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INTRODUCTION

Electrical power systems include a large number of various tvp c ’ s  01
power machinery. Of all the types of rotating machines in use today ,
the most common is the  single—phase induction motor; therefore , it was
picked as a representative electric motor for a series of tests at the
Civil Engineering Laboratory (CEL). The objective of these tests is to
look a t  t he  e l ec t romechan i ca l  coup l i n g  in the  motor and obtain an analog
s i m u l a t i o n  of the  i nduc t ion  motor .

E l e c t r o m a g n e t i c  coup l in g and h igh frequency signal iii ~~e ’t  ion can be
used to a c c u r a t e ly  measure a system ’s electrical parameter s such as
currents and voltages without affecting its norma l operating c h ; i r ; i , t~~r i s —
t i c s  a t  60 Hz .  These measuremen t  t e c h n i q u e s  a r e  describ ed in det.i jl in
a CE !. T ec h n i c a l  N o te~ and , t h us , w i l l  be o n l y  b r i e f l y  d i s cu s s i ’d  in t h i s
r e p o r t .  i t  is .su f f ic ie n t to no te  t h a t  measu r em en t tec hn i q ues a r t ’  n i t i c h
s i m p ler  f o r  a motor , w h i c h  is o n l y  a s i n g l e — p o r t  n e t w o r k , t i t a n  t hose  for
the  two—port net-work described in T e c h n i c a l  N o t e  N — H 7 3 .

To d e t e r m i n e  the  c l e c t r o m e c h a n i c a l  coup l i n g  in tlte i n d u c t i o n  m o t o r
bo t h  t h e  elec t r ica  I and m e c h a n i c a l  p a r a m e t e r s  mus t  be measure d  and t h e
r e l a t i o n s h i p l i n k i n g  these  pa ramete r s  d e t e r m i n e d .

The ci  cc tr ical pi opert ic’ s of the  s i n g l e — p h a s e  i n d u c t  ion mot  o r  ir e
w e l l — d e f i n e d  by i t s  equ i v a l e n t  c i r c u i t .  ~l e ; i s i i r e m e n t s  c a n  be made in  t h~
h i gh f r e q u e n c y  range  (800 Hz to 10K Hz)  to d e t e r m i n e  t h e  m i t  i i i  gue s s
va lues  of the  e q u i v a l e n t  c i r c u i t  v a l u e s .  The speed of t h e  m o t o r  is t i e ’
m a i n  m e c h a n i c a l  p r o p e r t y  t h a t  mus t  be m e a s u r e d .  Th i s  can t h e n  he used
to i- i  I culate t h e  s l i p ,  w h i c h  is the  quaat  i tv  t h a t  d e t e r m i n e s  t h e  r E la—
t i onsh i p be tween the electrical parameters and mec b an i c a l  out  pu t  f or  t he
induction moto r . From d e t e r m i n a t  ion of si i p and i n i t i a l  guess v a l u e s
f o r  t h e  equ iva len t  c i rcu  i t , t h i ’  i nduc t ion m o t o r  can  be programmed on t h e
ari a log c otnpu t er  f o r  l a b o r a tor y  ;ln ;i  i vs i s  and exper i m e n t a t  i o n .

H i g h  f r e q u e n cy  s i giia 1 i n j e c t  ion  and ci  cc t r om a g n et  i 1 ’ coup  I i rig mea-
su remen t  t e c h n i ques can he used to measure  t h e  v ’ l e c t r i ; a  I p r o p e r t  is’s of
t h e  motor , wh f e l t  prov id e  t h e  ; i d v a n t a g t ’  of a l l o w i n g  m e a s u r e m e n t s  to he
p e r f o r m e d  w i t  b ou t  an~’ d i s t u r b a n c e t o  t h e  norma l op e r a t i o n  of t h e  i n d u c—
t ion muter . Titus , the inca sur emen t s and ari a log s i mu I a t  i on  ma\’ be at ’ corn—
p h [shed w I t h i  no d is  t u rb a n c  e to the opera t i ng ci c t  r I c a l  pos~’~ r S \‘ St  em or
I nad s.

‘1 ~ iv i i  Eng j i l t e r  ing  L a b o r a t o r y .  ‘l’ cc h n i c a  I N o t  c N — I  -~ 73. lransfer
in it ’n i t t  a n e c~ ue.i s u re m en t  s of Powcr element s • by K .  I . H u an g  and D . 11
S h i r o m a . I’ o r t  H iic ’t ic m e , CA 93043.

-.

~

.-

~

-‘ - _-. -

~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —~~~~~~- - - — -~~~~~~~~~



SINGLE—PHASE INDUCTION MOTOR

The single—p hase induction motor consists primaril y of a distributed
stator winding and a squirrel—cage rotor. It is represented schema t-
ically in Figure 1. The AC supply voltage is applied to the sing le—
phase s t a t o r  w i n d i n g  svii ich c rea t e s  a m a g n e t i c  f i e l d  d i s t r i b u t i o n  that is
stationary in space and pulsating in magnitude.

The stator winding is generally distributed in slots to produce a
s inuso ida l  spa t i a l  f l u x  d i s t r i b u t i o n. The i n s t an t aneous  s p a t i a l  f l u x
distribution can then be expressed as

iji = 

~l cos 0 ( 1)

where 0 is the angle  between the s t a to r  coil  axis and the p a r t i c u l a r
position on the stator , and 

~l 
is the instantaneous maximum in the flux

distribution. Since the stator voltage and current are vary ing sinu—
soidally in time , will also vary sinusoidally. Then

= iji cos 0it (2)1 max

Combining  Equa t ions  1 and 2 g ives:

0 = ros ,~t cos 0max

= 

~max ~ 
cos (0  + ~t )  + co s ( 8  — wt ) 1 ( 3)

Equation 3 i nd i ca t e s  t ha t  the m a g n e t i c  f i e l d  d i s t r i b u t i o n  can be resolved
i n t o  two r o t a t i n g  waves , a forward  wave and a backward wave 1 which have
the same magnitudes and synchronous speeds hut which rotate in opposite
directions.

Both of t h t ’~~c’ waves produce induction motor action , and their
e f f e c t s  are taken i n t o  account in the equivalent circuit of the sing le—
phase induction motor shown in Figure 2. The top half of the circuit
represents the effect of the forward wave , while the bottom half gives
t h e effect of the backward wave. Both halves of the circuit are similar ,
differing only in the relationship with sli p. In relation to  t h e for-
ward f ie ld , the relative speed between the field and the motor is

n — n = s n
sync motor sync

or e q u i v a l e n t l y

n n ( l — s)
in sync

2
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where s = slip

n = synchronous  speed
sync

n = speed of the machine
m

In r e l a t ion  to the backward f i e ld , however , the re la t ive  speed of the
motor and the backward f ie ld  is n + n . In terms of previously
def ined  quan t i t i e s :  sync m

n + n n + n (l — s) = n (2 — s)
sync m sync sync sync

Thus , in the  top ha l f  of the c i r cu i t  we have r2 /s and in the b o t t o m  h a l f
we have r 2 / ( 2  — s ) .  The f a c t o r  of one—hal f  is obtained f r o m  E q u a t i o n  3 ,
and represen t s  the half—magnitude of the  r o t a t i n g  s tat o r  waves .

The equivalent  c i r cu i t  con t a in s  f i v e  c i r c u i t  pa ramete r s  r 1, r 7,
x 1, x2 ,  and x~~. Sli p can be de termined r e a d i l y  f rom m e a s u r e m e n t s  of
motor  speed and electrical frequency. Thus , to completel y characterize
the  e lec t romechanica l  coup l ing  of the i n d u c t i o n  motor  we must determine
the five circuit parameters.

The namepla te  of the  s ing le—phase  i n d u c t i o n  motor  used in tbìe
exper iments  con ta ins  the f o l l o w i n g  d a t a :

Wes t ing house L i f e L i n e  T AC Moto r
3 h p ,  s ing le  phase i n d u c t i o n  r.~ot or

1750 rpm , serial ~i74O3
Model SLDP

EXPERIMENTAL SETU P AND MEASUREMENTS

The experimental setup is shown in Figure 3. The injection circuit
consists of:

(1) Hewlett—Packard Audio Oscillator Model 2OlC , to supp ly th e
hi g h f r e q u e n c y  si gna l

(2 )  N In tosh  2100 Stereo Power A m p l i f i e r , to  boost the  h i gh f r e -
quency  s igna l be fo re  i n j e c t i n g  i t  into the SV Stt’Tll

(3) A ~r — s c c t i o n  f i l te r  and f e r r o m a g n e t i c  c o r e

The s c h e m a t i c  of the i n j e c t i o n  c i r c u i t  is i l l u s t r a t e d  in Fi gu re “4 . .\
sk e t c h  of a t y p i c a l  t r a n s f e r  f u n c  t ion f o r  the  f i l t e r  and core i s  shown
in Fi gure  5. Two detect ion c i r cu i t s  a r t ’  used , one to measure ’ t he  hi i gh
I r e q i i c n cy  c u r r e n t  and t u e  o the r  to  measure t he  h i g h  f r e qu e n c~’ vol  tage
The d e t e c t i o n  c i r c u i t , shown s c h e m a t i c a l l y in Fi gu re  6 , consists of:

( 1)  H e w l e t t — P a c k a r d  ‘;ave a n a l y z e r  M odel  ‘3 58 1A to m e a su r e  t h e
p a r t i c u l a r  h i gh f r e q u e n c y  i nj e c t i o n  s igna l

3

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~



- “~~~~~‘ “ ~~T[~ 
- 

_ _

(2) A ‘i—section filter and ferromagnetic core , similar to the
ones used in the i n j e c t i o n  e’i r c u i t

High  f r e q u e n c y  s ignals  are induced in to  the s~’ste m b y e l e c t r o m a g-
netic induction , and the resulting hig h frequency voltag e ’ and currents
are  measured  ( aga in  th roug h elec t ron i agne t  Ic ind i t e  t ion). Measurements
were  taken  in the  hi gh f r e q u e n c y  range , 800 Hz to 10K Hz , and an addi-
t i o n a l  measurement  taken at 60 Hz under  norma l o p e r a t i n g  c o n d i t i o n s  of
the motor. The graph of the magnitude of the induction motor ’s imped-
ance , Zmag ,  ve r sus  f r e q u e n c y  is g iven in F i g u r e  7.  A l s o , the mechanical
parameter (motor speed) was measured to determine sli p. From these
data , the initial guess values of the five unknown parameters in the
equivalent circuit of the single—phase induction motor were determined .

SYNTHESIS OF EQUIVALENT CIRCUIT

To synthesize the equivalent circuit of the induction motor on the
analog computer , initial guess values for the circuit parameters must
first he determined. The method used in determining the initial guess
v a l u e s  f o l l o w s . Considering the case when slip is approx imately I ,
( th i s  is valid for the hig h f r e q u e n c y  range in which we are measuring)
the equivalent c ircuit for t h e s in g l e — p h ase i n d u c t i o n  motor  s i m p l i f i e s
to the circuit shown in Figure 8. This can be further simplified by
n o t in g  t h a t  a t  hi gh f r e q u e n c i e s  x~I > >  I i x 2  + r’, I and can be c o n s i d e r e d
an op en c ircuit. Also x2 + x 1~ > - Vt + r2 ~ , so t he  c i r c u i t  reduce ’s to
a simple series circuit of x1 and x2. The inductance (L 1 + 1. ) can then
he determined from t he  h i g h  f r e q u e n cy  m e a s u r e m e n t s .  Zmag = 

~( 1. i + L 2 )
in the  h i gh frequency range , or (L 1 + L2) = Zma~~/~~. From tile da t a  in
Fi gur e 7 , we obtain L1 + L 2 = 1 .1 nih . The initial guess values were
p ickc ’d w i t h  L 1 = L7. Prey b u s  experiments on o t h e r  power e l e m e n t s  such
as t r a n s f o r m e r s  had m d  lea ted this as a good a p p r o x i m a t i o n .

To determine r~ and L., we c o n s i d e r  t h e  case ’ a t  60 Hz whie’n slip is
small. With w relativel y small , x~ /2 and r /[2 (2 — s)] ire’ small com-
pared to the other element s . A l s o  noting that r1 and x1 arl also small
wh ile ’ x~ and r2/ s a r c ’  l a r g e ’ , t i l e ’  e q u i v a l e n t  C i r i ’ i . i i t  now s i m p l i f i e s  t I

t h a t  shown in F i gu re  9. ‘rite p hasor  d i a grain a l o n g  w i t h  t h e  has i c equa-
t i o n s  of t h e  c i r c u i t  are’ i 1 lu s t r a t e ’d  in Fi gure 10. From rneasure’me’nts it
60 Hz , we h a v e  P = 3 . 5 K W , \‘ = l 2 O v , 11 = 4 h . 2 a , and n~ = 1 7 5 1  rpm . From
thes e ’  m e a s u r e men t s  we c a l  c i i i  a t e  t i l e ’ powe ’r f a c t o r , thie’ phase’ lug he an d
the sli p. These values are’: p f = 0.71 , 5 = 44 ’~~.9 d e g r e e s , a nd s = 0 . l ) 2 ~~h .

l’ s i rig t h e ’  ri Ia t ion sh  i p g ive’ rt in  Fi gure ’ 10 , we can now ca I cu l a t e ’ t h i s ’
v a l u e s  for x. and r .  T h e s e ’ v a l u e s  a re  x ,  = 8..i5~ and r~ = 0.21 .

a i so  t iote ’  t i ia  t I. . = 21 . 9 mh
As an in  i t  Ia I guess , r was set equa l to  r , wit ichi ap p e a r e d  t o  he a

good a p p r i i  z ima t i oil as i nd i c a t  e’d by p re’v ious experim ent s c mi d  ue ’t  c c l  a t
~:i-; 1.

H E ’ S ’  m i t  m l  gu ess  v a l u e ’ s  we ’r e ’ t h e n  p rogrammed i n t o  t h i s ’ ‘ a l l

Svs em t~ i mu !  a t  or ( PSS ) a n i  I og i ’ ismpu t e r  and ad us t i’d o p r ’~’ lde’ thi s’ I i na I
ana l ~ ig  ~ m u  I a t  i o n  ot ’ t l i e ’  si rig 1 c—p hase induct ion  ‘i ’ t  or .
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ANALOG PROGRAM TO OBTAIN CIRCUIT PARAMETERS

To simulate a power system or element on an analog computer , a
circuit diagram that indicates all values of the circuit components is
required . All connections on the analog computer will ultimatel y be
based on the circuit diagram. The equ ivalent circuit of the sing le—
phase i n d u c t i o n  motor  is illustrated in a m o d i f i e d  f o r m  in Figure 11 .
The circuit has been modified by the addition of “dummy ” resistor r~ in
parallel with the inductor L2/2. This resistor has been added to sim-
plif y the analog simulation for obtaining the quantities (‘24 — \‘~~~) and
V 5. The value  of r~ (rd >> t1

~2/ 2 )  is such t h a t  i t  will hav e little
effect on the circuit. Its nomina l value is 240

Using the circuit diagram as a guide , a signal flow diagram is now
developed . The signa l flow diagram represents the hardware implementa-
tion required in programming the Power System simulator, It is desi gned
to have a m i n i m u m  number  of modules  to s i m p l i f y the w i r i n g  of the a n a l og
c omputer and arranged to provide ease of adjustment of t h e c ir c u i t
values. The’ signa l flow diagram for t h e  induction motor is shown in
Figure  12. The si gnals  present  a t  v a r i o u s  p o i n t s  in t h e  circuit are
indicated .

The f i n a l  i n s t r u m e n t a t i o n  (af  the  s i n g l e — p h a s e  i n d u c t i o n  mot or ) on
t he  ana log  compu te r  is i l l u s t r a t e d  in Fi gure  13. This diagram shows th e
rctual modules used and t h e  interconnections bi ’ t w c c ’ n  t h e m ,  i t  a l s o
give ’s  t he  v a r i o u s  si g n a l s  p re sen t  in the c i r c u ’it and accoun ts  f o r  the ’
180—degree p hase s h i f t  th rough  most of the  modules .  The’ i n p u t  si gna l s
arc ’ : an AC v o l t a g e  w a v e f o r m  d e s i g n a t e d  V 1, a co n s t a n t  —2 \‘clc , and a
v a r i a b l e  de’ v o l t a g e  S~~, r e p r e s e n t i n g  the  s l i p .  The output si gna l i s  t he
AC c u r r e n t  I I .

W i t h  th e’ PSS t h u s  w i r ed , and the  c i r c u i t  e l e m e n t s  t i i i i c ’d  t ‘ t h e i r
i n i t i a l  guess va lue s , i n p u t  s igna l s ;  V 1, S~~, and —2 Vdc , ar, t e d  i n  and
output i i is m o n i t o r e d . The c i r c u i t  e l emen t s  ar e  the ’n a d j u s t e ’d t o
p rov ide ’  the same I

~ 
for a given V 1 as was measured by e 1 e ’c t r t Il1agnI ~t i i

coupi [rig techni ques and high frequencr’ inject ion. A l t e r  t h ese ’ a d j u s t -
m e n t s  have been made , ‘j ie in d u c t i o n  motor  can he ’ cons ide’re’d as
analogical ly svnthes ized

ur c ; i i  FR1-5)Li-;NCY CHARACTER IS’FlCS I’S I N(; POWER S’fSTEM S1N[l,,\ FOR

H a v i n g  a n a l o g  ir a  I I y sm t lie ’s i ze’d t he  s ing  I e’ — p h . i s t -  i ndiic t ion riot or
I t r ema in s to  ver  i fy the high I r e ’qu e ’nc y re’shionse ’ of  t h i e ~ c i r U i t  . l i i i ’
PSS , howev er , is de ’s i gne’d to ope r a t e ’  mi t a cent e r  I r e qu e ’flcv of i’fl H z w ithi
a nominal range of 6 Hz t o  600 H z .  S i m u l a t  ion  ot  hi gh I re’ q tit l i c  i s ’s
b eyond 600 Hz w i l l  r e - s m i l  t in  d e c r e a s e d  .i~’~~u r o  v . ‘h o o h t , i  in  r 1 — o h  t s  in
t his ’ 800 Hz to 10K Hz r ang e , I re ’ q i i e ’ie V s c i  I i ng  t 1 c  it i i  I (pit’s intis I a-  ui-~ ’d

For f r c e 1 i m e ’ t i t ’v sea l t r ig , the high fr t -q u t ri ‘: s o u r - c i~— i’ - ;  i . e  ,~ l w ith
source ’  whose freque ncy f a l  i s  w i  L i t  in  t h i & ’  n om i t i a  I r i l l g c  ‘I  t h e  P SS.  H i t - n
a l l ,  va lues  of i n d u e ’ t . o i c s ’s , mi nd c a p . l i ’ i t m i ncc ’i ,  , i r  t -  mod i t l td by Sons’ I y ~~- —

( P e n t -v sca l  in g  f a c t o r , as hid i - , i t e d  by h i l t  iO fl5 . mOl d 5.
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where  f = the or i ginal  high f r e q u e n c y

= f r eq u e n c y  sca l ing  f a c t o r

a = 2 r r f
o o

= 2 i r f N
a = 2 i i f

= 

~O
’
~~N 

= scaled f requency (between 6 Hz and 60 H z )

L = o r i g i n a l  i n d u c t a n c e
0

L = scaled inductanc e

C = or ig inal  c a p a c i t a n c e

C = scaled capac i t ance

The t ime  response is then

t = f t (6)
N o

where  t = orig ina l  response t ime

t = scaled response t ime

The c i r c u i t  response fo r  the o r i g i n a l  h i g h f r e q u e n c y  si gna l can thus  he ’
det e ’rmin e ’d f r o m  the  scaled f r e q u e n cy  response.  The r e s u l t s  of the ’ -
a n a l o g  program is p l o t t e d  in  Fi gur e ’  14 , along with experimentall y obtained
h i g h  f r e q u e n c y m e a s u r e m e n t s .  The s i m u l a t e d  c i r c u i t  r e s u l t s  c o r r e l a t e
c l o se l \ ’  w i t h  exper imenta l i v  d e t e r m i n e d  d a ta .

ANALOG SIMULATION AT 60 HZ

H a v i n g  oht a  m e d  s u c c e s s f u l  cor re ’] a  t ion  o f  h i g h  f r e q u e n cy  me a su r e ’—
merits , analog s imu l  a t  ion using (;EL Powe-’r Sv s t  i’m Simulator was  per formed
a t  6( 1 H z .  w i t h  v a r y i n g  va lues  of sli p. This data was then compared with
expe ’ r ime’n t a  I Iv ob ta  f r i ed  measurements on thie ’ singl e—phase induc t ion m o t o r
o p er a t  ing a t  60 Hz w~ th  d i  f fe ’r i ’n t  mech i an  i t  a I l o ads . The graphs in
F i gure ’ i S  are ’  p l o t s  of Z versus  s l i p ,  wh e r e ’  Z i s  tile’ m agnitude ’ of t h i e ’
impedance V~~~/ I  

~~~~~ 
This ’ C lOSe ’ c o r r & ’ l a t  ion b e t w e e n  t i i s ’ two g r aphs  \‘ e ’r i f  i c ’s

t h e  m i c c u r ; i c  of the  svn  t lies i ze’d equ iva l e n t  i ’ i r e ’ u i 

t6
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ELECTROMAGNETIC COUPLING

W i t h  the equ ivalent  c i r c u i t  of the s ing le—phase  i n d u c t i o n  moto r
co m p leted , the mechanical  ou tpu t  power can now be c a l c u l at e d . Thus the
e lec t romechanica l  coup ling — tha t  is , the c o r r e l a t i o n  be tween  the  elec-
t r i c a l  inpu t pa rame te r s  (“olt age  and c u r r e n t)  and the mechan ica l  o u t p u t
parameters (torque and power) — can be de te rmined .

The equ iva len t  circuit of the induction motor in Figure 2 can be
simp lified by lumping various impedances to obtain the circuit shown in
Figure 16. Here , the circuit is composed of an impedance Zf , which
accounts for the effects of the forward field , and a Zb, which considers
the  e f f e c t  of the  backward f i e l d . Z f is the parallel combination of
x~ /2 and the series r2/ 2 s and x 2 / 2  bra nch , while Zb is the parallel
combination of x~ /2 and the series r2/~ 2(2 

— s)) and x2/2 bra nch. The
basic relationships are as follows:

Z f 
= R f + ( 7)

Zb 
= R

b + j X
b 

(8)

= ~
‘ in (9)
nag

where

r
2 2

1 
_ _ _ _ _ _ _ _ _ _ _ _ _R f 

— 2 2(
~
) + (x~ +

X
f 

= 
~~

{x

~ {(~Y + x 2 (x 2(
~

) + (x 2 +

r
2 2

— 
1 ( 2 — S)

R h 
— 

2 / 2
/ r ,, \ -

~

~2 _ s )  + (x
2 

+ x~~)

7



X
b 

= 
1 ~

[(
~ 

r
2 )  + x

2
(x 2 + x~~~j

(2 

r 2~~~ 
+ (x 2 + X~~)

2

Then ,

Zmag r 1 + ~ + + Z b 
= Z

R 
+ j

ZR is the  rea l  componen t  of Zmag and Z 1 is the imag in~i r v  c o m p o n e n t .  
2The power that is delivered to the forwa~ d field is  t h e n  P f = T m R f ,

and the  power to the  backward field is 
~b 

= Im R b~ The r e l a t e d , i n t e r -
nall y induced torques are Tf = P 1!’5 and T b = 

~b”~~’ r e sp e c t i v e l y , where ’
is the  synch ronous  a n g u l a r  ve loc  i ty  expressed in mechanical rad lana

per second .
The net  to rque  T is due  to the  e f f e c t  from the forward and h a c k w a r d

fields. Since these fields rotate’ in opposite directions , T = T f — Tb =

— 

~b)~ 
Then output mechanica l powe r 

~mech 
is:

P = 
~

— T = ( 1 — S) - , T = (I  — S ) ( P  — P )
mech me ’ch S b

2 R f
_ R

h
= (1 — 5) l ’ (R

f 
— R 1

) = ( 1 — S) V . ( 1 0)

R ‘I

Us ing Equation 10 , we” can de’te’rm inc the ’  mec ’ i l a n i c m l  I o u t p u t  f o r  m i l l V

input voltage’ and any g iven s I i p.  F roni mea ml i  rc’me’nt of v o l  t m H ’ ’~’ and
speed , m i l l  e’ i c c  t r  ic’a 1 and  m e ch a n  H a l  p a r a m e t  e r a  of the  s i n g i c—phase
i n d u c t  ion moto r  can  he d e t e r m i n e d .

FO N U I t ’ S I O N

The h u g h f r e ’que ncv m c ’asur en le ’n t  range ’  u,s e’d in  t h e  e ’ sp~ ’r im e ’n t s  was
80(1 Hz t o  10K H z .  Th e’ l ower end of the ’  r a n g e ’  w a s  1 mu t e d  h~’ t b t  ac t u a l
f i l t e r  c i r c u i t  u s e d .  For more ’ a c c u r a t e  svn th e ’s  is  of  t I l e ’  5 ing 1e—ph ~ise’
i l l d i l c  t ion m o t o r  , me ’asure ’mc ’n t s  aliou 1 ci he ’ made at  the  1 ia’e’s t f re ’ qu e n c  i t ’S
possible’ . T h i s  w i l l  he ’ I m i  tc ’d by the ’  noise ’ l e v e l  at  f r e q u e ’nc i c’s c l o s e r
to 61) i-h z, Ni ’ ; i  an remc’n t s a t  f re ’ciu e -nc - ic’s wh i c h  m i r e  hiarmon it ’s of hO liz
shto u  I d be ’ avo id i’d as the y tend to he e’rrone’ous

R i g ht f r e q u e n c y  in  l e t ’ t ion and d e c tromagne’L je’ coup l i ug me’asore’me’nt
e’e’hn i qiie’s e an  p r ey  i de ’  d i  ta wh i c h i  c a n  he used w ith thu analog c ompel t ~-r

t ‘1  oh ta in mte ’ i ’ u ra  t s’ svn the’s is of the  e’qu i vmi  I e’n t c’ i r e ’ U I t 01’ t hi s ’ i n d u c t  ion
motor. The’se’ m cmi  sit re ’men t s can  he ’ made w i t h  a l m o s t  no e l f  e m ’ t Ori t i l e ’

norma l o p e r a t  ion of t h e ’ i ndu e ’ t i o n  m o t o r .

8
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The CEL Power System Simulator is a valuable tool in ana lysis ,
experimentation , and design. Both mechanical and electrical characteris—
tics can be predicted for various load s and sources  on the  i n d u c t i o n  2’
m o t o r .  Thus  e x p e r i m e n t a t i o n  and analysis of effects of t h e  induction
m ot o r  on a power sys t em can be done on the  s i m u l a t o r  ins tead of the
a c t u a l power system . A ls o , va r ious  p r o t e c t i v e  dev ices  such as c i r c u i t
br e ’mi ke ’rs , fuses , e t c . ,  ca n he ’ des igned  from analysis of various faults
on the induction motor , such as locked rotor or shorted windings . These’
f a u l t s  could r e s u l t  in e x c e s s i v e l y  h i g h c u r r e n t s  and canno t  be performed
on an o p e r a t i n g  sy s t e m , hu t  cou id  he easi l y s i m u l a t e d .
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Fi gure 8. Eq u i v a l e n t  c i r c u i t  where s l ip  = 1.
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Figure 13. Instrumentation for analog simulation i ’if i n d u c t i o n  m o t o r .

17

~~~~~~~~~~~
- -

~~~~
- ‘ ~~~~~~~~~~~ -‘ - -~~~~-- - -~~~— -~~~~~~~— — -  —— - - —- -

~~~~~~~
-—  - ---



• --‘- --- -.- ~~~~ ~~~~~~~
,—----‘--—---

~~~

~~~~~~~
— --

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

I 1 1 1 1  I ‘‘
~
“ 

~
“ ‘

=

/

- /

6

~~~~~~~~

1( 1 .1) —

~~~~~~
L1I1r rec ite 

ex perimental  d a t a  —

1 1 1 1 1 1  I I I I  t I l l  I I ~~i~~~ I
1 1 1  I (11 111 I (1 , 11(5)

I r e q uencv ( I I ~~i

F I gure ’  I ~ . Re ’sul  t i i  if Z ve ’r ,sus f r e ’q u s ’n c v  f r o m  a na l o g  comput e ’ r

18

~ 

--- ‘— 
~~~~~

- - ‘ - ‘- -- -
~~~~~

-
~~~ 

-- - ‘ - -



‘- 5---- - 5—--- —

1=
*1

C
x

— 

O~~ —
~~~~~~

-
~~

— x —~~~~~

x -;
x

— IC

>(

x
C
I-

-:

— x 5’0 -

5-
0 -~ =

0 -
— X

x 
S

7 ~- I-’
—~~~~ 7 

-
— ~‘ ~‘ a~ ‘-n u—i ~~~ — >

x -

~
‘
~~~~ ~~~~~~~~ ‘

~~
‘ 

~~ 
-

ii ii i i ii
“/— — u—u — ,—i —‘

— 
-- crc

x

(Ci i i  ‘I~~
) /

19



0- ry-y~y~~_ _ _

( 

~ 
{ 
: 

~~ ~~~~~~ r,1

{ J 
I~a ckwa rc1 

-
‘

Fi gure 16. Equivalent circuit of induction motor
with impedances combined to show effects
of forward and backward fields.
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