s t s .  
Also  s e v e r a l  d i f f e r e n t  methods a r e  r ecogn ized  t o  c a l c u l a t e  
t h e  v a l u e s  and s e p a r a t e  o u t  t h e  motor l o s s e s .  Good l a b o r a t o r y  
t e s t  t e c h n i q u e s  a re  a l s o  c r i t i c a l  i n  a r r i v i n g  a t  a c c u r a t e  
v a l u e s .  One of  t h e  pu rposes  o f  t h i s  i n v e s t i g a t i o n  i s  t o  com- 
p a r e  r e s u l t s  between t h e  l a b o r a t o r y  t e s t  d a t a  and t h e  computer 
s i m u l a t i o n  and t o  u s e  t h i s  t o  r e f i n e  t h e  assumpt ions  and 
t e c h n i q u e s .  Such v a r i a t i o n s  w i l l  b e  d i s c u s s e d  a s  t h e y  a r e  
made l a t e r  i n  t h e  r e p o r t .  

2 . 4  PERFORNANCE TESTS 

2 . 4 . 1  Test  Method 

These t e s t s  were conducted w i t h  a s e t - u p  as shown i n  f i g u r e  1. 
The o b j e c t i v e  of  t h e  t e s t  i s  t o  measure motor performance a t  
v a r i o u s  t o r q u e  l o a d s  r ang ing  from s t a l l  ( o r  s t a r t i n g )  t o  no 
load .  The p o i n t s  o f  g r e a t e s t  i n t e r e s t  w i l :  b e  t h e  s t a l l  t o r q u e ,  
breakdown t o r q u e ,  and f u l l  l o a d  ( o r  normal running)  t o r q u e .  
These a r e  shown f o r  r e f e r e n c e  i n  f i g u r e  3 which i s  a t o r q u e  
speed  curve  f o r  t h e  Sawyer motor under  nominal c o n d i t i o n s .  
Nominal c o n d i t i o n s  f o r  t h i s  motor  Bre assumed t o  be as f o l l o w s :  
ba l anced  i n p u t  v o l t a g e  of  1 2 0  v o l t s  p e r  phase  w i t h  a phase  
a n g l e  o f  1 2 0 '  between p h a s e s ;  9S°F winding t e m p e r a t u r e ,  and 
400 H z  i n p u t  f requency .  Tests were a l s o  conducted  a t  o f f -  
nominal c o n d i t i o n s .  Curves f o r  these v a r i o u s  c o n d i t i o n s  a r e  
shown i n  f i g u r e s  4 th rough 7 .  
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2 . 4 . 2  E f f e c t  o f  I n p u t  Vol tage  V a r i a t i o n  ( F i g u r e  4 )  

Kockwell/Space D i v i s i o n  s p e c i f i c a t i o n  (hlk 0004-OOZ) , " L l e c t r i c d l  
Design Requirements f o r  E lec t r i ca l  Equipment U t i l i z e d  on t h e  
Space S h u t t l e  Veh ic l e , "  p e r m i t s  a v o l t a g e  swing o f  26.1% from 
nominal .  I f  a l i n e a r  r e l a t i o n s h i p  between i n p u t  v o l t a g c  and 
s t a r t i n g  t o r q u e  i s  assumed and t h e s e  a r e  e x p r e s s e d  i n  terms 
o f  p e r c e n t  cnange from nominal ,  cvery change i n  i n p u t  v o l t a g e  
o f  1% w i l l  r e s u l t  i n  a change i n  s t a r t i n g  t o r q u e  o f  approx i -  
mately 2 % .  This  would i n d i c a t e  t o r q u e  is roughly  p r o p o r t i o n a l  
t o  t h e  s q u a r e  o f  t h e  i n p u t  v o l t a g e ,  Whereas t h i s  i s  n o t  s t r i c t l y  
t r u e ,  i t  is a good ru l e -o f - thumb method t o  e s t i m a t e  motor t o r q u e s  
f o r  s m a l l  v a r i a t i o n s  i n  i n p u t  v o l t a g e .  T h i s  a l s o  a p p l i e s  t o  
f u l l  l o a d  t o r q u e  and breakdown t o r q u c .  I n  t h e  c a s e  o f  t h e  
S h u t t l e  O r b i t e r  w i t h  a p o t e n t i a l  + 6 . l %  v o l t a g e  swing,  we can  
e x p e c t  a t o r q u e  v a r i a t i o n  on t h e  motors ,  due t o  v o l t a g e  v a r i a -  
t i o n  a l o n e ,  of  approx ima te ly  1 2 % .  A p o i n t  o f  c l a r i f i c a t i o n  
i s  needed a t  t h i s  p o i n t  r e g a r d i n g  t h e  o u t p u t  of t h e  motor a t  
a g i v e n  l o a d  (assume f u l l  l o a d  t o r q u e  shown on f i g u r e  3 ) .  An 

i n d u c t i o n  motor o p e r a t i n g  i n  i t s  s t a b l e  o p e r a t i n g  r e g i o n  ( i . e . ,  
t o  t h e  r i k h t  of  t h e  knee o f  t h e  cu rve )  w i l l  a u t o m a t i c a l l y  
compensate f o r  t o r q u e  changes by changing  speed ( o r  s l i p ) .  
By t h e  same token ,  t h a t  same motor ,  when s u b j e c t e d  t o  a 31kier 
v o l t a g e ,  k i l l  a u t o m a t i c a l l y  a d j u s t  t o  t h e  l o a d  a t  a reduced 
speed  p r o v i d e d  t h e  load  t o r q u e  i s  n o t  g r e a t e r  than  t h e  b r r a k -  
down t o r q u e  a t  t n t  lower v o l t a g e .  Tnere i s  a p r a c t i c a l  limit 
on how fa r  one can go i n  o p e r a t i n g  a t  a reduced  v o l t a g e .  Th i s  
becomes a problem when t h e  t o r q u e  r e q u i r e d  by t h e  l o a d  s t a y s  
f i x e d  a s  speed  d e c r e a s c s .  X s i m p l i f i e d  e x p l a n a t i o n  o f  t h i s  
f o l l o w s :  As t h e  motor slows down ( s l i p  i n c r e a s e s )  t o  meet t h e  
t o rque  demand, motor c u r r e n t  i n c r e a s e s .  T h i s  r e s u l t s  i n  
i n c r e a s e d  1 2 K  l o s s e s  i n  t h c  s t a t o r  and r o t o r  and consequen t ly  



i n c r e a s e d  h e a t i n g .  The end r e s u l t  i s  a d e c r e a s e  i n  e f f i c i e n c y  
and p o t e n t i a l  f a i l u r e .  Th i s  i s  n o t  a problem i f  adequa te  
d e s i g n  margins  a re  p rov ided  f o r .  

2 . 4 . 3  E f f e c t  o f  Frequency Varlat1.on ( F i g u r e  5 )  

The e f f e c t  o f  f requency  changes on motor t o r q u e  i s  n o t  as 
s t r a i g h t f o r w a r d  as  v o l t a g e .  F i g u r e  5 shows t h a t  s t a r t i n g  
t o r q u e  and breakdown t o r q u e  d e c r e a s e  w i t h  i n c r e a s i n g  f r equency ,  
whereas  t h i s  i s  n o t  a p p a r e n t  a t  t h e  f u l l  l o a d  to rque .  Th i s  
can  p a r t i a l l y  be e x p l a i n e d  as  f o l l o w s :  The motor i s  h e a v i l y  
i n d u c t i v e  a t  t h e  low speeds  making the impedance very  n e a r l y  
p r o p o r t i o n a l  t o  f requency .  Torque, which i s  p r o p o r t i o n a l  t o  
c u r r e n t  i s  t h e r e f o r e  iower a t  t h e  h i g h  f r equency .  A t  t h e  h igh  
speed  end t h e  i n d u c t i v c  e f f e c t  i s  n o t  n e a r l y  a s  dominate  and 
t h e  h i g h e r  i n h e r e n t  speed  o f  t h e  motor c a u s e s  t h e  cu rve  t o  
s h i f t  i n  f a v o r  of  t h e  h i g n  f requency .  S p e c i f i c a t i o n  MF Oi)04-0n7 
( r e f e r e n c e  4)  s p e c i f i e s  a t o l e r a n c e  of  2 7  H z  (1 .75%) on f r e -  
quency f o r  t h e  O r b i t e r .  I n p u t  power a t  t h e  upper  l i m i t  o f  
t h i s  f requency  range would resu l t  i n  a r e d u c t i o n  i n  s t a r t i n g  
t o r q u e  of  o n l y  3 % .  

2 . 4 . 4  E f f e c t  o f  Phase  Unbalance (F igu re  6 )  

Balanced o p e r a t i o n  is  d e f i n e d  as f o l l o w s :  Each o f  t h e  t h r e e  
phase  v o l t a g e s  a re  e q u a l  i n  magnitude a,id a r e  s h i f t e d  i n  phase  
by 120' from each  o t h e r .  Tests were conducted w i t h  one of  t h e  
t h r e e  phases  s h i f t e d  10' from i t s  nominal p o s i t i o n  making i t  
110' from one phase  and 130' from t h e  o t h e r .  R e s u l t s  shown 
on f i g u r e  6 i n d i c a t e  n e g l i g i b l e  eff-:ct on t o r q u e ,  p a r t i c u l a r l y  
:#hen one c o n s i d e r s  t h a t  t he  phase unbalance  on t h e  O r b i t e r  w i l l  

be h e l d  t o  l ess  than  2' .  Two-phase o p e r a t i o n  i s  shown p l o t t e d  
on t h i s  same f i g u r e  s i n c e  t h i s  can  be c o n s i d e r e d  an  extreme 
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c o n d i t i o n  of  phase  unbalance.  T h i s  d e s e r v e s  some d i s c u s s i o n  
s i n c e  i t  could  e x i s t  on O r b i t e r  i n  t h e  even t  o f  a l o s s  o f  one  
phase  o r  f a i l u r e  o f  a motor  winding.  The fo l lowing  s e t  o f  
c o n d i t i o n s  i s  assumed: 

1. The motor i s  4-wire  w i t h  n e u t r a l  connec ted .  (Note :  
I f  n e u t r a l  i s  no t  connec ted ,  t h e  mot r w i l l  have ze ro  s t a r t i n l ;  
t o r q u e  under  2-phase  c o n d i t i o n s . )  

2 .  The l o s t  phase i s  e l e c t r i c a l l y  d i s c o n n e c t e d  from t h e  
rest  of  t h e  system ( i f  t h e  l o s t  phase  i s  s t i l l  connec ted  t o  
o t h e r  l o a d s  on t h e  f a i l e d  bus ,  t h e  motor  w i l l  g e n e r a t e  an i3lF 
f o r  t h o s e  l o a d s  r e s u l t i n g  i n  a d i f f e r e n t  motor  performance 
c h a r a c t e r i s t i c ) .  

3 .  Two h y p o - j e t i c a l  t ypes  o f  l o a d s  a r e  assumed f o r  t h e  
motor.  Curves f o r  t h e s e  l o a d s  are shown J o t t e d  i n  f i g u r e  6 .  
Curve A r e p r e s e n t s  a c e n t r i f u g a l  blower (o r  f a n )  and cu rve  b 
r e p r e s e n t s  a r e c i p r o c a t i n g  compressor .  Both l o a d s  a r e  s e l ec t ed  
t o  p r e s e n t  a r a t e d  l o a d  on t h e  motor which is  2 3  o z - i n c h e s .  

The i n t e r s e c t i o n  o f  t h e  l o a d  l i n e  w i t h  t h e  t o rque - speed  cu rve  
is the  s t e a d y  s t a t e  o p e r a t i n g  p o i n t .  These are l a b e l e d  1, 2 ,  

and 3 on ,.he f i g u r e .  The c e n t r i f u g a l  blower ( c u r v e  A) r e p r e -  
s e n t s  a L o r y  e a s y  l o a d  f o r  a motor s i n c e  i t  r e q u i r e s  an ex t r eme ly  
low s t a r t i n g  to rque .  With t h i s  t ype  l r a d ,  t h e  motor would 
s t a r t  unuer 2-phase  c o n d i t i o n s  and would r u n  a t  app rox ima te ly  
io, 350 RPM ( o p e r a t i n g  p o i n t  3 ) .  With t h e  r e c i p r o c a t i n g  type  
load  ( cu rve  B ) ,  t h e  motor would n o t  s t a r t  w i t h  two phases  s i n c e  
t h e  l o a d  t o r q u e  i s  h i g h e r  t h a n  t h e  s t a r t i n g  torqLe o f  t he  motor .  
The motor would a l s o  run s lower  w i t h  t h e  r e c i p r o c a t i n g  l o a d  
(approximate ly  9 , 8 5 0  RPlrt). Another  q u e s t i o n  one m i g h t  a s k  
concern ink  t h e  mctor  performance under  2-pf8ase c o n d i t i o n s  i s  
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whether  o r  n o t  t h e  motor would f a i l .  One way t o  approach  t h i s  
q u e s t i o n  is t o  t a k e  a look  a t  t h e  amount o f  power loss Jissi-  
p a t e d  by tne motor under  t h e  v a r i o u s  c o n d i t i o n s .  The motor ,  
o p e r a t i n g  under ba lanced  3-phase c o n d i t i o n s ,  d r i v i n g  e i t h e r  
oT t h e s e  l o a d s  d i s s i p a t e s  approximate ly  50 w a t t s .  The same 
motor,  o p e r a t i n g  under 2-phase  c o n d i t i o n s ,  d i s s i p a t e s  from 
100 t o  130 watts depending on t h e  t y p e  load .  Obviously t h i s  
motor w i l l  run h o t  under t h e s e  c o n d i t i o n s  ana p o s s i t l y  f a i l .  
The re fo re ,  motors which are r e q u i r e d  t o  o p e r a t e  under  2-phase  
c o n d i t i o n s ,  such  as on O r b i t e r ,  must be  a p p r o p r i a t e l y  d e r a t e d .  

2 . 4 . 5  E f f e c t  o f  Temperature V a r i a t i o n  ( F i g u r e  7) 

The e f f e c t  o f  temperature on motor t o r q u e  i s  shown i n  f i g u r e  7. 

Curves f o r  t h r e e  t empera tu re  v a l u e s  a re  shown. U n f o r t u n a t e l y ,  
t h e  l i m i t e d  t empera tu re  range of t h e  l a b o r a t o r y  d a t a  does 
n o t  t e l l  t h e  e n t i r e  s t o r y  of t empera tu re  e f f e c t  on s t a r t i n g  
to rque .  Over  t h e  t empera tu re  range  shown on t h e s e  c u r v e s ,  t h e  
s t a r t i n g  t o r q u e  increases w i t h  d e c r e a s i n g  t empera tu re .  Th i s  
does n o t  ho ld  t r u e  as t h e  t empera tu re  i s  d e c r e a s e d  t o  ze ro  
deg rees  F. and beloh Th i s  w i l l  be d i s c u s s e d  l a t e r  and computer 
p r e d i c t e d  r e s u l t s  w i l l  show t h e  t empera tu re  e f f e c t  down t o  
- 200 OI. . 

2.4.6 E f f e c t  o f  iwo-Phase Opera t ion  on Bus Vol tage  
( F i g u r e s  8 t 9) 

The above d i s c u s s i o n  on t h e  e f f e c t  o f  phase unbalance  assumed 
t h a t  t h e  deene rg ized  phase was e l e c t r i c a l l y  d i s c o n n e c t e d  from 
i t s  r e s p e c t i v e  power bus.  I t  was p o i n t e d  o u t  t h a t  i f  t h i s  
deene rg ized  phase were s t i l l  connec ted  t o  t h e  b u s  and i f  o t h e r  
l o a d s  to t h e  bus  Mere a l s o  connec ted ,  t h e  back EMF of t h e  motor 
winding would be imprcssed on t h o s e  l o a d s .  These l o a d s  i n  t u r n  



would draw c u r r e n t  from t h e  motor and a f f e c t  motor performance.  
In  e f f e c t  t h e  motor would be o p e r a t i n g  as a two-phase motor 
d r i v i n g  a mechanical  l o a d  and a l s o  as a s i n g l e - p h a s e  t r a n s -  
former powering an e lec t r ica l  load .  T h i s  poses  some i n t e r e s t i n g  
q u e s t i o n s  r e g a r d i n g  t h e  performance of  t h e  power d i s t r i b u t i o n  
sys tem as well as t h e  motor i t s e l f .  One t e s t  was conducted 
t o  show t h e s e  e f f e c t s .  The t e s t  s e t - u p  is  shown s c h e m a t i c a l l y  
i n  f i g u r e  8 .  As would be expec ted ,  a v o l t a g e  i s  p r e s e n t  on 
t h e  deene rg ized  bus due t o  magnet ic  coup l ing  between t h e  motor 
windings.  This  v o l t a g e  is shown i n  f i g u r e  9 a s  a f u n c t i o n  of 
bus l o a d  i n  vol t -amps (VA).  The middle  cu rve  i s  most r e a l i s t i c  
s i n c e  t h e  motor has  a mechanical  l o a d  an3  t h e  n e u t r a l  i s  
connected.  The mechanical  l o a d  r e p r e s e n t s  less than  50% o f  
i t s  t h r e e - p h a s e  r a t i n g ;  however, t h i s  i s  probably  a r ea l i s t i c  
s i t u a t i o n  f o r  O r b i t e r  motors.  Under t h i s  c o n d i t i o n  t h e n ,  we 
see approximate ly  91  v o l t s  on an open c i r c u i t e d  bus and i t  
f a l l s  r a p i d l y  t o  approximate ly  4 5  v o l t s  i f  t h e  bus is loaded  
w i t h  a 240 VA l o a d  (60 ohms). 

The top  curve  shows motor d i s s i p a t i o n  a s  a f u n c t i o n  o f  bus 
l oad .  The d o t t e d  l i n e  shows t h e  a p p r o x i n a t e  d i s s i p a t i o n  of 
t h i s  motor under r a t e d  c o n d i t i o n s .  Anything above t h i s  w i l l  
h e a t  t h e  motor above i t s  r a t i n g .  No t i ce  t h a t  w i t h  no mechanical 
l oad  on t h e  mgtor a t  a l l ,  a 210 VA l o a d  w i l l  cause  t h e  motor 
t o  o p e r a t e  above i t s  r a t e d  l e v e l .  Wi th  a 1 0  o z - i n c h  l o a d  on 
t h e  motor, i t  w i l l  o p e r a t e  s a t i s f a c t o r i l y  w i t h  two phases  
provided  t h e  bus load  i s  less than  70 VA. 

This  d a t a  should  not  be cons ide red  i n  a b s o l u t e  terms s i n c e  i t  
is  v a l i d  f o r  on ly  one motor and does no t  t a k e  i n t o  account  
o p e r a t i n g  environments ,  s p e c i a l  mounting, des ign  p a r g i n s  o f  
s a f e t y ,  r e a c t i v e  l o a d s ,  e t c .  I t  is v a l i d  only  t o  show r e l a t i v e  
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e f f e c t s  on bus v o l t a g e  and motor performance w i t h  v a r y i n g  bus 
l oads .  A d d i t i o n a l  t e s t i n b  is needed i n  t h i s  a r e a  t o  look a t  
d i f f e r e n t  s i z e  motors and d i f f e r e n t  bus loading .  

3 . 0  COMPUTER SIMULATION 

3.1 BACKGROUND 

S h u t t l e  O r b i t e r  102 and subsequent  v e h i c l e s  r e q u i r e  approx i -  
mate ly  250 t h r e e - p h a s e ,  400 Hz i n d u c t i o n  motors .  These motors  
r e p r e s e n t  a s i g n i f i c a n t  l o a d  on  t h e  a.c. i n v e r t e r s .  An under-  
s t a n d i n g  of t h e  performance c h a r a c t e r i s t i c s  as well a s  t h e  
e f f e c t  on t h e  a.c. sys tem of t h i s  t y p e  motor is  e s sen t i a l .  For 
t h i s  r eason ,  a l i m i t e d  computer model was developed i n  t h e  
summer of 1975. D r .  N. A. Demerdash o f  VPI ( V i r g i n i a  P o l y t e c h n i c  
I n s t i t u t e )  deve loped  themodel under  t h e  NASA/ASEE Fel lowship  
Program. B a s i c a l l y  i t  computes performance of t h e  motor i L  

terms o f  t o r q u e ,  horsepower,  e f f i c i e n c y ,  e tc .  , u s i n g  Thevenin 's  
e q u i v a l e n t  c i r c u i t  methods and symmetr ica l  component t r a n s -  
fo rma t ion  t echn iques .  This model is d e s c r i b e d  i n  d e t a i l  i n  
r e f e r e n c e  2 .  

3.2 USE 

3 . 2 . 1  Advantages 

The ,omputer model has  t h r e e  b a s i c  advantages .  F i r s t ,  i t  can  
be used t o  g a i n  in fo rma t ion  on motor c h a r a c t e r i s t i c s  when t h e  
motor i t s e l f  is no t  a v a i l a b l e  f o r  t e s t ,  p rov ided  e q u i v a l e n t  
c i r c u i t  pa rame te r s  of t h e  motor can  b e  o b t a i n e d .  These p a r a -  
meters  can u s u a l l y  be o b t a i n e d  from t h e  motor manufac turer .  
Second, a l a b o r a t o r y  program t o  t es t  a motor under s e v e r a l  
o p e r a t i n g  c o n d i t i o n s  is time consuming and r e q u i r e s  a l a r g e  
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v a r i e t y  of t e s t  equipment.  The computer can s i m u l a t e  t h e s e  
v a r i o u s  c o n d i t i o n s  and o b t a i n  results i n  a f r a c t i o n  o f  t h e  time. 
Th i rd ,  t h e  computer can e a s i l y  app ly  d e s t r u c t i v e  e x i t a t i o n  and/  
o r  o p e r a t i n g  c o n d i t i o n s  w i t h  no f e a r  o f  d e s t r o y i n g  expens ive  
components. Worse case combina t ions  which are  d i f f i c u l t  t o  
rea l ize  i n  t h e  l a b o r a t o r y  c a n  a l s o  b e  examined. 

3.2.2 L i m i t a t i o n s  

The computer model has  s e v e r a l  l i m i t a t i o n s  on accuracy  and  
o p e r a t i n g  modes. Some o f  t h e  more s i g n i f i c a n t  o f  t h e s e  axe 
d i s c u s s e d  below: 

1. The e q u i v a l e n t  c i r c u i t  i s  on ly  an approximat ion  of t h e  
a c t u a l .  

2 .  The e q u i v a l e n t  c i r c u i t  pa rame te r s  a re  o b t a i n e d  a t  o n l y  
two p o i n t s  on t h e  to rque / speed  cu rve  ( i . e . ,  no  l o a d  and s t a l l ) .  

3. Judgment f a c t o r s  are  needed t o  de t e rmine  whether  o r  
n o t  s k i n  e f f e c t  i n  s t a t o r  slots must be cons ide red .  

4 .  The program does n o t  take i n t o  account  n o n s i n u s o i d a l  
i n p u t  v o l t a g e s .  

5. Rule-of-thumb approximat ions  a r e  made i n  de t e rmin ing  
and s e p a r a t i n g  o u t  t h e  v a r i o u s  l o s s e s  f o r  i n p u t  t o  t h e  computer.  
These i n c l u d e  c o r e  l o s s e s ,  copper  l o s s e s ,  f r i c t i o n  and windage 
l o s s e s ,  and s t r a y  l o a d  l o s s e s .  

Even w i t h  t h e  above l i m i t a t i o n s ,  good c o r r e l a t i o n  between 
computer and l a b o r a t o r y  r e s u l t s  can be ach ieved .  As was s t a t e d  
ea r l i e r ,  one of  tne purposes  o f  t h i s  program was t o  i d e n t i f y  t h e  
d i s c r e p a n c i e s  and t o  u s e  t h e  i n f o r m a t i o n  t o  r e f i n e  bo th  t h e  
computer model and l a b o r a t o r y  t e s t  t echn iques .  T h i s  i s  a n  a r e a  
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where f u t u r e  work is  a n t i c i p a t e d .  I n  some cases where a b s o l u t e  
v a l u e s  are r e q u i r e d ,  i t  may be  n e c e s s a r y  t o  conduct  l a b o r a t o r y  
t c  ;ts. In  o t h e r  cases where a g e n e r a l  t r e n d  is o f  i n t e r e s t ,  
t!.s computer model s h o u l d  s u f f i c e .  

3.3 RESULTS 

3.3.1 O r i g i n a l  Parameters 

M t o r  performance c h a r a c t e r i s t i c s  were o b t a i n e d  f o r  t h e  same 
o1:erat ing c o n d i t i o n s  p r e v i o u s l y  d e s c r i b e d  fo r  t h e  l a b o r a t o r y  
tes t  t o  show t h e  deg ree  o f  c o r r e l a t i o n  between l a b o r a t o r y  and 
computer r e s u l t s .  Curves are  shown i n  f i g u r e s  1 0  th rough  13. 
I n  comparing t h e s e  c u r v e s  w i t h  t h e  l a b o r a t o r y  r e s u l t s ,  i t  i s  
a p p a r e n t  t h a t  t h e  computer c o n s i s t e n t l y  shows a h i g h e r  s t a l l  
t o r q u e  and a lower f u l l  l o a d  t o r q u e  t h a n  a c t u a l .  The d i s c r e p -  
ancies are s i g n i f i c a n t  enough t h a t  an e x p l a n a t i o n  and,  if 
p o s s i b l e ,  some re f inemen t  i n  t h e  computer program o r  t e s t  
t echn ique  i s  needed.  

3.3.2 Improved Pa rame te r s  

The l a b o r a t o r y  d a t a  c o n s i s t e n t l y  shows a drooping  t o r q u e  
c h a r a c t e r i s t i c  as t h e  s t a l l  p o i n t  i s  approached.  Th i s  i s  due 
t o  h e a t i n g  n f  t ne  r o t o r  and s t a t o r  which i s  s i g n i f i c a n t  a t  
lcw speeds .  k v a r i a t i o n  i n  t e s t  methods cou ld  c o r r e c t  t h i s  
problerr.. i.owever, f o r  t h e  pu rpose  of t h i s  r e p o r t ,  t h e  drooping  
char;> . : terist ic i s  n e g l e c t e d .  Fu tu re  l a b o r a t o r y  t e s t  p rocedures  
wil., be r e v i s e d .  

TextLooks on Lhe s u b j e c t  o f  t es t  methods t o  o b t a i n  e q u i v a l e n t  
c i r c u i t  pa rame te r s  d i f f e r  i n  t h e i r  approach  t o  o b t a i n i n g  t h e s e  
p a r s x  ers.  I n  view of  t h e  d i s c r e p a n c y  between computer and 
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l a b o r a t o r y  results,  i t  was dec ided  t o  r e p e a t  t h i s  tes t  u s i n g  
a d i f f e r e n t  approach.  S h o r t  c i r cu i t  tests were conducted 
u s i n g  a reduced f requency  a s  well a s  reduced v o l t a g e .  This  
more n e a r l y  s i m u l a t e s  t h e  a c t u a l  c o n d i t i o n s  i n  t h e  r o t o r  d u r i n g  
o p e r a t i o n .  Reactance pa rame te r s ,  u s i n g  t h e  r e v i s e d  t e s t ,  were 
approximate ly  10% h i g h e r  than  b e f o r e .  Rotor r e s i s t a n c e  showed 
a d e c r e a s e  o f  approximate ly  20%. A second s e t  of performance 
c h a r a c t e r i s t i c s  were o b t a i n e d  u s i n g  t h e  r e v i s e 3  pa rame te r s .  
These r e s u l t s  a r e  shown i n  f i g u r e s  1 4  through 1 7 .  A compari-  
son between t h e s e  cu rves  and t h e  l a b o r a t o r y  d a t a  shows good 
c o r r e l a t i o n  especially a t  s t a r t i n g  and r a t e d  l o a d s  , which a r e  
t h e  p o i n t s  o f  i n t e r c s  t. 

Operating Parameter Lab. Data 
Starting Torque ( 0 z . h . )  35.0 

F u l l  Load Speed @ 23 oz-in 10,806 
(RPM) 

Gnuputer Percent 
Data Variation 

33.6 4.0% 

10,600 1.9% 

A l s o  f o r  comparison pu rposes ,  f i g u r e  1 8  shows cu rves  a t  
nominal c o n d i t i o n s  o b t a i n e d  by t h e  t h r e e  d i f f e r e n t  methods- 
l a b o r a t o r y ,  computer d a t a  w i t h  o r i g i n a l  p a r a m t e r s ,  and computer 
d a t a  w i t h  r e v i s e d  pa rame te r s .  

3 . 3 . 3  Extreme Opera t ing  Cond i t ions  

The degree  of  c o r r e l a t i o n  ach ieved  us ing  t h e  r e v i s e d  pa rame te r s  
permits a good conf idence  l e v e l  i n  t h e  computer r e s u l t s .  With 
t n i s  t h e n ,  we can look a t  extreme and p o s s i b l y  d e s t r u c t i v e  
c o n d i t i o n s  and p r e d i c t  motor performance.  S i n c e  t h e  number of  
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extreme c o n d i t i o n s  i s  u n l i m i t e d  and f o r  t h e  most p a r t  o f  no 
i n t e re s t  i n s o f a r  as O r b i t e r  is concerned ,  on ly  one such  con- 
d i t i o n  w i l l  be examined. Temperature  seems t o  be t h e  most 
l o g i c a l  s i n c e  some of t h e  O r b i t e r  motors  w i l l  e x p e r i e n c e  a 
wide range  o f  o p e r a t i n g  temperatures. F i g u r e  1 7  shows t o r q u e  
speed  cu rves  f o r  s e v e r a l  t empera tu res  r ang ing  from -200'F t o  
250OF. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  changing shape  of t h e  
cu rve  as t empera tu re  is dec reased .  The low t empera tu re  c u r v e  
has  a shape  very  similar t o  a NEMA Design "A" which is  charac- 
t e r i z e d  by normal s t a r t i n g  t o r q u e ,  low s l i p ,  and h igh  e f f i c i e n c y .  
A t  h i g h  t empera tu res  t h e  c u r v e  i s  s i m i l a r  t o  a NEMA Design "D" 
which is c h a r a c t e r i z e d  by h igh  s t a r t i n g  t o r q u e ,  h i g h  s l i p ,  and 
low o p e r a t i n g  e f f i c i e n c y .  Th i s  t y p e  c h a r a c t e r i s t i c  i s  u s u a l l y  
ach ieved  by u s i n g  h i g h e r  r e s i s t a n t  m a t e r i a l s  i n  t h e  r o t o r .  
F igu re  19 shows how s t a r t i n g  and breakdown t o r q u e s  vary  w i t h  
t empera tu re .  Th i s  cu rve  s h o u l d  be  o f  i n t e r e s t  t o  an a p p l i -  
c a t i o n s  e n g i n e e r  who h a s  t o  select  a motor f o r  u s e  where a 
l a r g e  v a r i a t i o n  i n  o p e r a t i n g  t empera tu re  i s  a n t i c i p a t e d .  

4 . 0  CONCLUSIObiS 

The performance c h a r a c t e r i s t i c s  o f  most i n t e r e s t  t o  an a p p l i -  
c a t i o n s  e n g i n e e r  u s i n g  i n d u c t i o n  motors  are speed ,  t o r q u e ,  
and t h e  i n p u t  e l e c t r i c a l  pa rame te r s  and how t h e s e  vary  w i t h  
o p e r a t i n g  c o n d i t i o n s .  T h i s  r e p o r t  d e s c r i b e d  t h e  e f f e c t  o f  
s e v e r a l  o f f - n o m i n a l  o p e r a t i n g  c o n d i t i o n s  such as could  be 
encoun te red  on t h e  S h u t t l e  O r b i t e r .  The d a t a  shows t h a t  f r e -  
quency and phase unbalance  have a ve ry  minimal e f f e c t  on  motor 
performance.  For example,  a t  t h e  upper  l i m i t  o f  t h e  f requency  
t o l e r a n c e ,  the s t a r t i n g  to rque  i s  on ly  3% below nominal.  T h e  
e f f e c t  o f  t h e  maximum phase unbalance  i s  even s m a l l e r .  Vol tage  
and t empera tu re  v a r i a t i o n s  have a s i g n i f i c a n t  e f f e c t  on motor 
performance however, p a r t i c u l a r l y  on s t a r t i n g  to rque .  For 



example,  a v o l t a g e  v a r i a t i o n  of s6%,  which cou ld  be encoun te red  
on O r b i t e r ,  a f f e c t s  s t a r t i n g  t o r q u e  approx ima te ly  + 1 2 % .  Temper- 
t u r e  v a r i a t i o n s  can  a f f e c t  s t a r t i n g  t o r q u e  by as much as 50%. 

The data a c q u i r e d  d u r i n g  t h e  l a b o r a t o r y  p o r t i o n  of t h i s  program 
was a l s o  u s e f u l  i n  v e r i f y i n g  t h e  accuracy  of t h e  computer p r o -  
gram. As a r e s u l t ,  some re f inemen t s  i n  t h e  methods used  t o  
a c q u i r e  i n p u t  d a t a  f o r  t h e  computer were developed.  The computer- 
p r e d i c t e d  r e s u l t s ,  f o r  nominal o p e r a t i n g  c o n d i t i o n s ,  were found 
t o  be  w i t h i n  & 4 %  o f  a c t u a l  t e s t  r e s u l t s .  Th i s  is c o n s i d e r e d  
s a t i s f a c t o r y  where trends r a t h e r  t h a n  a b s o l u t e  v a l u e s  a r e  
r e q u i r e d .  
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