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ABSTRACT 

s5y 
In this paper the torque and speed of an induction 

motor is controlled using a chopper circuit on the roto'r 
9 

side. An experimental control system is built and tested. 

Detail design of the chopper control circuit and the 

circuits associated with the control system are reported. 

It is shown that the torque can be kept constant 

over a wide speed range. Simplified models are used ; 

the torque-slip characteristics and the harmonic content 

in the a.c. component of the rectified current are pred- 

icted and compared with test results. It is also shown 

that dynamic braking can be performed using the rectified 

rotor current. 

A closed loop control of the motor speed is also 

performed. Calculations have been carried out in order 

to predict suitable system parameters for acceptable 

response. The control system stabilizes the speed 
i. * 

agaigst load torque variations using a proportional- 2 :  

plus-integral controller. Computed response is compared 

with results obtained experimentally. 



L I S T  OF SYMBOLS 

F F r i c t i o n  c o e f f i c i e n t .  

k - 
- Imax'Irnin* 

n  Number of o p e r a t i n g  c y c l e .  

I d  " r m s  Average and rms v a l u e  of t h e  r e c t i f i e d  r o t o r  

c u r r e n t ,  r e s p e c t i v e l y .  

'oPf I s h  S t eady- s t a t e  r e c  t i £  i e d  c u r r e n t  when t h e  chopper 

i s  "OFF" and "ON" a l l  t h e  t ime ,  r e s p e c t i v e l y .  

J Moment of i n e r t i a  f o r  t h e  motor wi th  i t s  load .  

1 Res i s t ance  of e x t e r n a l  i n d u c t o r .  

R E f f e c t i v e  r e s i s t a n c e  of chopper -cont ro l led  
eq 

r e s i s t a n c e .  

Rsh Cur ren t  s ens ing  r e s i s t a n c e .  

r1 f r 2  S t a t o r  and r o t o r  r e s i s t a n c e ,  r e s p e c t i v e l y .  

T Developed to rque .  

Tch Chopper p e r i o d .  

X 1 d 2  S t a t o r  and r o t o r  r e a c t a n c e ,  r e s p e c t i v e l y .  

xi , x i  S t a t o r  and r o t o r  r e a c t a n c e  r e f e r r e d  t o  r o t o r ,  

r e s p e c t i v e l y  . 
X  m S t a t o r  magnetizing r eac t ance .  

w Synchronous speed.  
S r 

B Duty c y c l e  of t h e  chopper c i r c u i t .  

1 .  INTRODUCTION 

With t h e  r e c e n t  advancement i n  power semiconductor 

technology,  i nduc t ion  motors are be ing  widely used i n  

v a r i a b l e  speed i n d u s t r i a l  d r i v e s .  The speed of an induc- 

t i o n  motor is  determined by t h e  supply f requency and 

r o t o r  s l i p .  I n  p r a c t i c e ,  t h e  s l i p  of an induc t ion  motor,  

and acco rd ing ly  i t s  speed,  can be  Con t ro l l ed  by drawing 

; e l e c t r i c a l  power from t h e  r o t o r  c i r c u i t .  Convent ional  

methods employ v a r i a b l e  r e s i s t a n c e s  i n  t h e  r o t o r  c i r c u i t  

which imply energy l o s s .  With t h e  advent  of power semic- 

conductor  d e v i c e s  a s t e p l e s s  r o t o r  r e s i s t a n c e  c o n t r o l  can 

be  done us ing  a  chopper swi tch  [ 1 , 2 ] .  The chopper i s  a  



power sw i t ch  e l e c t r o n i c a l l y  moni tored  by a  c o n t r o l  

c i r c u i t ,  which v a r i e s  t h e  e f f e c t i v e  r o t o r  r e s i s t a n c e  

a s  des igned  i n  s t e p l e s s  and c o n t a c t l e s s  manner. I t  can 

be  used  t o  c o n t r o l  t h e  t o r q u e / c u r r e n t  and t o  a c h i e v e  

an  improved power f a c t o r .  I t  can  a l s o  b e  used  wi th  

c l o s e d  l o o p  speed and c u r r e n t  c o n t r o l l e r s  [ 3 , 4 ] .  

I n  t h i s  pape r  a  chopper  c i r c u i t  i s  b u i l t  and t e s t e d .  

The Schmi t t  t r i g g e r  c o n t r o l  is used t o  b u i l d  a  c o n t r o l  

and f i r i n g  c i r c u i t  [ S ] .  The system performance a t  cons-  

t a n t  t o r q u e  o p e r a t i o n  i s  s t u d i e d .  Also  t h e  expe r imen t a l  

and c a l c u l a t e d  r e s u l t s  of t h e  t o r q u e  c o n t r o l  o p e r a t i o n  

a r e  compared. 

A c l o s e d  l o o p  speed  c o n t r o l ,  w i t h  a  p r o p o r t i o n a l -  

i n t e g r a l  ( P I )  c o n t r o l l e r  i s  b u i l t  and t e s t e d .  The dynamic 

performance o f  t h e  c l o s e d  l oop  system i s  a l s o  s t u d i e d  and 

compared w i th  t h e  expe r imen t a l  r e s u l t s .  

s ta lor sKp-ring 

Fig.( 1 1 Power circuit for constant current operation. 



2 .  PRINCIPLE OF ROTOR RESISTANCE CONTROL 

The system under  c o n s i d e r a t i o n  i s  shown i n  F i g u r e ( 1 ) .  

The r o t o r  power i s  r e c t i f i e d  by a t h r ee -phase  d iode-br idge .  

A smoothing i n d u c t o r  L1 and an  a d d i t i o n a l  r e s i s t o r  Rx 
a r e  connec ted  i n  series a c r o s s  t h e  d iode  b r i d g e .  A chopper  

s w i t c h  i s  used  a c r o s s  t h e  r e s i s t o r  R t o  perform c o n t r o l  
X 

of t h e  r o t o r  c u r r e n t ,  e . g .  t o  sw i t ch  Rx i n  and o u t  of t h e  

r o t o r  c i r c u i t .  

When t h e  chopper  i s  "ON" t h e  a d d i t i o n a l  r e s i s t a n c e  i n  

t h e  r o t o r  c i r c u i t  i s  n e a r l y  z e r o ,  and t h e  r e c t i f i e d  r o t o r  

c u r r e n t  rises t o  i t s  maximum l e v e l  Imax. When t h e  chopper  

i s  "OFF" t h e  a d d i t i o n a l  r e s i s t a n c e  i n  t h e  r o t o r  c i r c u i t  

i s  R and t h e  r e c t i f i e d  r o t o r  c u r r e n t  d r o p s  t o  i t s  minimum 
X' 

l e v e l  Imin: t h i s  mechanism i s  shown i n  F i g u r e  ( 2 )  . Accor- 

d ing  t o  t h e  d e s i r a b l e  ave r age  r o t o r  c u r r e n t ,  t h e  two l i m i t s  

Imax and I a r e  se t  i n  t h e  f i r i n g  and c o n t r o l  c i r c u i t s  t o  min 
de t e rmine  t h e  ON and OFF p e r i o d s  o f  t h e  t h y r i s t o r  chopper .  

L ~ c h 4  
Fig.( 2 The waveshape for current limit control. 

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

used  as a  c o n t r o l  s i g n a l  t o  t h e  f i r i n g  c i r c u i t .  The 

c o n t r o l  c i r c u i t  must b e  c a p a b l e  o f  supp ly ing  a f i r i n g  

p u l s e  t o  t h e  main t h y r i s t o r  TH, when t h e  r e c t i f i e d  c u r r -  

e n t  r e a c h e s  t h e  r e q u i r e d  minimum l e v e l ,  Imin . I t  shou ld  

be  a l s o  supp ly  a  p u l s e  t o  t h e  a u x i l i a r y  t h y r i s t o r  TH2 when 

t h e  c u r r e n t  r e a c h e s  t h e  maximum l e v e l ,  Imax . I n  o r d e r  t o  



perform t h e  above requi rements ,  t h e  Schmitt  t r i g g e r  

c i r c u i t  is  employed. 

The c o n t r o l  c i r c u i t  l o g i c  i s  shown i n  F igu re  ( 3 ) .  

I t  c o n s i s t s  of t h e  Schmi t t  t r i g g e r  c i r c u i t ,  d i f f e r e n t -  

i a t o r ,  and p u l s e  a m p l i f i e r .  Those a r e  desc r ibed  i n  

Appendix A .  

F ig.l3 1 Firing circuit logic . 

3 .  MATHEMATICAL A N A L Y S I S  

sensor - - M differentlator ,*-plse wrpUR. - 

I n  t h e  system under c o n s i d e r a t i o n  t h e  r o t o r  c i r c u i t  

r e s i s t a n c e  of t h e  motor i s  s u b j e c t e d  t o  a  modulation 

p roces s  and s o  it may be d i f f i c u l t  t o  fo l low an e x a c t  

methods f o r  a n a l y s i s .  The r o t o r  r e s i s t a n c e  modulation 

and t h e  r e c t i f i e r  e f f e c t  cause  d i s t o r t i o n  of t h e  motor 

c u r r e n t s .  Accordingly,  development of an e x a c t  model 

c o n s i d e r i n g  t h e  above e f f e c t s  may n o t  be  p o s s i b l e .  S ince ,  

t h e  r e c t i f i e r - c h o p p e r  c i r c u i t r y  adds  n o n l i n e a r i t i e s  i n t o  - 
t h e  equa t ions  of t h e  system. A s i m p l i f i e d  model f o r  t h e  

system is  developed us ing  t h e  conven t iona l  p e r  phase 

e q u i v a l e n t  c i r c u i t  and a s a t i s f a c t o r y  r e s u l t s  have been 

ob ta ined .  

, 
reference 

The system can be r ep re sen ted  us ing  t h e  motor model 

r e f e r r e d  t o  t h e  d . c .  s i d e  and t h e  fo l lowing  s i m p l i f y i n g  

assumptions a r e  made : 

voltage 

schltt circult 
no1 

. 
"01 

C - to thl 



11 The s t a t o r  power l o s s  is  neg lec t ed .  

21 The v o l t a g e  drop  a c r o s s  s t a t o r  impedance i s  neg lec t ed ,  

e .g .  E l  = V 1 ,  b u t  t h e  e f f e c t  of t h e  s t a t o r  l eakage  

induc tance  on r e c t i f i e r  o p e r a t i o n  i s  cons idered .  

31 The r e c t i f i e d  c u r r e n t  i s  cons idered  smooth. Accordingly,  
2 n  t h e  r o t o r  c u r r e n t  i s  a  r e c t a n g u l a r  wave of - d u r a t i o n .  3  

The r o t o r  r m s  c u r r e n t ,  I*, i s  t h u s  given by [ 6 ]  : - 
2 

1 2 =  / z  I d  ( 1  1 

The power l o s s  i n  t he  r o t o r  r e s i s t a n c e  f o r  a l l  t h r e e  phase 

'r l o s s  = 3 1' r = 2 1; r2 2 2 ( 2 )  

Then, t h e  r o t o r  r e s i s t a n c e  i s  r ep re sen ted  by ( 2  r2) i n  

t h e  d . c .  s i d e  f o r  t h e  three-phase  system. 

From t h e  convent iona l  theory  of r e c t i f i e r s ,  it i s  

known t h a t  p resence  of r e a c t a n c e s  on t h e  a . c .  s i d e  of 

t h e  b r i d g e  cause  c u r r e n t  o v e r l a p  du r ing  change over  ( i . e . ,  

commutation) of conduct ing d iodes .  Th i s  r e s u l t s  i n  l o s s  

of v o l t a g e  du r ing  commutation p e r i o d ,  and i t s  average  

e f f e c t  over  a  c y c l e  i s  t o  produce an e q u i v a l e n t  d .c .  

v o l t a g e  drop  given by [ 6 ]  : 

Hence, a s  f a r  a s  t h e  e f f e c t  of o v e r l a p  on t h e  r e c t i f i e d  
3 v o l t a g e  i s  concerned t h e  t e r m  - ( x i  + x2)  can be t r e a t e d  
n 

a s  a  r e s i s t a n c e  and s o  Equation ( 3 )  becomes 

 hen: t h e  e q u i v a l e n t  c i r c u i t  of t h e  motor r e f e r r e d  t o  

t h e  d .c .  s i d e  i s  s e t  a s  shown i n  F igu re  ( 4 )  , t h e  o u t p u t  

v o l t a g e  of r e c t i f i e r  b r i d g e  a t  s t a n d s t i l l  i s  g iven  by ; 
- - -  

Edo 3/5 E; and a t  s l i p  S ,  t h e  ou tpu t  v o l t a g e  becomes 
IT 

Edc = S Edo. 
The developed to rque  a t  s l i p  S i s  t h e r e f o r e  

expressed  a s  
n 



u 

Fig.I4 1 Motor equivalent circuit referred to d.c. M e  

3 . 1 .  Modes of O p e r a t i o n  

C o n s i d e r i n g  F i g u r e  ( 2 1 ,  two modes o f  t h e  

o p e r a t i o n  a r e  s t u d i e d .  Those a r e  as  f o l l o w s  : 

a -  The "ON" Mode : n  T  5 t 2 ( n  + B )  Tch c h  

c i r c u i t  

A t  t h e  i n s t a n t  t = nT c h  ' t h e  r e c t i f i e d  c u r r e n t  id= 

Imin and  t h e  main t h y r i s t o r  i s  t u r n e d  t o  t h e  "ON" s t a t e .  

The waveshape o f  t h e  d . c .  c u r r e n t  c a n  b e  p r e d i c t e d  as  

f o l l o w s  : 

From t h e  c i r c u i t  model 

The s o l u t i o n  f o r  i ( t )  =i (t) i s  t h u s  
d on 

i on (t) = I ~ ~ +  ( I ~ ~ ~ - I  s h  ) ~ x p [ - ( t - n ~ ~ ~  1 h o n 1  
where  

K - - L1 - and  ISh - Edc 
on SR + 2 r 2 + R 1  m SRm + 2 r 2  + R1 

b- The "OFF" Mode : (n+B)Tch 5 t 5 ( n + l ) ~ ~ ~  

A t  t h e  i n s t a n t  t = (n+B) Tchf  t h e  r e c t i f i e d  c u r r e n t  
i = 
d Imax and  t h e  main t h y r i s t o r  i s  t u r n e d  t o  t h e  "OFF" 

s t a t e .  The r e c t i f i e d  c u r r e n t  c a n  b e  p r e d i c t e d  a s  f o l l o w s :  

The s o l u t i o n  f o r  i ( t )  = i ( t )  i s  t h u s  
d o f f  

i (t) = I o f f  (Imax-Iop) Exp [-{t- (n+B) T C h ) / r  o f f  I ( 6 )  
where 

T - - L1 and  I = Edc 
o f f  SR + 2 r 2 + R 1 + R  m X 

o p  SRm+2r2+R1 +Rx 



3 . 2 .  Minimum E x t e r n a l  R e s i s t a n c e  a n d  C r i t i c a l  Slip 

During s t e a d y - s t a t e  o p e r a t i o n  t h e  sys tem c o n t r o l  

o p e r a t e s  such  t h a t ,  t h e  l e v e l s  f o r  c u r r e n t s  must b e  

s a t i s f i e d ,  e . g .  

i ( ( n + B ) T c h )  = i  ( ( n r % ) T c h )  on o f f  (7) 

and 

i (n  Tch)  = i on o f f  ( ( n + l  ITch) ( 8  

From E q u a t i o n s  ( 5 )  and ( 7 )  , t h e  upper  c u r r e n t  l i m i t  c an  

be o b t a i n e d  a s  : 

From E q u a t i o n s  ( 6 )  and ( 8 ) ,  t h e  lower  l i m i t  i s  o b t a i n e d  

a s  : 

Imin = I  + ( I  -1 ) E X ~ [ - ( ~ - B ) T ~ ~ / T ~ ~ ~ ~  op  max op ( 1  0 )  

From E q u a t i o n s  ( 9 )  and ( 1  0 )  , t h e  chopping p e r i o d  i s  

o b t a i n e d  a s  : 

The c r i t i c a l  s l i p  S f o r  a  g i v e n  I c r  max I 
i s  de te rmined  by 

The minimum v a l u e  of t h e  e x t e r n a l  r e s i s t a n c e ,  f o r  a  g iven  

Imin ' i s  g i v e n  by e q u a t i n g  I t o  Imin a t  s t a n d s t i l l ,  
OP 

where t h e  r e c t i f i e d  r o t o r  v o l t a g e  i s  a t  i t s  maximum[5]. 

Thek u 
li 

- - do 
(Rex)  min 'min - ( 2 r 2 + R  m + R , )  

4 .  SYSTEM PERFORMANCE . 

To o b t a i n  the system performance  a computer  program 

t o  c a l c u l a t e  t h e  sys tem e q u a t i o n s  h a s  been developed f o r  

t h e  f o l l o w i n g  : 



4 . 1 .  C o n s t a n t  T o r q u e  O p e r a t i o n  

A d i r e c t  c o n t r o l  of  t o r q u e  can  be  used  t o  a c h i e v e  

r a p i d  a c c e l e r a t i o n  and r e t a r d a t i o n  such  a s  i n  c r a n e s  

and t r a c t i o n  sys tem.  

Using Equa t ion  ( 4 )  w i t h  I = Ish, t h e  t o r q u e - s l i p  d 
c h a r a c t e r i s t i c  f o r  d i f f e r e n t  l e v e l s  o f  Imax to Imin can  

be  o b t a i n e d  as shown i n  F i g u r e  ( 5 ) .  From which it i s  

obv ious  t h a t ,  t h e  s p i k e  i n  t h e  c h a r a c t e r i s t i c s  d e c r e a s e s  

a s  t h e  r a t i o  k  is  d e c r e a s e d .  T h i s  i s  due t o  t h e  f a c t  

t h a t ,  t h e  chopper  s t a y s  "ON" a l l  t h e  t i m e  f o r  speed  

h i g h e r  t h a n  t h e  c r i t i c a l  speed .  

~ l s o  t h e  e x p e r i m e n t a l  r e s u l t s  w e r e  o b t a i n e d  a t  I = min 
5.75 A and  K = 1 . 2 9 .  F i g u r e  5, i n d i c a t e s  a l s o  t h e  e x p e r i -  

men ta l  t o r q u e - s l i p  c h a r a c t e r i s t i c ,  where c l o s e  agreement  

between computed and tes t  r e s u l t s  i s  a c h i e v e d .  F i g u r e s  

6.a, b  and  c show o s c i l l o g r a m s  f o r  t h e  r e c t i f i e r ,  r o t o r  

and s t a t o r  c u r r e n t s .  The t h i r d  o s c i l l o g r a m s  i n d i c a t e  t h a t ,  

t h e  e f f e c t  o f  t h e  chopper  c o n t r o l l e r  on t h e  s t a t o r  c u r r e n t  

waveform i s  s m a l l .  The machine p a r a m e t e r s  and o t h e r  

n e c e s s a r y  d a t a  a r e  p rov ided  i n  Appendix ( B ) .  

4 . 2 .  R i p p l e  F a c t o r  

The c u r r e n t  r i p p l e  f a c t o r  i s  d e f i n e d  a s  

C.R.F. / C.F.F. - 1 

Where C.F.F. i s  t h e  c u r r e n t  form f a c t o r  = Irms/Id, and 

from E q u a t i o n s  ( 5 )  and (6), Irms and Id can b e  o b t a i n e d .  

F i g u r s  ( 7 )  shows v a r i a t i o n  of  t h e  r e c t i f i e d  c u r r e n t  r i p p l e  

f a c t o r  w i t h  s l i p  a t  d i f f e r e n t  v a l u e s  of  K .  I t  i s ' s h o w n  

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

i s  d e c r e a s e d .  

4 .  3 .  Harmonic C o n t e n t  

The F o u r i e r  a l g o r i t h m  [ S ]  i s  used  w i t h  E q u a t i o n s  ( 5 )  

and (6) . The harmonic c o n t e n t  i n  t h e  a . c .  component o f  

t h e  r e c t i f i e d  c u r r e n t  i s  o b t a i n e d .  F i g u r e s  8 . a  and b show 



Fig.6. Oscillograms for (a) Rectified current.(b)Rotor current. 
( c )  Stator current. 
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v a r i a t i o n s  of  t h e  r e l a t i v e  a m p l i t u d e  of  harmonics  w i t h  

s l i p  f o r  d i f f e r e n t  v a l u e s  o f  K ,  and t h e  a v e r a g e  r e c t i f i e d  

c u r r e n t ,  I d '  i s  c o n s t a n t ,  from which,  l e v e l s  of  d i f f e r e n t  

harmonic components a r e  d e c r e a s e d  a s  K i s  d e c r e a s e d .  

4 . 4 .  Dynamic B r a k i n g  : 

I f  t h e  i n d u c t i o n  motor t e r m i n a l s  a r e  d i s c o n n e c t e d  

from t h e  s u p p l y ,  t h e  motor  w i l l  come t o  rest under  n a t u r a l  

b r a k i n g ,  and t h e  b r a k i n g  t i m e  w i l l  b e  l a r g e  a s  shown i n  

F i g u r e  ( 9 )  ( b r a k i n g  t i m e  2 5.7 sec.) . For  f a s t e r  b r a k i n g ,  

t h e  motor  t e r m i n a l s  a r e  d i s c o n n e c t e d  from t h e  a . c .  supp ly  

and connec ted  t o  a  d . c .  s o u r c e .  The machine o p e r a t e s  a s  a  

g e n e r a t o r ,  and p a r t  of k i n e t i c  energy of  t h e  r o t a t i n g  

sys tem i s  c o n v e r t e d  t o  e l e c t r i c a l  ene rgy  and d i s s i p a t e d  

i n  t h e  r o t o r  c i r c u i t .  The b r a k i n g  t i m e  a s  a  f u n c t i o n  of  

d . c .  c u r r e n t  e x c i t a t i o n  t o  t h e  s t a t o r  windings  i s  shown 

i n  F i g u r e  ( 1 0 ) .  I f  t h e  r e c t i f i e d  r o t o r  power i s  f e d  t o  t h e  

s t a t o r  wind ings ,  no  s e p a r a t e  d . c .  s o u r c e  i s  r e q u i r e d  f o r  

t h e  b r a k i n g  o p e r a t i o n .  T h e r e f o r e ,  a  c a p a c i t o r ,  C1 = 100 p F ,  

and a  d i o d e ,  D l ,  a r e  used  a c r o s s  t h e  d i o d e  b r i d g e  t o  h o l d  

t h e  v o l t a g e  f o r  s t a t o r  e x c i t a t i o n  immedia te ly  a f t e r  t h e  

s t a t o r  t e r m i n a l s  a r e  d i s c o n n e c t e d  from t h e  a . c .  s u p p l y .  

The proposed c i r c u i t  i s  shown i n  F i g u r e  ( 1 1 - a ) .  F i g u r e  

( I  1-b) shows t h a t ,  t h e  motor  e x p e r i e n c e s  a  h a r d  b r a k e  and 

comes t o  rest  a t  1 . 1  sec. ,  compared w i t h  t h e  n a t u r a l  b r a -  

k i n g  a t  t h e  same c o n d i t i o n  which l a s t s  5.7 sec ( F i g u r e  9 ) .  

Thus f a s t e r  b r a k i n g  i s  o b t a i n e d  u s i n g  t h e  proposed a r r a n g e -  

ment.  
* 

5. S P E E D  CONTROL 

With open l o o p  c o n t r o l ,  t h e  motor h a s  v e r y  poor  speed  

r e g u l a t i o n .  However, i n  many i n d u s t r i a l  a p p l i c a t i o n s ,  

speed  r e g u l a t i o n  of  t h e  d r i v e  i s  e s s e n t i a l .  I n  such c a s e s  

it becomes n e c e s s a r y  t o  employ c l o s e d - l o o p  speed  c o n t r o l .  
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Fig.( 11 1 Stator exutation fed from rotor circuit for d.c dynamic braking 
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For closed loop operation, a tachogenerator mounted 

on the motor shaft is used to obtain a speed feedback 

signal (Figure 12). Also, the rotor current is sensed, 

using a small resistance on the d.c. side of the recti- 

fier. The voltage signal (e ) (the output of the current - 3 
sensing resistance) is used to control the switching 

frequency of the chopper circuit. The duty cycle of the 

chopper circuit is varied with (e2), that is the output 

of the speed controller. A simple arrangement of proport- 

ional-integral speed controller is used for giving improved 

speed regulation. The complete block diagram of the system 

is shown in Figure (1 3) . 
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5.1. Transfer Functions 

To s t u d y  t h e  t r a n s i e n t  r e s p o n s e  o f  t h e  c l o s e d - l o o p  

s y s t e m  a r o u n d  t h e  g i v e n  o p e r a t i n g  p o i n t ,  t h e  t r a n s f q ,  

f u n c t i o n  o f  e a c h  p a r t  o f  t h e  s y s t e m  i s  d e v e l o p e d  as!,; 

f o l l o w s  : 

5 . 1 . 2 .  Motor and its l o a d  

Using  E q u a t i o n  ( 4 )  , w i t h  n e g l e c t i n g  t h e  v o l t a g e  

d r o p  due  t o  commuta t ion ,  t h e  t o r q u e  d e v e l o p e d  by t h e  mo to r  

G ~ ( S )  = T ( s ) / I ~ ( s )  = E ~ ~ / w ~  

The t r a n s f e r  f u n c t i o n  o f  t h e  m e c h a n i c a l  s y s t e m  c a n  b e  

w r i t t e n  a s  : 

G ( s )  = ( s )  - - 1 /F  
5 T ( s )  - T L ( s )  l + S  T 

where m 

T = J / F  i s  t h e  m e c h a n i c a l  t i m e  c o n s t a n t .  m 

5 .  2 . 5 .  C k c p p e r  and f t . 5  c o n t r g l  circuit 
- 

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

and  i t s  c o n t r o l  c i r c u i t ,  t h e  f o l l o w i n g  s i m p l i f y i n g  assum- 

p t i o n s  a r e  u s e d  : 

a- The c h o p p e r  s w i t c h i n g  f r e q u e n c y  i s  much g r e a t e r  t h a n  

t h a t  of  t h e  r o t o r  c i r c u i t  ( f  >> f r )  c h  
b- I = (I d - max + I  ) / 2  min 

With t h e  above  a s s u m p t i o n s ,  t h e  r e s p o n s e  due  t o  S c h m i t t  

t r i g g e r  and t r i g g e r i n g  equipment  a s  w e l l  a s  c h o p p e r  

r e s p o n s e  a r e  o b t a i n e d  i n  a p p r o x i m a t e l y  z e r o  t i m e  ( see 

Appendix A )  . 
e = ( V ,  + V 2 )  / 2  3  

a n d  

1 
where  K 3  = K 3 / ( R , + R 3 )  , G 3  ( s )  = R 3 / ( R Z + ~ 3 )  and  G ( s )  = - 3 Rsh 
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5 . 1 . 3 .  T a c h o g e n e r a t o r  and i t s  f i l t e r  
-- 

The o v e r a l l  t r a n s f e r  f u n c t i o n  of t h e  t a chogene ra to r  

and i t s  a s s o c i a t e d  f i l t e r  cou ld  be  w r i t t e n  a s  

K1 
i s  t h e  combined g a i n  of t h e  t a c h o g e n e r a t o r / f i l t e r  

combina t ion ,  and T1 i s  t h e  t i m e  c o n s t a n t .  T h i s  t i m e  

c o n s t a n t  i s  v e r y  s m a l l  and s o  it can  be  n e g l e c t e d .  

Thus 

G I  ( s )  i K 1 

5 . 1 . 4 .  Speed c o n t r o l l e r  

p.1 c o n t r o l l e r  was used  t o  e l i m i n a t e  t h e  s t eady -  

s t a t e  e r r o r  i n  t h e  system response .  The t r a n s f e r  f u n c t i o n  

of t h e  c o n t r o l l e r  i s  s i v e n  as : 

5 . 2 .  S y s t e m  Response  

From F i g u r e  (13)  , it can  be  shown t h a t ,  t h e  system 

i s  a second o r d e r .  The c h a r a c t e r i s t i c  equa t i on  of t h e  

system i s  g i v e n  by : 

where 

Equat ion (21)  i s  used  t o  p r e d i c t  t h e  

Cc and R g .  
c o n t r o l l e r  pa r ame te r s ,  

Hence, 
1 R~ 

2 6 0 n  = - ( I +  - 1 1  k ; ) a n d  w = / -- 
T m Ri n  Tm 'cRi ; 

The r e sponse  of speed t o  a  s t e p  change i n  Vref and /o r  TL 



- 6 w n t  A3-6w A - 6 w n t  
w ( t )  = A + A  e 1 2  c o s  w t+ d n 2 e  s i n  w t wd d 

A l s o I  t h e  r e s p o n s e  i n  t h e  r e c t i f i e d  c u r r e n t ,  1 due  t o  

a s t e p  change i n  V r e f  a n d / o r  TL i s  o b t a i n e d  from : 

- 6 w  t - 6 w  B - 6 w  t 
Id ( t )  = B ~  +B e c o s  w d t +  ( B3 n 2 ) e  n 2 s i n  w t "'d d 

( 2 3 )  

The p a r a m e t e r s  o f  t h e  c l o s e d  l o o p  sys tem are g i v e n  i n  

Appendix B. 

5 . 3 .  Results 

The c a l c u l a t e d  r e s u l t s  of speed  and c u r r e n t  r e s p o n s e  

f o r  a s t e p  change i n  V a r e  shown i n  F i g u r e  ( 1 4 ) .  The r e f  
o s c i l l o g r a m s  of speed  and c u r r e n t  r e s p o n s e  a r e  shown i n  

F i g u r e  ( 1 5 ) .  Second-order  r e s p o n s e ,  and good damping 

assumed i n  t h e  d e s i g n  p r o c e d u r e  a r e  obv ious .  F i g u r e  (16) 
shows t h e  c a l c u l a t e d  speed  and c u r r e n t  r e s p o n s e  f o r  a 

s t e p  change i n  T The o s c i l l o g r a m s  of  t h e s e  r e s p o n s e s  
L 

a r e  shown i n  F i g u r e  ( 1 7 ) .  The speed  r e t u r n s  back t o  i t s  

i n i t i a l  v a l u e  i n  a b o u t  1 sec. and t h e  d i f f e r e n c e  between 

I and Imin is  c o n s t a n t  f o r  d i f f e r e n t  l e v e l s  of  t h e  max 
a v e r a g e  r e c t i f i e d  c u r r e n t .  



Fiq. ( 1 4 )  Response of a step c h a q e  in Vref 
( a 1 Speed Response 
( b)  Current R esponse 

Fig- (15) The Oscillqmms of speed Response. 
and cwent Response for a step chonge 

in  Vref 
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Fig.. (1 61 Response for o step change 11.1 TL 
( a  1 Speed Response. 
( b) Current Response 

F ig .  (1 7) The Oscillogroms of s p e d  
and current r e s p o w  lor a step 

response 
change 

in Ti' 

A p r a c t i c a l  c o n s t a n t  t o r q u e  sys tem f o r  a  s l i p  r i n g  

i n d u c t i o n  motor u s i n g  chopper  i n  t h e  r o t o r  c i r c u i t  h a s  

been b u i l t  and t e s t e d .  The sys tem i s  s i m p l e ,  and inexpen- 

s i v e .  The t o r q u e  i s  e a s i l y  c o n t r o l l e d  and can  b e  k e p t  

c o n s t a n t  o v e r  a  wide r a n g e  o f  s p e e d s .  

I n  t h e  c o n t r o l  c i r c u i t  of t h e  c h o p p e r ,  c u r r e n t  

s e t t i n g s  can  b e  i n d e p e n d e n t l y  a d j u s t e d  t o  r e d u c e  t h e  

motor  l o s s e s  due  t o  harmonics  of t h e  r e c t i f i e d  c u r r e n t  

f l u c t u a t i o n s .  S imple  models  f o r  t h e  s t u d y  of sys tem 

performance  a t  c o n s t a n t  t o r q u e  a r e  p r e s e n t e d .  The t o r q u e  

s l i p  c h a r a c t e r i s t i c s  show t h a t ,  t h e  c i r c u i t  model g i v e s  

s a t i s f a c t o r y  r e s u l t s  of t h i s  c u r r e n t  c o n t r o l  scheme. 

A l s o ,  t h e  s p i k e  i n  t h e  t o r q u e - s l i p  c h a r a c t e r i s t i c s ,  and 



t h e  harmonics  c o n t e n t  i n  t h e  a . c .  component of t h e  recti- 

f i e d  c u r r e n t  d e c r e a s e s  a s  t h e  r a t i o  k  i s  d e c r e a s e d .  But 

i n  p r a c t i c a l  c o n t r o l l e r s ,  a  d e c r e a s e  i n  k  i s  synonymous 

w i t h  a n  i n c r e a s e  i n  t h e  s w i t c h i n g  f r e q u e n c y ,  r e s u l t i n g  

i n  h i g h e r  s w i t c h i n g  l o s s e s ,  r a t i n g  of  components i n c r e a -  

ses, and c o n s e q u e n t l y  t h e  c o s t  i s  i n c r e a s e d .  

A c l o s e d  l o o p  speed  c o n t r o l  u s i n g  chopper  i n  t h e  

r o t o r  c i r c u i t  h a s  a l s o  been examined. The sys tem a c t s  

t o  r e g u l a t e  t h e  s p e e d .  A l s o ,  t h e  d i f f e r e n c e  between t h e  

two l e v e l s  of  t h e  r e c t i f i e d  c u r r e n t  i s  k e p t  c o n s t a n t  and 

t h e n  t h e  harmonic l o s s e s  due t o  t h e  r e c t i f i e d  c u r r e n t  

f l u c t u a t i o n s  a r e  k e p t  a p p r o x i m a t e l y  c o n s t a n t .  

C a l c u l a t i o n s  have  been c a r r i e d  o u t  t o  p r e d i c t  sys tem 

p a r a m e t e r s  f o r  a c c e p t a b l e  r e s p o n s e .  The c o n t r o l  sys tem 

s t a b i l i z e s  t h e  speed  a g a i n s t  l o a d  v a r i a t i o n s  u s i n g  a  P I  

c o n t r o l l e r  . The method of d c  dynamic b r a k i n g  r e s u l t e d  

i n  a n  e x t r e m e l y  r a p i d  b r a k i n g  of  t h e  d r i v e  sys tem.  I t  

a l s o  e l i m i n a t e s  t h e  n e c e s s i t y  of a  s e p a r a t e  d . c .  s o u r c e .  

APPENDIX A 

S c h m i t t  t r i g g e r  c i r c u i t  : The employed S c h m i t t  t r i g g e r  

c i r c u i t  e x h i b i t s  a  h y s t e r e s i s  l o o p  where t h e  h y s t e r e s i s  

v o l t a g e  i s  V 
= V1 

- V 2 .  The o p e r a t i o n a l  a m p l i f i e r  
H 

(LM 324 N) was u s e d  a s  an  i n v e r t i n g  S c h m i t t  t r i g g e r  f o r  

i t s  h i g h  speed  and a l s o ,  it needs  o n l y  p o s i t i v e  v o l t a g e  

power s u p p l y .  The i n p u t  v o l t a g e  ( e .  ) i s  a p p l i e d  t o  t h e  
1 

i n v e r t i n g  t e r m i n a l  2 and t h e  r e f e r e n c e  and t h e  feedback 

v o l t a $ e s  t o  t h e  n o n i n v e r t i n g  t e r m i n a l  3 ,  a s  shown i n  

F i g u r e  ( A - 1 ) .  I n  c a s e  of e i  < V 1 ,  eo w i l l  b e  e q u a l  t o  V .  

Then, u s i n g  s u p e r p o s i t i o n  where R <<  R o r  R 2 ,  3  1 

Where V1 i s  t h e  maximum l i m i t  f o r  t h e  v a l u e  of e . 
i 

I f  e i  i s  now i n c r e a s e d ,  t h e n  e  remain c o n s t a n t  a t  V and 
0 

V r  = V1 
= c o n s t a n t  u n t i l  e = V 1 .  A t  t h i s  c o n d i t i o n  t h e  

i 
o u t p u t  r e g e n e r a t i v e l y  s w i t c h e s  t o  e = 0 and remains  a t  

0 



t h i s  v a l u e  a s  l o n g  a s  ei > V r .  

The v o l t a g e  a t  t h e  n o n i n v e r t i n g  t e r m i n a l  f o r  e = 0  i s  
0 

3 

Where V 2  i s  t h e  minimum l i m i t  f o r  t h e  v a l u e  of ei. 

R1 i s  chosen such t h a t  t h e  l o o p  g a i n  HfAe  i s  g r e a t e r  

t h a n  u n i t y ,  where H = ( R 3 ) / ( R 1 + R 3 )  and Ae i s  t h e  ampl i -  f 
f  i e r  g a i n .  

F i g u r e  ( A .  2 )  shows t h e  e x p e c t e d  waveforms of  t h e  

chopper  c o n t r o l  c i r c u i t .  

The dif erentiatOr : Conven t iona l  RC c i r c u i t s  w i t h  s m a l l  

t i m e  c o n s t a n t s  a r e  used  t o  d i f f e r e n t i a t e  t h e  o u t p u t  of 

t h e  S c h m i t t  and i n v e r t e r  c i r c u i t s .  

P u l s e  a m p l i f i e r  : Two t r a n s i s t o r s  a r e  connec ted  a s  a 

D e r l i n g t o n - s t a g e  t o  a m p l i f y  t h e  d i f f e r e n t i a t o r  o u t p u t  

p u l s e s ,  s o  t h a t  become s u f f i c i e n t  f o r  t h y r i s t o r  f i r i n g .  

A P P E N D I X  B 

Motor : 
T e s t s  have  been c a r r i e d  o u t  u s i n g  a  3-phase,  50 H z ,  

4 -po le ,  1 . 5  kw, 220 V . ,  s l i p  r i n g  i n d u c t i o n  motor  h a v i n g  

t h e  f o l l o w i n g  p a r a m e t e r s  
: r1 = 3.09 n ,  r2  = 0.196 n, 

x = 7.09 n , x2 = 0.2 n 
1 xm = 180 and t h e  t u r n s  r a t i o n  

N = 5.95.  The e x t e r n a l  r o t o r  r e s i s t a n c e  R = 28 fl . 
X 

F i l t e r  p a r a m e t e r s  : 
L, = 230 m . H .  and  R1 = 2 . 4  a .. 

-, 

C o n t r o l  c i r c u i t  p a r a m e t e r s  : 
R~ = 100 k a ,  R~ = 10  K n ,  

- 

R3 
= 120 R , R4 = 700 K n ,  R5 = 5 K $2, R6 = 10 $2 and 

C = 0.047 pF. 

Closed l o o p  p a r a m e t e r s  

F = 1/62 N.m/rad . / sec .  

R~ = 1.34 M n ,  and Cc = 
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Fig.(A-1 1 Control circuit of the chopper 

Fig.(A - 2 1 Waveform of the control circuit 


