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ABSTRACT 

Several o f  the  l e a d i n g  t h e o r e t i c a l  developments 
d e s c r i b i n g  the  b e h a v i o r  o f  s q u i r r e l  cage i n d u c t i o n  
motors w i t h  f a u l t e d  cages are reviewed. Key features 
o f  these and other developments are used t o  develop a 
f l e x i b l e  computer based i n s t r u m e n t  which processes 
motor c u r r e n t  data t o  d e r i v e  i n f o r m a t i o n  concern ing 
the i n t e g r i t y  o f  the  r o t o r  cage. Such an instrument 
was b u i l t  and  t e s t e d  i n  t h e  l a b o r a t o r y  on  an 
i n s i d e - o u t  motor w i t h  v a r i o u s  f a u l t s  imposed on i t .  
The i n s t r u m e n t  was t h e n  s e n t  i n t o  t h e  f i e l d  f o r  
unass is ted  t r i a l s  a t  v a r i o u s  power p lan ts  w i t h  good 
r e s u l t s .  The PC based inst rument  i s  now commercial ly 
ava i lab le  through the General E l e c t r i c  Company. '. 

I IdTRODUCT ION 

Recent s t a t i s t i c a l  d a t a  [ l ]  concern ing f a i l u r e s  
among u t i l i t y  si;: i n d u c t i o n  motors i n d i c a t e  that 
a t  l eas t  10% of the f a i l u r e s  are r o t o r  r e l a t e d  and 
h a l f  o f  t h e s e  a r e  due t o  f a u l t s  i n  t h e  cage. 
F i e l d  experience suggests t h a t  the i n c i d e n c e  o f  
b r o k e n  r o t o r  b a r s  i s  a c t u a l l y  much h i g h e r .  
Complicating t h i s  problem has been the . d i f f i c u l t y  
o f  determin ing t h a t  the re .  indeed i s  a  'broken bar 
and n o t  another problem h a v i n g  s i m i l a r  symptoms 
such as excessive v i b r a t i o n  o r  noise and sparking 
dur ing  s t a r t i n g .  Such symptoms w i l l  u s u a l l y  be 
ev ident  on ly  when several bars have been broken i n  
any c a s e .  O f t e n  a m o t o r  w i l l  be s e n t  o u t  
repeatedly fo r  balancing i n  an attempt t o  remedy a 
p o t e n t i a l  cause o f  v i b r a t i o n s ,  when the cause o f  
the v i b r a t i o n s  i s  r e a l l y  due t o  the presence o f  
broken bars. 

I n  the past,  tes ts  designed f o r  use i n  the shop o r  
when the motor i s  shut down, have been on ly  p a r t l y  
s a t i s f a c t o r y .  The need f o r  a more s e n s i t i v e  
t e s t i n g  method was recognized and i t  was ev ident  
t h a t  an ' o n - l f n e '  m o n i t o r  s h o u l d  be used .  A 
n ,~nber  o f  s tud ies were d i r e c t e d  toward developing 
such an ' o n - l i n e '  system. Typ ica l  o f  these were 
t h e  t h e o r e t i c a l  p a p e r s  o f  Y i l l i a m s o n  1 2 )  and 
Delero i  [ 3 ) .  The f i r s t  such on l i n e  monitor t o  be 
d e v e l o p e d  and used  was t h e  s h a f t  o s c t l l a t i o n  
d e t e c t o r  o f  Gaydon ( 4 1 .  

The development work r e p o r t e d  i n  t h i s  paper was 
s t a r t e d  i n  1984 u n d e r  t h e  sponsorsh ip  o f  the  
f l e c t r i c  Power Research I n s t i t u t e .  The r e s u l t i n g  
d e t e c t o r  has t h e  s e n s i t i v i t y  t o  d e t e c t  t h e  
presence o f  a  s i n g l e  b roken  b a r  o r  an open end 
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r i n g .  Tes t  r e s u l t s  suggest t h a t  even cracks or 
bad j o i n t s  may be d e t e c t a b l e .  Three f u r t h e r  
requi rements were imposed by the sponsor. These 
r e q u i r e d  the inst rument  t o  be: 

- 
I. C a p a b l e  o f  o p e r a t i o n  ( w i t h  l e s s  

s e m s i t i v i t y )  u s i n g  o n l y  one t e s t ,  
2. Operable, w i t h  l i t t l e  o r  no t r a i n i n g ,  by 

the average inst rumentat ion technician. 
3. No@-invasive. 

I t  was r e c o g n i z e d ,  h o w e v e r ,  t h a t  t h e  b e s t  
a p p l i c a t i o n  would be i n  a t rending mode s t a r t i n g  
w i t h  a basel ine t e s t  when the motor was i n  known 
good c o n d i t i o n .  A f o u r t h  requirement d i c t a t e d  
t h a t  t h e  s y s t e m  s h o u l d  have a s e n s i t i v i t y  
s u f f i c i e n t  f o r  d i s c r i m i n a t i n g  th?  precence o f  a 
s i n g l e  broken bar and a v e r t i n g  f a l s e  alarms due 
t o  o t h e r  r o t o r  asymmetries. 

1 1  FAULT MODtLII{C 

When a r o t o r  bar  breaks, the current  path i n  the 
cage w i l l  r e d i s t r i b u t e  as shown i n  Fig. 1 where 
F ig .  1 (a) depic ts  the current  d i s t r i b u t i o n  i n  an 
i d e a l  cage. F ig .  1 ( b )  dep ic ts  the approximate 
r e d i s t r i b u t i o n  o f  c u r r e n t  when a s i n g l e  bar i s  
c o m p l e t e l y  s e v e r e d .  H o s t  t h e o r i e s  o f  m o t o r  
performance w i t h  broken bars s t a r t  w i th  a ladder 
network approach (F ig .  2 [ 3 ] )  t o  modeling a roto; 

Endr~ng 
Current Pattern in Healthy Rotor Bars 

F ig  - Current  p a t t e r n s  i n  an i n d u c t i o n  motor  
r o t o r  w i t h  ( a )  a l l  bars heal thy and (b )  
one broken bar. 



.---- - 
similar t o  -the ~ G - d ~ ? c t ~ - l n - F i g .  1. In the 
ladder network approach (Fig Z . ) ,  e a c h  bar and 
end are assigned appropriate self inductances and 
reststances. Hutual effects are usually handled 
by calculating the resultant alr-gap flelds, In 
simplifled geometry, based o n  assumed currents 
and s o l v l n g  for t h e  self c o n s i s t e n t  currents. 
The b r e a k  m a y  be m o d e l e d  b y  s u b t r a c t  lng t h e  
symmetrical currents s o  t h a t  t h e  broken bar is 
replaced by the current generator as shown. 

fig. 2 - L a d d e r  n e t w o r k  m o d e l  o f  a r o t o r  c a g e  
w i t h  o n e  b r o k e n  bar. 

T h e  e f f e c t  o n  s t e a d y  s t a t e  p e r f o r m a n c e  w a s  
calculated by Havridis [ S ] .  The current and full 
load slip are shown in Fig. . 3  as a function o f  
t h e  n u m b e r  o f  b a r s  b r o k e n  p e r  p o l e .  It is 
i m m e d i a t e l y  e v i d e n t  t h a t  t h e  r e s u l t a n t  
performance modiflcation w o u l d  be difficult t o  
m e a s u r e  in t h e  l a b o r a t o r y  and I m p o s s i b l e  t o  
measure in the field. Torque pulsations would, 
h o w e v e r ,  b e  q u i t e  l a r g e  ( r i g .  4) a n d  t h e  
resulting speed oscillations may be used to imply 
Lhe presence of a broken bars if the net inertia 
is not t o o  l a r g e  [4]. W i l l i a m s o n  [ 2 ]  used a 
detailed circuit model t o  find the redistribution 
o f  t h e  c u r r e n t s  ifi a b r o k e n  b a r  r o t o r .  A n  
example o f  these calculations is given in Fig. 5 
w h e r e  t h e  l a r g e  i n c r e a s e  in l o s s e s  in b a r s  
adjacent to the break is strikingly illustrated. 
Deleroi [3] used a s i m i l a r  but m u c h  simplified 
model which neglected the stator windings. Such 
f e a t u r e s  a s  t h e  a s y m m e t r y  w e r e  lost but t h e  
closed form results were adequate for use in this 
study and convenient for examining large numbers 
o f  m o t o r  designs. In c o n t r a s t  C l k a s a g b i  [6] 
carrled out a series o f  h i g h l y  detailed finite 
e l e m e n t  m e t h o d  s t u d i e s  ( F i g s .  6 & 7) w h i c h  
verified that the prior work was valid at low and 
normal slip but not at high slip. 

Bar Breaks 

T 
Bar Brealu 

(% ot b l e d  Torque) , 

1 0  20 30 40 5 0  
No. of Bars Broken in % of No. of Bars:Pole 

fig. 4 - E f f e c t  o f  b r o k e n  b a r s  o n  t o r q u e  
p u l s a t i o n s .  

I 

4 4  .48 52 56 60 6 4  68 72 
I rolor-bar n u m b e r  

0 s - 1  

Theorel~cal variation ol excess power loss in rolor bars. at . 0 10 
slip values of 0.05. 0.10, and 1.00. Bar number 4 8  broken. 

0 s - 0.05 
1 Fig. 5 P n d i c t i o n ' o f  p o w e r  l o s s  i n  b a r s  

a d j a c e n t  t o  b r e a k .  ! 

No. of Bars Broken In O b  of the No. of BarslPole 

Fig. 3 - Effect o f  broken bars o n  steady state 
(fundamental) performance. 

Fig. 6 - T h e  f i e l d  d i s t r i b u t i o n  a t ' f u l l  load 
( 1 7 6 0  rpm). 

(a) n o  broken bars (b) five broken bars 



Torque (N.rn) When t h e  c o u n t e r - r o t a t i n g  waves a r e  transformed, 
t o  t h e  s t a t i o n a r y  f r ame  t h e  s p a c e  h a r m o n i c s  

Manulecturer spec. become t ime harmonics. F i g .  9  shows the spectrum 
o f  t h e  a i r - g a p  f l u x  d e n s i t y  a t  one p o i n t  i n  t h e  
s t a t i o n a r y  frame f o r  a  . t y p i c a l  2500 HP, 900 RPH 
gas r e c i r c u l a t i o n  f an  motor w i t h  one b roken  ba r .  
N o t e  t h a t  e a c h  l i n e ' i s  a c t u a l l y  t w o  l i n e s  

1"- separa ted by t w i c e  the s l i p  f r equency  (60s )  b u t  
n o t  r e s o l v e d  on t h e  p r i n t e r  a t  t h i s  sca le .  The 
a c t u a l  f r equenc ies  are  g i v e n  by  

f, - fo  [ ( ~ / P I O - ~ )  8 s l  
where 

Slip frequency (Hz) f - l i n e  frequency ( u s u a l l y  60 Hz) 
k. = harnlonic index ( k  = 1,  2, 3,. . ) 

0  10 20 30 40 50 60 p  - number o f  po le  p a i r s  

F i a  C o m p u t e d  t o r q u e - s l i p  f r e q u e n c y  s  - per  u n i t  s l i p  

c h a r a c t e r i s t i c s  f o r  t he  30 hp i n d u c t i o n  
m L i o r  w i t h  z e r o ,  one, and f i v e  b roken  A l l  o f  these f requenc ies  w i l l  be p r e s e n t  i n  t h e  
b a r s .  a i r - g a p  f l u x .  The spectrum shape shown i n  F i g .  9  

i s  c o n t r o l l e d  by  t h e  r o t o r  p a r a m e t e r s  combined 
i n t o  t h e  "cage m a g n e t i c  R e y n o l d s  number '  o r  
"motor goodness fac tor ' .  The shape does n o t  va ry  

The s i m p l i f i e d  t h e o r y  [ 3 ]  may b e  u s e d  t o  a  g r e a t  dea l  f o r  most l a r g e  power p l a n t  mo to rs .  
i l l u s t r a t e  t h e  n a t u r e  o f  t h e  a i r - g a p  f i e l d s  i n  When t h e  w i n d i n g  p i t c h  and d i s t r i b i t i o n  f a c t o r s  
t he  presence o f  a  b a r  b r e a k .  F i g .  8  shows how a r e  a p p l i e d .  and t h e  1  i ne  c u r r e n t  c a l c u l a t e d  t h e  
t h e  a i r - g a p  f l u x  d e n s i t y  phaso rs  o f  t h e  f a u l t  spect rum o f . F i g .  10 i s  obta ined.  The p o l e  p i t c h  
d is turbance va ry  around t h e  r o t o r .  The r e a l  and o f  t h e  w i n d i n g  must a l s o  be t a k e n  i n t o  a c c o u n t  
i m a g i n a r y  components o f  t h e  pl lasor a r e  d e p i c t e d  w h i c h  rempves a l l  bu t  t h e  checked  l i n e s  i . e . ,  
i n  planes arranged pe rpend i cu la r  t o  the az imu tha l  t he  "no rma l "  harmonics  excep t  t h a t  t h e  " b r o k e n  
d i r e c t i o n  i n  a  c o o r d i n a t e  sys tem f i x e d  t o  t h e  b a r "  l i n e s  appear a t  d i s p l a c e d  f requenc ies  g i v e n  
r o t o ' r .  I t  may b e  s e e n  t h a t  t h e  m a g n i t u d e  by equa t i on  (1) .  Due t o  a a n u f a c t u r i n g  t o l e r a n c e s  
d i m i n i s h e s  and phase i n c r e a s e s  as t h e  d i s t a n c e  o t h e r  f r equenc ies  may n o t  e x a c t l y  cancel  o u t  and 
f r o m  t h e  b r e a k  i n c r e a s e s .  D i r e c t l y ,  o v e r  - t h e  may b e  m e a s u r a b l e  b u t  o f  u n p r e d i c t a b l e  
b reak  t h e r e  i s  an a b r u p t  r e v e r s a l  o f  . t h e  f i e l d  amp1 i t u d e .  T h e  m a j o r  h a r m o n i c s  w ' l l  b e  
some l imes  d e s c r i b e :  as a  s w i r l .  The  f i e l d  p r e d i c t a b l e  and r e p r o d u c i b l e  and f o r m  t h e  b a s i s  
anomaly r o t a t e s  a t  t h e  mechan i ca l  speed o f  the  o f  t h e  m o t o r  " p e r s o n a l i t y "  u s e d  i n  t h e  
r o t o r  s i n c e  i t  4s f i x e d  t o  t he  b-roken b a r .  The i n s t r u m e n t .  The magni tude o f  t h e  f u n d a m e n t a l  
r o t a t i n g  f l u x  and c u r r e n t  a r e  p u l s a t i n g  a t  s l i p  c o m p o n e n t  f o r  a  s i n g l e  b r o k e n  b a r  w i l l .  
frequency. The f l u x  d i s t r i b u t i o n  may be r e s o l v e d  t y p i c a l l y ,  be about 35 t o  4 5  db be low t h e  60 Ilz 
i n t o  a  s e r i e s  o f  c o u n t e r - r o t a t i n g  s l i p  f requency power component o f  c u r r e n t  compared t o  r e s i d u a l  
waves o f  d e c r e a s i n g  w a v e l e n g t h  on t h e  r o t o r  as m a g n i t u d e s  t y p i c a l l y  60 d b  b e l o w  t h e  6 0  tlz 
seen f rom t t ie  s t a t o r .  Note  t h a t  the  fundamental 

J? 
componen t  f o r  good  m o t o r s .  

o f  these waves i s  always two p o l e  r e g a r d l e s s  o f  
the  number o f  p o l e s  on t h e  s t a t o r .  
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f i g .  8 Phasors o f  a i r - g a p  f l u x  d e n s i t y  a long a 
broken b a r  r o t o r  cage. 

F i g .  9 A i r - g a p  f l u x  spec t rum as seen f rom t h e  
s t a t o r  o f  an 8 - p o l e  gas r e c i r c u l a t i o n  
f a n  w i t h  one b r o k e n  b a r .  



pred ic ted  to -be  present .  

- .  \/ - . - .  
G~025701 f o r  an asyn~met ry  sand t h i s  p r o p e r t y  i s  used t o  - 

As p r e v i o u s l y  mcnt ioned, when the  s e n s i t i v i t y  i s  
h i g h  enoug l~  t o  d e t e c t  the  p resence  o f  a  s i n g l e  
b r o k e n  b a r  o t h e r  r o t o r  asymmet r ies  may cause 
c o n f u s i o n  and f a l s e  a larms.  A  b r i e f  s t u d y  ( 7 )  
was c a r r i e d  o u t  t o  es t imate  the  magnitude o f  the 
l i k e l y  i n t e r f e r i n g  e f f e c t s .  A  comparison o f .  the ,, f i r s t  few a i r - g a p  harmonics f o r  these e f f e c t s  
w i t h  those  f o r  a  :i,tgle broken b a r  i n  a  t y p i c a l  
motor i s  shown i n  F ig.  11. Note t h a t  the re  i s  a  
r e a l  p o s s i b i l i t y  o f  m i s t a k i n g  t h e  e f f e c t s  o f  a  
r o t a t i n g  e c c e n t r i c i t y  ( b e a r i n g  w h i r l )  o r  an out  
o f  round r o t o r  f o r  a  b roken  b a r  e s p e c i a l l y  f o r  
t w e  p o l e  m a c h i n e s .  The c a s e  o f  m a g n e t i c  
a n i s o t r o p y  shown i s  f o r  an e x t r e m e  s i t u a t i o n  
which i s  u n l i k e l y  t o  be seen i n  p r a c t i c e .  F ig .  

( 
11 a l s o  suggests the way i n  which such ambigui ty  , 

, .--\ may be r e s o l v e d .  I t  i s  e a s i j y  seen t h a t  the  
harmonics o f  a  broken bar  a r e  much g r e a t e r  than '. L, 

1. Broken Rotor Bar 
2. Rotating Eaentricity 
3. Magnetic Orientation in Rotor Laminalions 
4. Rotating Ovality (Rotor Out of Round) 

Alrgap Harrnonlc 

d i f f e r e n t i a t e  t h e  cases .  I n  s i t u a t i o n s  where 
t h e r e  i s  more t h a n  one b a r  broken t h i s  feature 
w i l l  r a r e l y  be needed due t o  t h e  .unmis takab le  I s i z e  o f  t h e  s i g n a l .  

I I I. COI4TROLLED EXPtRlHENTS 

A s e r i e s  o f  e x p l o r a t o r y  experiments were c a r r i e d  
o u t  on a  h e a v i l y  i n s t r u m e n t e d ,  50 I I P ,  1800 RPH 
m o t o r  o f  s t a n d a r d  d e s i g n  t o  v e r i f y  t h e  m a j o r  
a s p e c t s  o f  t h e  t h e o r y ,  and t o  examine v a r i o u s  
p o s s i b l e  i n d i c a t o r s  and  o t h e r  m e t h o d s  o f  
d e t e c t i o n .  Among the r e s u l t s  o f  t h i s  p a r t  o f  the 
s tudy  were t h e  developments o f  a  s i m p l i f i e d  f H  
demodulat ion dev ice  t o  implement a  low cost sha f t  
o s c i l l a t i o n  d e t e c t o r  and an ensemble averag ing  
system a p p l l e d  t o  an a i r - g a p  f l u x  sensor. The 

30 - 

i g  11 Comparison o f  a i r - g a p  f l u x  spec t ra  f o r  
a  s i n g l e  b r o k e n  b a r  w i t h  v a r i o u s  
asyrrmetries i n  a  t y p i c a l  4 po le motor.  

0 1 W 200 300 400 500 l a t t e r  instrument was s e n s i t i v e  enough t o  map the 
c o n d u c t i v i t y  v a r i a t i o n s  o f  t h e  b a r s  due t o  

FREOUENCY - HERTZ c a s t i n g  n o n u n i f o r m i t i e s  and i n c l u d e d  t h e  

F ig .  10 P r e d i c t e d  l i n e  c u r r e n t  f o r  a  s i n g l e  c a p a b i l i t y  o f  l o c a t i n g  t h e  f a u l t y  b a r  on t h e  

broken bar (based on F ig .  8) w i t h  p i t c h  r o t o r .  A l l  t h r e e  approaches have been r e p o r t e d  
e l s e w h e r e  ( 8 1 ,  [ 9 ]  and patented ' (2  g ran ted .  1  and d i s t r i b u t i o n  f a c t o r s  and inductance p e n d i n g )  . a o ~ l  i e d .  Only t11e checked harmonics are 

C 
U 
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R 

The n ~ a j o r . d a t a b a s e  u n d e r l y i n g  t h e  i n s t r u m e n t  
c a l i b r a t i o n  wds o b t a i n e d  f rom two sources:  

r' 

( 1 )  A  s e r i e s  o f  d e t a i l e d  t e s t s  r u n  on a  3 5  
ItP, 6  p o l e  i n s i d e - o u t  m o t o r ,  w h i c h  was 
designed t o  s imu la te  the c h a r a c t e r i s t i c s  o f  a  
l a r g e  power p l a n t  motor .  

( 2 )  A  number o f  moto r  t e s t s ,  o n - . i t e  and a t  
v a r i o u s  power p l a n t s  t o  o b t a i n  r e a l i s t i c  
f i e l d  d a t a .  

E :::I 
P 
E 
A 
E 

o 

I n  the o n - s i t e  t e s t s  one motor was fotrnd t o  have 
a  ' b r o k e n  b a r  p r e v i o u s l y  unsuspec ted  by  p l a n t  
p e r s o n n e l .  

The use o f  an overhung ,  b a r  wound, i n s i d e - o u t  
m o t o r  a1 lowed v a r i o u s  k i n d s  o f  f a u l t  c o n d i t i o n s  
t o  b e  c o n v e n i e n t l y  a n d  s a f e l y  t r i e d  on an 
o p e r a t i n g  motor .  B a s e l i n e  t e s t s  were run w i t h  a  
h e a l t h y  cage and u n i f o r m  a i r - g a p .  Subsequently 
t h e  nominal 60 m i l  a i r - g a p  was o f f s e t  by 10 m i l s  
i n  t h e  v e r t i c a l  d i r e c t i o n  b y  s h i m m i n g  t h e  
b e a r i n g s  t o  s imu la te  a  r o t a t i o n a l  asymet ry .  One 
1 . 2 5  i n c h  h i g h  b a r  was t h e n . p a r t i a l l y  c u t  3 / 4 ,  
7/8 and f u l l y  t h r o u g h  t o  t e s t  whether the chosen 
approach c o u l d  d i s t i n g u i s h  between c racked  and 
f u l l y  b r o k e n  b a r s .  F o l l o w i n g  t h a t  a d d i t i o n a l  
b a r s  were c u t  t h r o u g h  t o  measure the  e f f e c t  o f  
two and t h r e e  a d j a c e n t  broken bars .  Two o f  the 
b a r s  were then  r e p a i r e d  and ano ther  bar  on the  
o p p o s i t e  s i d e  o f  t h e  r o t o r  was c u t  through. 

7- 

F o l l o w i n g  t h e  b r o k e n  b a r  t e s t s  a l l  o f  the c u t  
b a r s  w e r e  r e p a i r e d  a n d  t h e  end  r i n g  c u t .  
S u r p r i s i n g l y  t h e  moto r  s t a r t e d  and ran  norma l l y  
w i t h  t h e  c u t  end r i n g .  The apparent reason f o r  
t h i s  i s  t h e  b a r - t o - l a m i n a t i o n  c o n t a c t  a l l o w i n g  
r o t o r  c u r r e n t s  t o  f l o w  j n  the l a m i n a t i o n s  thus  
d i l u t i n g  t h e  e f f e c t  o f  the  break [ l o ] .  

ll~L',k,..W+ ;. , ,-6- ,++L 

The t e s t  s e r i e s  i n c l u d e d  measurement o f  l i n e  
c u r r e n t ,  a i r - g a p  f l u x  d e n s i t y  and e x t e r n a l  s t r a y  
f l u x .  T h i s  p a p e r  w i l l  d e a l  o n l y  w i t h  l i n e  
c u r r e n t  s p e c t r a  b u t  t h e  d e t a i l e d  r e s u l t s  
i n c l u d i n g  a i r - g a p  and e x t e r n a l  f l u x  may be found 
i n  the  complete r e p o r t  (11 1 .  



1lIE COHPUTER BASE0 INSTRUMENT 

l h e  i n s t r u m e n t  p e r f o r m s  t w o  m a j o r  f u n c t i o n s :  
s i g n a l  p r o c e s s i n g  a n d  i m p l e m e n t a t i o n  o f  t h e  
d e c i s i o n  a l g o r i t h m s .  A l o n g  t ime i n t e r v a l  sample 
o f  t h e  c u r r e n t  i s  a c q u i r e d  d i g i t a l l y  i n  t he  form 
o f  an a r r a y  o f  numbers rep resen t i ng  the magnitude 
o f  t h e  c u r r e n t  a t  c l o s e l y  spaced t i m e s .  The 
sampl ing t i m e  must be l o n g  enough, i n  t h i s  case  
about 30 seconds, t o  y i e l d  t h e  des i red  r e s o l u t i o n  
i n  f r e q u e n c y ,  a b o u t  0 . 0 3  Hz ,  i n  o r d e r  t o  
d i s t i n g u : ; h  s i g n a l s  s e p a r a t e d  by t w i c e  t h e  s l i p  
frequency which may be as l ow  as 0.3 Hz i n  l a r g e  
power p l a n t  mo to rs .  The sample spac ing  must be 
c lose enough t o  encompass a l l  o f  t he  harmonics o f  
t he  l i n e  f requency t o  be examined. I n  t h e  case 
o f  t h e  d e v e l o p m e n t a l  i n s t r u m e n t  t h e  r a n g e  was 
ex tended t h r o u g h  t h e  1 3 t h  harmonic  o f  60 Hz o r  
780 Hz which t h e n  r e q u i r e d  a  sampl ing  f r e q u e n c y  
o f  about 1850 tlz. 

A f t e r  t h e  d i g i t a l  s a m p l e  i s  a c q u i r e d  i t  i s  
t r a n s f o r m e d  u s i n g  t h e  f a s t  f o u r i e r  T r a n s f o r m  
(FFT) i n t o  .a spect rum wh ich  i s  then searched f o r  
the p a r t i c u l a r  harmonics ,  g i v e n  by E q u a t i o n  ( I ) ,  
c h a r a c t e r i s t i c  o f  b roken ba rs .  The r e s u l t i n g  se t  
o f  h a r m o n i c  amp1 i t u d e s  i s  t h e  b r o k e n  b a r  
" p e r s o n a l i t y '  o f / t h e  m o t o r .  The r e q u i r e d  
r c s o l u t i o n , a n d  f i 6 d w i d t h  demand an f f T  s i z e  o f  
64K p o i n t s .  ,, 

In o r d e r  t o  c a p t u r e  t h i s  d a t a  a u t o m a t i c a l l y ,  
i n s t e a d  o f  as i t  i s  u s u a l l y  d o n e  b y  v i s u a l  
i n s p e c t i o n  o f  t h e  s p e c t r a ,  i t  i s  n e c e s s a r y  t o  
know t h e  l i n e  and  s l i p  f r e q u e n c i e s  t o  a  h i g h  

o f  p r e c i s i o n .  L i n e  f r e q u e n c y  may be 
o b t a ~ n e d  f rom t h e  c u r r e n t  b u t  s l i p  f r e q u e n c y  i s  
n o r m a l l y  d e r i v e d  from t h e  speed. f o r t u n a t e l y  a  
n o n - i n v a s i v e  method o f  measur ing  s l i p  f r e q u e n c y  
d i r e c t l y  i n  t h e  e x t e r n a l  a x i a l  leakage f l u x  has 
been deve loped [ I 2 1  and i s  used here .  A s i m p l e  
round  c o i l  i s  mounted, c o a x i a l  t o  t h e  s h a f t  on 
the o u t s i d e  o f  t h e  case .  When t h e  s i g n a l  f r o m  
t h i s  c o i l  i s  ana l yzed  i n  t h e  same manner as t he  
c u r r e n t  a  s t r o n g  s p e c t r a l  componen t  a t  s l i p  
f r e q u e n c y  a p p e a r s .  Once t h e  s l i p  a n d  l i n e  
f requencies a re  known t h e  motor  'personal  i t y '  may 
be ex t rac ted .  To g a i n  t he  maximum p r e c i s i o n ,  the  
ex te rna l  a x i a l  f l u x  and t h e  c u r r e n t  a r e  measured 
a t  t h e  same t ime by i n t e r l e a v i n g  data  samples. 

A f u n c t i o n a l  b l o c k  d iag ram o f  t h e  i n s t r u m e n t  i s  
shown i n  f i g .  13 The s o f t w a r e  i s  d e s i g n e d  so 
t h a t  t h e  s p e c t r a ,  f r o m  w h i c h  t h e  m o t o r  
p e r s o n a l i t i e s  a re  d e r i v e d ,  may be viewed a t  t h e  
o p t i o n  o f  t h e  o p e r a t o r .  f i g .  14 i s  a  s e t  o f  such 
spec t ra  i n  t h e  v i c i n i t y  o f  60 Hz f o r  z e r o ,  one 
t w o  and  t h r e e  b r o k e n  b a r s .  The p r e d i c t e d  
p o s i t i o n  o f  t h e  b r o k e n  b a r  s p e c t r a l  l i n e  I s  
i n d i c a t e d  b y  a  d a s h e d  l i n e  p l a c e d  b y  t h e  
software.  The c h a r a c t e r i s t i c  f r e q u e n c i e s  a r e  60 
Hz a n d  6 0 ( 1 - 2 s ) .  The  6 0  Hz c o m p o n e n t  i s  
s w a l l o w e d  u p  i n  t h e  p o w e r  c o m p o n e n t .  The  
component v i s i b l e  a t  60(1+2s) i s  due t o  t h e  speed 
o s c i l l a t i o n  i n d u c e d  b y  t h e  l o w  i n e r t i a  t e s t  
s tand .  N o t e  a l s o  t h a t  t h e  g e n e r a l  n o i s e  l e v e l  
r i s e s  as b a r s  a r e  b r o k e n ,  , t h e r e b y  p a r t i a l l y  
masking some o f  t h e  i n c r e a s e  i n  s i g n a l .  N o t i c e  
t h a t  o t h e r  s i d e  bands appear e s p e c i a l l y  f o r  t h e  
case o f  t h r e e  b roken  ba rs .  A d d i t i o n a l  s idebands 
separated by m u l t i p l e s  o f  2s60 Hz w i l l  sometimes 

f i g .  12 - f i r s t  c o m m e r c i a l i z e d  v e r s i o n  o f  t h e  
b r o k e n  b a r  d e t e c t o r .  ( P h o t o g r a p h )  

I ' - 
I 
I 
I Olher Inpuls 
f (Such as 
I Vlbraiton) 
I 

f 
COUPUTER 

(Inc. Disk Drives) CRT 
I 

f ig. '  13 - B roken  b a r  d e t e c t o r  f u n c t i o n a l  b l o c k  
d iagram.  

appear due t o  harmonic   current.^ f l o w i n g  i n  t h e  
w ind ings.  f rom s l o t s .  phase b e l t s  and broken bars  
i n t e r a c t i n g  w i t h  t h e  r o t o r  f a u l t  (131.  I n  t h i s  
case t h e  sidebands were n o t  a t  such a  f requency 
and were u l t i m a t e l y  t r a c e d  t o  a  f a u l t y  c o u p l i n g  
i n  the mo to r -gene ra to r  s e t  d r i l - n o  - 9 e  t e s t  .notor 
dynamometer l o o p .  f i g .  15 show5 *II c x a m p ; e  o f  
h a r m o n i c  s i d e b a n d s  f o r  t h e  same c o n d i t i o n s  as 
F i g .  14.  

f i g .  16 summarizes t h e  r e s u l t s  o f  t h e  i n s i d e - o u t  
motor  t e s t s  f o r  t h e  f i r s t  and f i f t h  harmonics .  
The v a r i a t i o n  o f  t h e  harmonics  w i t h  s e v e r i t y  o f  
b reak  i s  much as p r e d i c t e d .  by  t h e o r y  excep t  f o r  
one p o i n t  i n  one o f  t h e  5 t h  harmonic  s idebands.  
Th is  p o i n t  was repea tab le  and i s ,  a t  p resen t ,  n o t  
e x p l a i n e d  as were some o t h e r  m i n o r  v a r i a t i o n s .  
Aga in ,  as p r e d i c t e d ,  t h e  n a t u r a l  o r  u s u a l  5 t h  
harmonic was una f fec ted  by t h e  presence o f  f a u l t s  
and t h i s  p a t t e r n  c a r r i e d  t h r o u g h  t h e  rema in ing  
harmonics .  
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Freq Hz 
CURRENT W~ndow 5th Harmonic hhn dB = -120.4 12 
26.FEB.86 11:52:30 V 9, 02/20:86 Freq 286.276 lo 312.120 Hz 

Freq Hz 
CURRENT W d o w  1 h H m k  I*hn dB - -120.412 
26 ; : r c. f 7 5- 23 V 9,02/20/86 Fteq 47.063 l o  72.913 Hz 

- 3 0  
- 4 0  * -50  One bloken 

B 

-40 
-700 

- 1  10 

On* bfoLWI 
bar 

- 1  2 0  
4 .  52 .2  5 7 4  62.6 67 .7  72 .9  

I 

Freq Hz 
CURRENT W ~ n d o w  : ?!' V?'m?nic- Min dB = -120.1 12 . 
26- f 'EB 86 23 55.33 V 9.02/20;86 Freq 47.063 lo 72.913.H~ 

- 2 0  
- 3 0  

Freq Hz 
CURRENT Wmdow 5th Harmonic Mln dB = -1 20.4 12 
26.FEB.86 23:55:43 V 9. 2~120186 Freq 286.040 lo 31 1.85C HZ 

1-0 broken 

bars 

Freq Hz 
ClJnntlNT WmAw llh Uumonc Mln dB - -120 412 
?r r i n  8G 10 12 02 V 9.02,20/86 Freq 47 0C3 10 72 913 H z  
- 0 1  I 1 

Freq Hz 
CUMENT WtnQw 5th Hanlimic td~n dB - - 120.4 12 
26.FEB-86 10:12:09 V 9.02/20/86 Freq 286.181 lo 312.031 Hz 

Thre* brolan 
bars 

- 1 2 0  
4 . 1  .52 .2  57.4 . 62:6 67.7 7219 
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Freq Hz 
F ig .  1 4  Cur ren t  spec t ra  i n  t h e  v i c i n i t y  o f  the  

f u n d a m e n t a l  ( 6 0  H z )  f o r  s e v e r a l  
i n c r e a s i n g l y  s e v e r e  r o t o r  f a u l t s .  

Freq Hz 
F i g  15 - Cur ren t  s p e c t r a  i n  t h e  v i c i n i t y  o f  the 

5 t h  harmonic f o r  the  condi t ions o f  f i g .  1 4 .  
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F I E L D  TEST I E P R l  accompanled t h e  i n s t r u m e n t  n o r  were p o w e r -  

p l a n t  p e r s o n n e l  t a k e n  t o  S c h e n e c t a d y  f o r  
The f i r s t  round o f  f i e l d  t e s t s  was c a r r i e d  o u t  by ! t r a i n i n g .  A f t e r  s e v e r a l  months o f  f i e l d  t e s t i n g  
R 0 p e r s o n n e l  i n  and a round  t h e  G[ p l a n t  i n  j and e v a l u a t i o n ,  t h e  i n s t r u m e n t ' s  s . o f t u a r e  was 
S c h e n e c t a d y  and  a t  a n e a r b y  f a c i l i t y  o f  t h e  r e h o s t e d  t o  a  'PC' c o ~ n p a t i b l e  computer, F i g .  12.  
N iagara  Mohawk Power Corp. u s i n g  the l a b o r a t o r y  ; Resu l t s  f o r  the  l ower  s i d e  band f o r  the  comp le te  
' b readboa rd '  i n s t r u m e n t .  The r e s u l t s  o f  t hese  ' sample are st~own i n  f i g .  17. Summary o f  t h e  
t e s t s ,  f o r  the  1 s t  and 5 th  harmonics are  shown i n  t o t a l  f i e l d  l e s t  d a t a  o f  t h e  fundamental comyio- 
f j g .  16. A l l  o f  t h e  motors  were, e v i d e n t l y ,  i n  n e n t  i s  summarized i n  f i g u r e  18. 
good c o n d i t i o n  w i t h o u t  b r o k e n  b a r s  and r e p r e -  dB -- - - 

- -, 
s i n t e d  a  v a r i ~ t y  o f  s i z e s ,  p o l e s ,  w ind ings  and , C L J i ; i i F l i T  
appl  ic i r : ions.  ' I t  i s  remarkab le  and u s e f u l  t h a t  
the :  r a n g e  o f  s i g n a l s  f r o m  them was, none t h e  : SIGIJAL 

-. l e s s ,  q u i t e  r e s t r i c t e d  ( i n  db be low  t h e  60 Hz L v  , - i:.'.;,I,::J:;;l: 1 

componen t )  and p r o v i d e s  t h e  b a s i s  f o r  ' s i n g l e  
30 1 ! v.t ' - , 1 3 . . ~ , ~ ~  

look'  d e c i s i o n  making. A l l  o f  t h e  motors  ( r a n g -  
i n g  f r o m  400 l i p  t o  1200 HP) were r u n n i n g  on t h e  4 3  

1 
60 Hz power l i n e  except 271 11  which was powered : :I ; 
by a  s q u a r e  wave i n v e r t e r .  P o i n t s  f r o m  t h e  ~ ( ~ I  a A 

i n : i d ~ - o u t  m o t o r  t e s t s  were i n c l u d e d  f o r  corn- , _ I _  . - ' - - ~ -  

p a r i s o n .  I t  s h o u l d  be n o t e d  t h a t  t h e  i n v e r t e r  :- - .  q 

5 t h  harmonic  may have i n f l u e n c e d  t h e  r e s u l t s  t o  
- 4 0  .i 

some e x t e n t  b u t  n o t  m o r e  t h a n  t h e  n o r m a l  
I 

v a r i a t i o n  b e t w e e n  m o t o r s .  1,:: 4 

1 1 C  

dB -- -- 
~ . I P  

i - ,  - . .- > ; - 1  4 -  (C, 
‘!lid 

-10 , 1 1  2 l i 0 : -  
t.1vlor 

dB 
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HARMONIC 5 

" o Lower-Sideband ' fi Upper.Stdeband ' ' o Natural - ,o * _  . * 
I- 

d b - b 
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. i O  
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- 5 0 -  

. I 0 0  

,110 
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-120 * I nwer S~it.tiJnd 
-80 - , - _ - r  -- - 

O a r s  0 0 3 4 7#8  1 1 3 1 EIJD -90 ., 
Of15r1 

0 10 A D J  2 ADJ 2 RING -100.. 
(mills) 

A D J  OI'P 
dB -110- 

0 .. 
-120.. 

and 'I1' l i e  2;i 2;1 2;l t4li.40 U'O 

Motor 11 12 #3 a22 

F i g .  17 - Summary o f  f i r s t  round f i e l d  t e s t  d a t a  
f o r  the  1 s t  and 5 t h  harmonics. 

'suspect' or 'marg~nal' niolors 
" h~ghesl 'good' motor LS1 ... probable Broken Bar 10 

1 01 
Motors 

5 

-10. 
-20- 
-XI ., 
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3 1 END 
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F ig .  16 - S u m m a r y  o f  1 s t  a n d  5 t h  c u r r e n t  70 

h a r m o n i c s .  I 
bmit Inside/Out Motor 718 / 1 3 

I n  a  s u b s e q u e ' n t  p r o g r a m  t h e  l a b o r a t o r y  of 'Healthy' Baselme \ / 
" b r e a d b o a r d '  i n s t r u m e n t  a l o n g  w i t h  t h e  PDP-11 Resolution 

7 

Broken Bars 
Computer was s e n t  t o  a number o f  power  p l a n t s  
a c r o s s  t h e  US t o  g a t h e r  f i e l d  d a t a  u n d e r  F i g .  18 Summary o f  t o t a l  f i e l d  t e s t  da ta  of t h e  
r e a l i s t i c  c o n d i t i o n s .  No p e r s o n n e l  f r o m  GE o r  fundamental component. 
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-..--- 
. ~ - >. 

PY V 
LJ 
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o Natural 



MOTOR TESTING USlNG THE 'PC' BASED IIiSTRUHENT 

To p e r f o r m  a  t e s t  m e a s u r e m e n t ,  i t  1s o n l y  
n e c e s s a r y  t o  use a c l i p - o n  c u r r e n t  p r o b e  o r  
t r a n s f o r m e r  o r  i n s e r t  a  r e s i s t o r  I n t o  t h e  
s e c o n d a r y  o f  t h e  s t a n d a r d  c o n t r o l  c e n t e r  
ins t rument  o r  r e l a y  t r a n s f o r m e r  t o  genera te  t h e  
c u r r e n t  i n p u t  s i g n a l .  A  m u l t l - t u r n  c o i l  i s  hung 
o u t s i d e  the  motor case, c o a x i a l  w i t h  t h e  s h a f t ,  
t c  sense s l i p  f requency f l u x e s ,  caused by end 
r i n g  c u r r e n t s ,  t o  enab le  d e t e c t i o n  o f  t h e  s l i p  
f requency.  These two q u a n t i t i e s  a l l o w  automat ic  
de te rmina t ion  o f  the 'motor persona l i t y ' .  

The i n s t r u m e n t  w o r k s  b y  e x a m i n a t i o n  o f  t h e  
frequency spectrum o f  the l i n e  cu r ren t .  A  normal 
RO:CT h : '  e x h i b i t  the  f a m i l i a r  5th. 7 th ,  11th.  
1 3 t n ,  e:c harmon ics  due t o  t h e  w i n d i n g s  and  
n o n - l i n e a r i t i e s  p l u s  h i g h e r  f r e q u e n c y  s l o t  
r e l a t e d  harmonics. The presence o f  a  broken b a r  
i n  t h e  r o t o r  causes a  p a r t i c u l a r  set o f  spectrum 
l i n e s  t o  appear i n  t h e  c u r r e n t  a t  f r e q u e n c i e s  
d i s t i n c t  f r o m  t h e  n o r m a l  h a r m o n i c s .  T h e s e  
f requenc ies  are u n i q u e l y  g i v e n  by  a  c o m b i n a t i o n  
o f  s l i p  and 1  i n e  f r e q u e n c i e s .  The Broken B a r  
D e t e c t o r  makes a  r e c o r d  o f  c u r r e n t  waveform and 
s u b j e c t s  i t  t o  F o u r i e r  a n a l y s i s  t o  develop t h e  
s p e c t r u m .  By m e a s u r i n g  t h e  l i n e  and s l i p  
f i -equenc i e s ,  t h e  p a r t i c u l a r  components r e 1  evan t  
t o  broken bars may, a u t o m a t i c a l l y ,  be s e p a r a t e d  
t o  form a  'motor p e r s o n a l i t y '  which may then  be 
n u m e r i c a l l y  compared t o  a  s i m i l a r  p e r s o n a l i t y  
e s t a b l i s h e d  when t h e  m o t o r  was new o r  i n  known 
g o o d  c o n d i t i o n .  P r e l  i m i n a r y  c r i t e r i a  f o r  
d i f f e r e n t  numbers o f  b a r s  broken o r  asymmetry 
have been e s t a b l i s h e d  f o r  manual o r  ~ u t o m a t i c .  
s imp le  i n d i c a t o r ,  o p e r a t i o n .  

l o  r u n  the  t e s t ,  i t  i s  o n l y  necessary t o  operate 
the  motor a t  f u l l  l oad  ( o r  as c l o s e  t o  f u l l  l o a d  
as i s  p r a c t i c a l ) ,  s t a r t  t h e  o p e r a t i o n  o f  t h e  
d e t e c t o r  s o f t w a r e  and f o l l o w  t h e  ' o n - s c r e e n '  
i n s t r u c t i o n s .  The d e t e c t o r  hardware and sof tware 
w i l l  a u t o m a t i c a l l y  a c q u i r e  the  c u r r e n t .  and f l u x  
c o i l  data.  c a r r y  ou t  the f a s t  F o u r i e r  t ransform,  
s e l e c t  t h e  a p p r o p r i a t e  s p e c t r a l  components t o  
f o r m  t h e  m o t o r  p e r s o n a l i t y  and d e c i d e  t h e  
c o n d i t i o n  o f  t h e  r o t o r .  The o p e r a t o r ' s  d u t i e s  
are t o  hook up the cur ren t  and f l u x  inputs .  s t a r t  
t h e  program and f o l l o w  t h e  i n s t r u c t i o n s .  The 
o p e r a t o r  w i l l  f i r s t  be i n s t r u c t e d  t o  ga ther  and 
e n t e r  data copied from the nameplate and/or o t h e r  
d a t a  abou t  t h e  m o t o r .  A d d i t i o n a l  i n f o r m a t i o n  
i d e n t i f y i n g  the motor,  l o c a t i o n ,  l oad ing ,  speed, 
p resumed p rob lems,  c o n d i t i o n s  s u r r o u n d i n g  o r  
r e l a t e d  t o  t h e  t e s t ,  o p e r a t o r ,  e t c . ,  w i l l  b e  
e n t e r e d  a t  t h i s  t i m e .  C o m p l e t e n e s s  o f  
documentat ion i s  impor tan t ,  and i t  i s  b e t t e r  t o  
have too  much r a t h e r  than t o o  1  i t t l e .  

The on ly  other  'set-up' f u n c t i o n s  requ i red  o f  the  
o p e r a t o r  a r e  t o  s l o w l y  v a r y  t h e  r o u g h  g a i n  
s e t t i n g  knobs on t h e  c u r r e n t  and f l u x  a m p l i f i e r s  
u n t i l  t h e  o v e r l o a d  l i g h t s  come on. A t  t h i s  
p o i n t ,  the computer takes over  operat ion,  a d j u s t s  
the  gains t o  the  optimum v a l u e  and proceeds w i t h  
the ana lys is  o f  the data. Upon complet ion o f  the  
ana lys is ,  the computer w i l l  d i s p l a y  the e s t i m a t e d  
c o n d i t i o n  o f  the r o t o r  w i t h  one o f  the f o l l o w i n g  
messages: 

No change from prev ious tes t .  
2 Rotor  i s  es t imated  t o  be OK. 
3  There I s  p r o b a b l y  a  b roken  o r  c racked  

r o t o r  b a r .  
4 There i s  a t  1eas.t one o r ,  p o s s i b l y ,  more 

broken bars. 

F a c i l i t i e s  are prov ided.  w i t h i n  the software, fo r  
m o n i t o r i n g  t h e  i n n e r  d e t a i l s  o f  t h e  d e t e c t o r  
o p e r a t i o n  t o  assure t h a t  i t  i s  working p roper l y  
and  t h a t  t h e  r e s u l t s  b e i n g  r e p o r t e d  a r e  
r e a s o n a b l e .  C u i d e l  i n e s  f o r  e v a l u a t i n g  t h e  
operat ion are be p rov ided  i n  the manual and/or on 
s c r e e n .  E x p e r i e n c e d  o p e r a t o r s  may want t o  
examine. the spect ra t o  make t h e i r  own evaluat ion,  
v e r i f y  t h e  p r o g r a m s ' s  c o n c l u s i o n s ,  check f o r  
o t h e r  phenomena o r  check inst rument  operat i on .  
A g a i n ,  g u i d e l i n e s  f o r  making manual o r  v i s u a l  
e v a l u a t i o n s  a r e  a l s o  p r o v i d e d .  The a u t o m a t i c  
f e a t u r e s  o f  t h e  i n s t r u m e n t  a r e  a v a i l a b l e  t o  
p r o v i d e  g u i d a n c e  i n  i n t e r p r e t a t i o n  o f  t h e  
r e s u l t s .  

V I  I. COHCLUS IOI4S 
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An EPRl sponsored r e s e a r c h  program has developed 
t h e  b a s i c  d a t a  and a  l a b o r a t o r y  "breadboard '  
inst rument  f o r  t h e  d e t e c t i o n  o f  broken bars i n  
induc t ion  motors. The instrument has been provcn 
i n  f i e l d  t r i a l s  and has now been adopted by the 
General E l e c t r i c  Company f o r  comn~ercial  i z a t  ion. 

The i n i t i a l  development  o f  t h e  i n s t r u m e n t  was 
c a r r i e d  ou t  under EPRl c o n t r a c t  RP2331-1 d i rec ted  
by Jan S te in .  Major  p a r t i c i p a n t s  i n  the  GE team 
were E .  L.  Owen, R. A. Koegl,  H. W .  Schu l t z ,  5. 
E .  Crabkowski ,  0 .  F .  Lackey and J .  J .  B o c k i s .  
l h e  o r i g i n a l  p roposa l  f o r  t h i s  work was w r i t t e n  
b y  E .  R i c h t e r  a n d  T .  J .  H i l l e r .  The 
c o m m e r c i a l  i z a t  i o n  t e a m  has i n c l u d e d  J .  A .  
U o l f i n g e r ,  K .  Rao a n d  C .  W r o b l e w s k i .  

F i e l d  da ta  t r i a l s  have been conducted w i t h  the 
coopera t ion  o f  Niagara-Hohawk Power Corp., Publ ic 
Serv ice  E l e c t r i c  and Gas, Ohio Edison, l l l i n o i s  
Power, Tennessee Val l e y  A u t h o r i t y ,  Georgia Power 
and Alabama Power. 
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