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MEMORANDUM

The accompanying t h e s i s ,  " L o w -v a r ia b le - s p e e d ,  c o n t in u o u s -  

c i r c u l a t i n g  c u r r e n t ,  c y c lo c o n v e r te r - in d u c t io n - m o to r  d r iv e s "  

i s  s u b m it te d  i n  su p p o r t  o f  an a p p l i c a t i o n  f o r  th e  d eg ree  o f  Ph.D. 

in  th e  U n iv e r s i t y  o f  L e i c e s t e r .

T h is  work has  n o t  been  s u b m it te d  f o r  a n o th e r  Degree i n  t h i s  

U n iv e r s i t y ,  n o r  f o r  th e  award o f  a  Degree o r  Diploma o f  any o t h e r  

i n s t i t u t i o n .  T h is  d i s s e r t a t i o n  i s  b a sed  on s t u d i e s  o f  t h e  f o l lo w in g  

p o i n t s .

1. The prob lem s o f  d i r e c t  lo w -freq u en cy  o p e r a t io n  o f  an in d u c t io n  

m otor on s in u s o id a l  and n o n - s in u s o id a l  s u p p l i e s .

2. A m u l t i -m a c h in e  v a r i a b l e - s p e e d  d r iv e  has  been  d e s ig n e d  i n  which 

th e  s t a t o r  o f  an in d u c t io n  m otor s e rv e s  th e  d ua l p u rp o se  o f  s e t t i n g  up 

a r o t a t i n g  f i e l d  and a c t i n g  as t h r e e  i n t e r - g r o u p  r e a c t o r s  t o  m a in ta in  

c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  in  a c y c l o c o n v e r t e r . The co n seq u en t 

r e d u c t io n  in  harm onic c o n te n t  o f  th e  c y c lo c o n v e r t e r  o u tp u t  v o l t a g e  

has ex ten d ed  th e  o p e r a t i n g  f re q u e n c y  ra n g e  and p e r m i t t e d  r e g e n e r a t i v e  

b ra k in g  w ith o u t  g a te  p u l s e  c i r c u i t  m o d i f i c a t io n .

3. The r e a c t i v e  power re q u ire m e n ts  o f  th e  system  in  r e g e n e r a t i v e  

b r a k in g  have been  computed and th e  e f f e c t  on c y c lo c o n v e r t e r  d e s ig n  

d i s c u s s e d .

4. A sm all  s i g n a l  p e r t u r b a t i o n  s tu d y  has  been c a r r i e d  o u t .  The system  

has been shown to  be c o n d i t i o n a l l y  s t a b l e  and a method o f  a c h ie v in g  

in h e r e n t  s t a b i l i t y  has been  s u g g e s te d .

A.K.S. Hamad,
U n iv e r s i t y  o f  L e i c e s t e r ,  
Departm ent o f  E n g in e e r in g .  

1977.
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ABSTRACT

The c y c lo c o n v e r t e r  as a d i r e c t  f req u en cy  c o n v e r t e r  w i th o u t  a 

d . c .  l i n k  i s  w e ll  known as a power a m p l i f i e r  in  low speed  a . c ,  d r i v e s .

I f  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  o p e r a t io n  can be m a in ta in e d ,  r e v e r s i b l e  

energy  flow  and r e g e n e r a t i v e  b ra k in g  can be a c h ie v e d  in  an in d u c t io n  

motor d r iv e  w i th o u t  a  change in  th e  g a te  p u l s e  sequence .  C ontinuous 

c i r c u l a t i n g  c u r r e n t  o p e r a t io n  a l s o  red u ce s  t h e  o u tp u t  harm onic c o n te n t  

o f  th e  c y c lo c o n v e r t e r  and in c r e a s e s  th e  speed  range  o f  th e  d r i v e .

T h is  d i s s e r t a t i o n  d e s c r ib e s  t h e  u se  o f  an in d u c t io n  m otor 

s t a t o r  as  an i n t e r - g r o u p  r e a c t o r  m a in ta in in g  co n t in u o u s  c i r c u l a t i n g  

c u r r e n t  i n  th e  c y c l o c o n v e r te r .  The same s t a t o r  w inding  s e t s  up th e  

c o n v e n t io n a l  r o t a t i n g  a i r  g a p - f lu x  and th e  r e a c t o r  machine has  s ta n d a r d  

to r q u e - s p e e d  c h a r a c t e r i s t i c s .

In  th e  m u l t i -m a c h in e  d r iv e  d es ig n ed  and c o n s t r u c t e d  i n  t h i s  

work, one machine r e q u i r e s  a s p e c i a l  s t a t o r  w ind ing .  C o n v en tio n a l  

s q u i r r e l - c a g e  machines can th e n  be added f o r  tandem speed  c o n t r o l  and 

th e  u t i l i s a t i o n  o f  copper im proved. C lo se d - lo o p  speed  c o n t r o l  and a i r  

gap f lu x  c o n t r o l  a re  in c o r p o r a te d  on th e  r e a c t o r  m achine. The s t a n d a r d  

in d u c t io n  m otors  added in  a d d i t i o n  to  th e  r e a c t o r  machine a r e  shown 

to  be e s s e n t i a l l y  o p e r a t i n g  u n d e r  o p en -loop  c o n d i t io n s  b u t  a 

" h a rd  s u p p ly "  i s  m a in ta in e d  by c lo s e d - lo o p  c o n t r o l .



1.

CHAPTER 1

INTRODUCTION

The s i m p l i c i t y  and r o b u s tn e s s  o f  th e  s q u i r r e l - c a g e  i n d u c t i o n  

m otor t o g e t h e r  w i th  th e  absence  o f  s l i d i n g  c o n ta c t s  and s l i p  r i n g s  makes 

i t  an i d e a l  machine f o r  an a . c .  v a r i a b l e - s p e e d  d r iv e  i f  s t a b l e  c o n t r o l  can 

be a c h ie v e d .  A v a r i a b l e - s p e e d  d r iv e  must be a b l e  t o  o p e r a t e  s t a b l y  

a t  n e a r  c o n s ta n t  speed  when s u b je c t e d  to  s t e p  and shock lo a d in g .  I t  

must a l s o  be a b le  to  a c c e l e r a t e  o r  b rak e  r a p i d l y .  At low s p e e d s ,  any 

machine w ith  s a l i e n t  p o le s  w i l l  p roduce  a to rq u e  which v a r i e s  i n  

am p litude  around th e  c i rc u m fe re n c e  o f  t h e  m achine. T h is  cau ses  th e  

to rq u e  to  v a ry  as a f u n c t io n  o f  m otor speed  and r o t o r  p o s i t i o n .

A system  d e s ig n e r  fa c e d  w ith  t h i s  p rob lem  may choose a  h ig h e r  

speed o f  r o t a t i o n  and s u b se q u e n t ly  red u ce  th e  speed  t o  th e  d e s i r e d  

l e v e l  w ith  a  g e a r  box. D i r e c t  low -speed  d r iv e s  u s in g  synchronous m otors  

w i th  sm all  p o le  numbers o r  d . c .  m otors a r e  r a r e l y  used  because  o f  to rq u e  

v a r i a t i o n  w i th  r o t o r  p o s i t i o n .

A s q u i r r e l - c a g e  m otor w ith  a s i n g l e  low-im pedance cage w i l l  

g iv e  good n e a r - s y n c h ro n o u s - s p e e d  o p e r a t io n ,  b u t  th e  s t a r t i n g  to r q u e  

and a c c e l e r a t i o n  a r e  poor  i f  th e  su p p ly  f re q u e n c y  i s  c o n s t a n t .  T h is  

problem  may be overcome a t  th e  expense  o f  e f f i c i e n c y  by th e  u se  o f  a 

d o u b le -c ag e  r o t o r ,  b u t  even h e re  th e  to rq u e  a v a i l a b i l i t y  w i l l  n o t  be 

c o n s ta n t  a t  a l l  s p eed s .  For i d e a l  v a r i a b l e - s p e e d  o p e r a t io n  o f  a s q u i r r e l -  

cage in d u c t io n  m o to r ,  a v a r i a b l e - f r e q u e n c y  s t a t o r  su p p ly  which p ro d u ces  

a c o n s ta n t  a i r - g a p  f l u x  a t  a l l  speeds  i s  r e q u i r e d .  T h is  i s  a p p ro x im a te ly  

o b ta in e d  by t h e  use  o f  a v a r i a b l e - f r e q u e n c y  su p p ly  i n  which th e  am p li tu d e  

o f  th e  v o l t a g e  v a r i e s  in  p r o p o r t i o n  to  th e  f re q u e n c y .  At low f r e q u e n c ie s  

(<5Hz), th e  s t a t o r  v o l t a g e  w i l l  have to  be b o o s te d  due to  th e  dom inant 

e f f e c t  o f  th e  s t a t o r  impedance i f  c o n s ta n t  a i r  gap f lu x  i s  to  be 

m a in ta in e d .



2.

In  a s im p le  f re q u e n c y  c o n v e r t e r  t h e  n o n - s in u s o id a l  o u tp u t  

in t r o d u c e s  t im e -d e p e n d e n t ,  harm onics  i n t o  th e  m otor s u p p ly .  Each t im e -  

harm onic so in t r o d u c e d  w i l l  g e n e ra te  a f u r t h e r  s e r i e s  o f  space  harm onics 

which w i l l  be red u ced  to  an a c c e p ta b le  l e v e l  by th e  machine d e s ig n e r .

The harm onics  in t r o d u c e d  i n t o  t h e  a i r - g a p  f l u x  by th e  c o n v e r t e r  w i l l  

modify t h e  to rq u e  c h a r a c t e r i s t i c  and in t r o d u c e  a d d i t i o n a l  h e a t in g  and 

n o is e  in  th e  machine.

A s t a b l e  motor d r iv e  r e q u i r e s  a su p p ly  f r e e  o f  sub -harm on ic s  

and a lo w -h a rm o n ic -c o n te n t  l i n k  i n v e r t e r  can approach  t h i s  perfo rm an ce  

i f  p u ls e -w id th -m o d u la t io n  o r  s te p p e d  am p li tu d e  m o d u la tio n  i s  u sed .

In g e n e r a l ,  th e  d . c .  l i n k  i n v e r t e r  i s  a u n i - d i r e c t i o n a l  ene rgy  c o n v e r t e r .  

R e g e n e ra t iv e  b r a k in g  in  an in d u c t io n  m otor d r i v e  i s  o n ly  p o s s i b l e  i f  

a r e v e r s e  l i n k  i s  i n c o r p o r a te d .  The l i n k  c a p a c i t a n c e  te n d s  to  make th e  

system  o s c i l l a t o r y  when sudden changes o f  lo ad  o c c u r .

R e v e r s i b i l i t y  and s t a b i l i t y  a r e  n a t u r a l  p r o p e r t i e s  o f  th e  

p h a s e - c o n t r o l l e d  c y c lo c o n v e r t e r .  Most com mercial c y c lo c o n v e r te r s  o f  

any s i z e  have o p e r a te d  i n  th e  c i r c u l a t i n g - c u r r e n t - f r e e  mode. At l e a s t  

s i x  t h y r i s t o r s  p e r  group a re  u sed  t o  red u ce  th e  o u tp u t  harm onic c o n te n t  

and r e g e n e r a t i o n  i s  a c h iev ed  by r e v e r s in g  th e  g a te  p u l s e  seq u en ce .  Even 

so ,  th e  o u tp u t  f req u en cy  range  i s  u s u a l l y  l i m i t e d  to  abou t a t h i r d  o f  th e  

in p u t  f req u e n c y .

I t  i s  w e l l  known t h a t  i f  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  

o p e r a t io n  can be m a in ta in e d  t h a t  th e  harm onic c o n te n t  o f  th e  o u tp u t  

v o l t a g e  i s  reduced  and t h a t  th e  number o f  t h y r i s t o r s  p e r  group can be 

reduced  w h ile  th e  same o p e r a t i n g  f req u en cy  range  i s  m a in ta in e d .  U su a l ly  

co n t in u o u s  c i r c u l a t i n g  c u r r e n t  can o n ly  be o b ta in e d  by th e  use  o f  an 

in t e r - g r o u p  r e a c t o r  r a t e d  f o r  f u l l - l o a d  c u r r e n t  i n  each o u tp u t  p h a se .  

These r e a c t o r s  a r e  c o s t l y  and bu lky .
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In  t h i s  work th e  s t a t o r  o f  an in d u c t io n  motor i s  u sed  bo th  to  

c a r r y  o u t  th e  f u n c t i o n  o f  th e  i n t e r - g r o u p  r e a c t o r s  and to  s e t  up th e  

c o n v e n t io n a l  r o t a t i n g  a i r - g a p  f i e l d .  A d o u b le - l a y e r  s t a t o r  w inding  

formed i n t o  i d e n t i c a l  e l e c t r i c a l l y  s e p a r a t e  t h y r i s t o r - g r o u p  c i r c u i t s ,  

m a g n e t i c a l l y  coup led  i n  th e  s t a t o r  s l o t s  s e r v e s  t h i s  d u a l  p u rp o s e .

The e l e c t r i c a l l y - s e p a r a t e ,  m a g n e t ic a l ly - c o u p le d  s t a t o r  

w ind ings a l s o  p r e v e n t  l i n e  t o  l i n e  s h o r t - c i r c u i t s  caused  by s p u r io u s  

t h y r i s t o r  f i r i n g .  They do, however, e f f e c t i v e l y  doub le  t h e  s t a t o r  

impedance and r e s u l t  in  a p o o r  u t i l i s a t i o n  o f  copper.  However, s ta n d a rd  

s q u i r r e l - c a g e  machines can be added to  th e  sy s tem  f o r  tandem o p e r a t io n  

and th e  u t i l i s a t i o n  im proved. C lo sed - lo o p  speed  c o n t r o l  w ith  e l e c t r o n i c  

c u r r e n t  c lam ping i s  in c o r p o r a te d  i n  t h e  e x p e r im e n ta l  system .

A p p l ic a t io n s  o f  c y c l o c o n v e r t e r - i n d u c t i o n  motor d r i v e s  in c lu d e  

c ran e  and h o i s t  d r i v e s ,  mine w inders  and l i f t s .  For th e s e  o p e r a t io n s  

e l e c t r i c a l  b r a k in g  i s  an e s s e n t i a l  f e a t u r e .  Three  ty p e s  o f  b ra k in g  

a r e  p o s s i b l e ,  p lu g g in g ,  d . c .  dynamic b r a k in g  and lo w -f req u en cy  a . c .  

b r a k in g ,  which may be dynamic o r  r e g e n e r a t i v e .  P lugg ing  can be d i s 

c o u n ted  b ecau se  o f  t h e  e x c e s s iv e  c u r r e n t s  r e q u i r e d  and th e  te n d e n c y  to  

run  up in  th e  o p p o s i te  d i r e c t i o n  o f  r o t a t i o n  a l th o u g h  i t  i s  th e  o n ly  

way o f  h o ld in g  a d e a d - lo a d  s t a t i o n a r y .  D .c. dynamic b r a k in g  and low- 

f re q u e n c y  r e g e n e r a t i v e  a . c .  b r a k in g  were i n v e s t i g a t e d .  T h is  d . c .  

e x c i t a t i o n  t u r n s  th e  machine i n t o  an a l t e r n a t o r  and th e  k i n e t i c  energy  

o f  t h e  system  i s  d i s s i p a t e d  in  th e  s q u i r r e l - c a g e  r o t o r  c a u s in g  e x c e s s iv e  

h e a t in g .  I t  i s  p r e f e r a b l e  to  r e t u r n  th e  k i n e t i c  energy  o f  t h e  r o t a t i n g  

machine t o  th e  su p p ly  by r e g e n e r a t i v e  b r a k in g .  This  i s  p o s s i b l e  in  th e  

c lo s e d - lo o p  c y c l o c o n v e r t e r - i n d u c t i o n  motor sy s tem  i f  th e  v e l o c i t y  feedback  

system  demands th e  a p p r o p r i a t e  f re q u e n c y  from th e  c y c lo c o n v e r te r .  A 

s e l e c t e d  c o n t r o l  s i g n a l  commands peak b ra k in g  to rq u e  a t  any speed .
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However, r e g e n e r a t i v e  b ra k in g  can o n ly  o ccu r  i f  th e  la g g in g  v a r s  

demanded by th e  m otor a r e  p ro v id e d  e x t e r n a l l y .  T h is  s tu d y  i n v e s t i g a t e s  

th e  v a r  demand on th e  c y c lo c o n v e r t e r  d u r in g  r e g e n e r a t i o n .

The s t a b i l i t y  o f  th e  c lo s e d - lo o p  system  i s  i n v e s t i g a t e d  

q u a l i t a t i v e l y  u s in g  a s m a l l - s i g n a l  p e r t u r b a t i o n  model. T h is  i n d i c a t e s  

t h a t  t h e  most s t a b l e  system  may be a v e l o c i t y  feedback  system  w i th  a 

fe e d  fo rw ard  d i f f e r e n t i a t o r  im m ed ia te ly  a f t e r  c y c lo c o n v e r t e r  r e f e r e n c e  

g e n e r a to r .

O v e r a l l ,  t h e  system  p ro p o sed  i s  c la im ed  to  be s im p le  and 

r e l a t i v e l y  economic i f  a speed  range  from zero  to  about a t h i r d  o f  

50Hz synchronous speed  i s  r e q u i r e d .  I t  i s  a l s o  c la im ed  to  be s a f e  i f  

s p u r io u s  f i r i n g  o c c u rs  and s t a b l e .  However, i f  in  a p p l i c a t i o n s  such as 

d i e s e l - e l e c t r i c  t r a c t i o n ,  a h ig h e r - f r e q u e n c y  so u rc e  i s  u sed ,  t h e  o u tp u t  

f req u en cy  ran g e  w i l l  be c o r r e s p o n d in g ly  i n c r e a s e d .  The e x p e r im e n ta l  

c y c lo c o n v e r t e r  u sed  i n  t h i s  system  was fe d  from a 400 Hz s o u rc e ,  g iv in g  

an o u tp u t  f re q u e n c y  ran g e  from zero  t o  133 Hz. T h is  o u tp u t  ran g e  was 

l i m i t e d  by th e  maximum a v a i l a b l e  o u tp u t  v o l t a g e  o f  115 V r . m . s .  as f a r  

as in d u c t io n  motor d r iv e  was concerned .
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CHAPTER 2

Low -frequency Perform ance on a S in u s o id a l  Supply

2 .1  INTRODUCTION

A v a r i a b l e  speed  d r iv e  must be a b le  t o  o p e r a t e  s t a b l y  a t  

n e a r  c o n s ta n t  speed  when s u b je c t e d  t o  s t e p  and shock lo a d in g .  At low 

sp eed s ,  any machine w ith  s a l i e n t  p o le s  w i l l  p ro d u ce  a to rq u e  which 

v a r i e s  i n  am p li tu d e  around th e  c i rc u m fe re n c e  o f  th e  m achine. T h is  may 

cause  j e r k y  m otion  and cogging  which may in d u c e  a system  d e s ig n e r  to  

choose a h ig h e r  speed  o f  r o t a t i o n  and to  su b s e q u e n t ly  red u ce  th e  speed  to  

th e  d e s i r e d  l e v e l  w ith  a g e a r  box. D rives  u s in g  synchronous m otors  o r  

d . c .  m otors  a re  r a r e l y  u sed  d i r e c t l y  in  low speed  a p p l i c a t i o n s  f o r  

t h i s  r e a s o n .

I f  th e  e f f e c t  o f  t h e  space  and tim e harm onics  i s  i n s i g n i f i c a n t ,  

an in d u c t io n  motor can p roduce  a u n ifo rm  to rq u e  a t  any r o t o r  p o s i t i o n .

The speed  o f  r o t a t i o n  w i l l  depend d i r e c t l y  on th e  f re q u e n c y  and i n v e r s e l y  

on th e  number o f  p o l e s .  I f  a s i n u s o id a l  t h r e e - p h a s e ,  v a r i a b l e -  

f req u en cy  su p p ly  i s  a v a i l a b l e ,  a s q u i r r e l - c a g e  in d u c t io n  m otor can 

p ro v id e  a g e a r l e s s  d r iv e  a t  low sp eed s .

E l e c t r o n i c  i n v e r t e r s  and f req u en cy  c o n v e r t e r s  have in h e r e n t  

problem s such  as th e  i n t r o d u c t i o n  o f  harm onics  i n t o  th e  m otor f i e l d  

and r e s t r i c t i o n s  in  r e v e r s i b i l i t y  o f  energy  flow . In  t h i s  s tu d y ,  th e s e  

problem s w i l l  be c o n s id e re d  in  l a t e r  c h a p te r s .  F i r s t ,  a s tu d y  o f  th e  

problem s o f  i n d u c t io n  m otor o p e r a t io n  on an i d e a l  s i n u s o i d a l  su p p ly  w i l l  

be made. O pen-loop , s t e a d y - s t a t e  p e rfo rm ance  i n  a f i x e d  p a ra m e te r  

system  w i l l  be c o n s id e re d  f i r s t ,  th e n  th e  e f f e c t  o f  motor p a ra m e te r  

v a r i a t i o n  and f i n a l l y ,  th e  s te a d y  s t a t e  s t a b i l i t y  a t  low s t a t o r  

f r e q u e n c ie s .
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2 .2  A v a r i a b l e - f r e q u e n c y  e q u iv a le n t  c i r c u i t

The advan tage  o f  u s in g  d i g i t a l  com puters  t o  compute th e

p erfo rm ance  o f  e l e c t r i c a l  machines has  long  been e s t a b l i s h e d .

Computation i n  t h i s  c o n t e x t ,  s im ply  im p l ie s  th e  p r e d i c t i o n  o f  machine

p erfo rm a n ce .  Much p r e s e n t  day a n a l y s i s  i s  i n  te rm s o f  g e n e r a l i z e d  th e o ry

m a t r ix  a n a l y s i s  and e ig en  v a lu e  s t a b i l i t y  d e te r m in a t io n  b u t  t h i s

approach  i s  g e n e r a l l y  used  i n  a l i n e a r  sy s tem  a n a l y s i s ,  when m achines a r e

o p e r a t in g  in  l a r g e  sy s tem s . T h is  s tu d y  i s  m a in ly  concerned  w i th  th e

g e n e ra l  e f f e c t s  o f  p a ra m e te r  v a r i a t i o n  and th e  s t a b i l i t y  o f  a  s i n g l e

(41m achine. E q u iv a le n t  c i r c u i t  p a ra m e te rs  a r e  ea sy  t o  m easure un d er  

v a r i a b l e - f r e q u e n c y  c o n d i t io n s  o ver  a range  o f  c u r r e n t  and v o l t a g e  

v a r i a t i o n s .  The e q u i v a le n t  c i r c u i t  o f  th e  i n d u c t io n  m otor upon which 

th e  t h e o ry  o f  t h i s  c h a p te r  i s  b a s e d ,  i s  shown in  F ig .  ( 2 . 1 a , b ) .  I f  

c e r t a i n  w ell-know n assum ptions  a re  made th e  p a ra m e te r s  o f  t h i s  e q u iv a le n t  

c i r c u i t  can  be c a l c u l a t e d  from th e  r e s u l t s  o f  s ta n d a rd  l o c k e d - r o t o r  and 

r u n n i n g - l i g h t  t e s t s .  I n e v i t a b l y  th e  v a lu e s  o f  th e s e  p a ra m e te r s  can 

o n ly  be ap p ro x im a te .  I f  t h e r e  i s  a s i g n i f i c a n t  c u r r e n t - d i s p l a c e m e n t  

e f f e c t  i n  th e  seco n d a ry  , t h e  s o - c a l l e d  " p ro x im i ty "  e f f e c t ,  t h e  

seco n d ary  p a ra m e te rs  may n o t  be c o n s id e re d  to  be c o n s ta n t  f o r  l a r g e  

s l i p  and r o t o r  f re q u e n c y  v a r i a t i o n s .  Brown and G ran tham 's  i n v e s t i g a t i o n  

i s  conce rned  w ith  wide f re q u e n c y  v a r i a t i o n s  i n  th e  r o t o r ,  i . e .  l a rg e  

s l i p  changes . T h is  t h e s i s  i s  m a in ly  con ce rn ed  w ith  s t a t o r - f r e q u e n c y  

change, i . e .  sm all  s l i p  o p e r a t i o n  a t  a l l  speeds  un d er  c lo s e d - lo o p  

c o n d i t i o n s .  T h is  means t h a t  th e  r o t o r  f r e q u e n c ie s  a r e  alw ays s m a l l ,  

and changes i n  r o t o r  p a ra m e te rs  have l e s s  s i g n i f i c a n c e .  Hence th e  t o t a l  

change o f  p a ra m e te rs  a re  i n v e s t i g a t e d .  In  t h e  e q u i v a l e n t  c i r c u i t  

shown in  F ig .  ( 2 .1 a ) ,  t h e r e  a r e  s i x  p a ra m e te rs  t o  be d e te rm in e d .  The 

p r im a ry  r e s i s t a n c e  (R ^ ) , p r im a ry  le ak ag e  r e a c ta n c e  (X^), r e s i s t a n c e  

r e p r e s e n t i n g  co re  lo s s  (R^) and th e  m a g n e t i s a t io n  r e a c ta n c e  (X^) a l l  

p roduce  r e a c t i o n s  a t  su p p ly  f re q u e n c y  and a r e  c o n s id e re d  to  be c o n s ta n t  a t  

any s i n g l e  f re q u e n c y .  was d e te rm in e d  from a s e p a r a t e  t e s t  (see



Fiq2-1a Induction motor equivalent circuit

R JX

jXq

F iq 2-1b. Equivalent circuit of induction motor at 
s ynchronous sp e e d .
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Appendix A -1 ) ,  w h ile  R2 , X^, and X  ̂ were c a l c u l a t e d  from a ru n n in g -

l i g h t  and l o c k e d - r o t o r  t e s t .  The s t a n d a r d  assum ption  t h a t  th e

le ak ag e  r e a c ta n c e  i s  d i s t r i b u t e d  e q u a l ly  betw een th e  p r im a ry  and

seco n d a ry  i . e .  [X^ = X^] was adop ted  f o r  th e  p u rp o se  o f  t h i s  i n v e s t i g a t i o n .

The in d u c t io n  m otor e q u i v a le n t  c i r c u i t  o f  F ig .  (2 .2 )  a l lo w s

f o r  p a ra m e te r  v a r i a t i o n  w ith  f re q u e n c y .  T h is  e q u i v a l e n t  c i r c u i t  can

be s i m p l i f i e d  by t h e  u se  o f  T h e v e n in 's  theorem . R >> X and hence  R ^  ̂ 0 0 0

has been  n e g l e c t e d  in  t h i s  a n a l y s i s .  The e q u i v a l e n t  c i r c u i t  o f  F ig .  (2 .2 )  

i s  th e n  s i m p l i f i e d  to  F ig .  ( 2 .3 ) .  t h e  e q u iv a le n t  so u rc e  v o l t a g e ,  i s

th e  v o l t a g e  t h a t  would ap p ea r  a c ro s s  t e r m in a l s  A and B w ith  th e  r o t o r  

c i r c u i t  open. Hence,

l̂A = -R- ^ j-X;V ' ' (2-1)
where X^^ = X̂  + X^, and i s  th e  s e l f - r e a c t a n c e  o f  one s t a t o r  p h a s e .

The Thevenin  e q u i v a l e n t  s t a t o r  impedance i s  th e  impedance betw een 

t e r m in a l s  A and B viewed tow ard  th e  s o u rc e  w ith  th e  so u rce  v o l t a g e  

s h o r t - c i r c u i t e d .  (R^ + jX ')  r e p r e s e n t s  t h i s  impedance which i s  

(R^ + jX^) i n  p a r a l l e l  w i th  jX^. The i r o n  lo s s  p a ra m e te r ,  R^, has  been 

n e g l e c t e d  f o r  f i r s t  o r d e r  to rq u e  c a l c u l a t i o n .

The to rq u e  f o r  a machine w ith  (m) s t a t o r  p h a se s  i s .

Te ^  , ( 2 . 2 )

where w i s  th e  synchronous speed  i n  r a d / s e c .  From th e  T hevenin  e q u iv a le n t  

c i r c u i t .  F ig .  ( 2 . 3 ) ,  th e  c u r r e n t  I 2  r e f e r r e d  to  s t a t o r  a t  a su p p ly  

f re q u e n c y  o f  50 Hz i s

V
I 2  =  --------------- — ------------------ —  > A . (2 .3 )

+ (X" + XgjZ



B

Fiq.2 '2  Variable-frequency equivalent circuit of induction 
motor with mechanical power param eter

1A

B

Fig 2-3 Variable-frequency equivalent circuit
of induction motor simplified by the 
use of Thevenin theorem.
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From th e  to rq u e  e x p re s s io n  g iven  by e q u a t io n  ( 2 . 2 ) ,  s u b s t i t u t i n g  f o r  I 2 , 

from e q u a t io n  ( 2 .3 ) ,

(R j/S )

T = -e w
(2 .4 )

E q u a tio n s  (2 .3 )  and (2 .4 )  a r e  u sed  f o r  t h e  com pu ta tion  o f  s t e a d y - s t a t e  

c h a r a c t e r i s t i c s  i n  s e c t i o n  ( 2 .3 ) .

2 .3  S t e a d y - s t a t e  p e rfo rm ance  w ith  p a ra m e te r s  assumed c o n s ta n t

(50Hz p a ra m e te rs )

Motor perfo rm an ce  was i n v e s t i g a t e d  a t  f r e q u e n c ie s  from 5 to

50Hz. The machine u sed  i n  t h i s  e x p e r im e n ta l  i n v e s t i g a t i o n  was a

(9)Mawdsley E d u c a t io n a l  In d u c t io n  Motor w i th  a t h r e e - p h a s e ,  tw o -p o le ,  

f u l l - p i t c h  s t a t o r  w ind ing  i n  two i d e n t i c a l  l a y e r s  w ith  36 s l o t s ,  and a 

s q u i r r e l - c a g e  r o t o r ,  th e  d e te r m in a t io n  o f  t h e  p a ra m e te r s  o f  which i s  

g iv en  in  Appendix 1. To e n a b le  th e  p e rfo rm an ce  c h a r a c t e r i s t i c s  o f  

t h e  i n d u c t io n  m otor to  be m easured , th e  machine was c o n s t r a i n e d  to  

r o t a t e  a t  v a r io u s  speeds  by means o f  a d . c .  work m otor. The work 

m otor was s e p a r a t e l y  e x c i t e d  and s u p p l ie d  from a W ard-Leonard 

g e n e r a to r  as shown in  F ig . ( 2 .4 ) .  Using t h e  d . c .  work m otor to  c o n t r o l  

th e  speed  o f  th e  in d u c t io n  m otor, c u r r e n t  and to rq u e  m easurem ents were 

ta k e n  o v er  th e  s l i p  r a n g e ,  0 < S < 2. Reduced v o l t a g e s  were used  

to  av o id  e x c e s s iv e  c u r r e n t s ,  a t  h ig h  s l i p s  and to  p r e v e n t  s a t u r a t i o n .

The 50Hz p a ra m e te r s  were d e te rm in e d  by s u p p ly in g  th e  s t a t o r  from th e  

mains th ro u g h  a v a r i a b l e  t r a n s f o r m e r .  C h a r a c t e r i s t i c s  a t  f r e q u e n c i e s  

below 50Hz were o b ta in e d  w ith  th e  E x p e r im en ta l  I n d u c t io n  Motor fe d  from 

a 5KVA v a r i a b l e - f r e q u e n c y  a l t e r n a t o r  as shown i n  F ig . ( 2 .5 ) .  F ig .  (2 .6 )  

shows measured r e s u l t s  c o n t r a s t e d  w ith  r e s u l t s  p r e d i c t e d  from 

e q u a t io n  ( 2 .3 ) .  C o n s id e r in g  th e  assum ptions  made in  d e r iv i n g  th e  

e q u a t io n ,  th e  p r e d i c t e d  and measured r e s u l t s  c o r r e l a t e  w e l l  i n  th e  

m o to r ing  r e g io n  o f  sm a ll  s l i p ,  a l th o u g h  t h e  e x p e r im e n ta l  peak  to rq u e s  

a r e  l e s s  th an  th e  c a l c u l a t e d  v a lu e s  due to  s a t u r a t i o n .  Large d i f f e r e n c e s



X Y
Test machine

d.c.
m/c

3 - ^  
ac. supply

Input V  
, from , 

cycloconverter

d.c. supply

d.c. supply

Fig. 2-k L oading system

Test machine
Half

con trolled
thyristor

bridge
5KVA

Alternator
d.c.I.M.

3 " 0

supply

Fixed voltage
d.c. supply

Fig. 2-5 Variable- freguency su pply system  
from 5 KVA alternator



o
□

Computed results f = 50Hz 
Measured results f = 50Hz 
Computed results f = 45Hz 
Measured results f = ^5Hz

Torque

□ □ □ □

-2400  -1800 -1200 - 1200 1600 2400 3000

Speed rev/m in

Fig. 2 6 Torque/speed characteristics at 50Hg and 45Hz



10.

do o c c u r ,  p a r t i c u l a r l y  i n  th e  r e v e r s e - r o t a t i o n  r e g io n .  The d i f f e r e n c e s  

a r e  due to  s lo t -h a rm o n ic s  and s t r a y - l o a d  to rq u e s  caused  by h ig h -

f req u en cy  r o t o r  c u r r e n t s  a t  l a r g e  s l i p s .  S t r a y - l o a d  lo s s e s  make "p lu g g in g "  

a more a c c e p ta b l e  form o f  b ra k in g  th a n  th e  th e o ry  s u g g e s t s ,  b u t  t h i s  can 

o n ly  be ach iev ed  a t  th e  expense o f  e x c e s s iv e  c u r r e n t  and ene rgy  

d i s s i p a t i o n .

For c o n s ta n t  p e a k - to rq u e  o p e r a t io n  o f  an in d u c t io n  m otor w ith  

a v a r i a b l e  f re q u e n c y  s u p p ly ,  a c o n s ta n t  a i r - g a p  f l u x  must be m a in ta in e d  

a t  a l l  f r e q u e n c ie s .  A c o n s ta n t  a i r - g a p  f lu x  would be o b ta in e d  i n  an 

i d e a l  system  w ith  n e g l i g i b l e  s t a t o r  impedance when ^  i s  c o n s t a n t .

However, as th e  f req u en cy  f a l l s ,  t h e  v a lu e s  o f  le ak ag e  r e a c t a n c e  f a l l ,  

b u t  th e  r e s i s t i v e  p a ra m e te rs  r e l a t i n g  to  th e  machine w ind ings  a r e  

e s s e n t i a l l y  c o n s t a n t .  The r a t i o  o f  s t a t o r  impedance v o l t a g e  drop t o  

th e  a p p l i e d  v o l t a g e  in c r e a s e s  and th e  a i r - g a p  f lu x  d e c r e a s e s  as th e  

s t a t o r  f req u en cy  i s  red u ced .  To m a in ta in  a c o n s ta n t  f l u x  t h e  s t a t o r  

v o l t a g e  must be in c r e a s e d  beyond th e  v a lu e  demanded by a s im p le  

p r o p o r t i o n a l i t y  w ith  f req u e n c y .

The f a l l  i n  peak to rq u e  w ith  f re q u e n c y  when o p e r a t in g  w ith  a 

v o l t a g e  p r o p o r t i o n a l  to  f req u en cy  i s  i l l u s t r a t e d  e x p e r im e n ta l ly  

and t h e o r e t i c a l l y  i n  F ig .  ( 2 .7 ) .  Here th e  50Hz c h a r a c t e r i s t i c  was 

o b ta in e d  a t  lOOV, j u s t  l e s s  th a n  h a l f  th e  r a t e d  v a lu e ,  t o  m a in ta in  th e  

s te a d y  s t a t e  c u r r e n t  a t  an a c c e p ta b l e  l e v e l .  The low er f r e q u e n c y ,  

chosen as 10 Hz because  a s t a b l e  o u tp u t  from th e  v a r i a b l e - f r e q u e n c y  

su p p ly  was p o s s i b l e  a t  t h i s  f re q u e n c y ,  was m a in ta in e d  a t  a c o n s ta n t  

v o l t a g e  o f  (10 /50  100 = 20V. I t  can be seen  t h a t  th e  dom inant

e f f e c t  o f  th e  s t a t o r  r e s i s t a n c e  cau ses  th e  peak to rq u e  to  f a l l  by about 

t w o - t h i r d s .  I f  th e  load  to rq u e  rem ains  a t  th e  50 Hz v a lu e ,  th e  machine 

i s  o p e r a t i n g  to o  n e a r  to  p u l l - o u t  to rq u e  f o r  s t a b l e  o p e r a t i o n .  The 

problem  w i l l  be worse a t  low er f r e q u e n c i e s .  T h e o r e t i c a l  r e s u l t s  were computed
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from e q u a t io n  ( 2 . 3 ) .  F ig .  (2 .8 )  and F ig .  (2 .9 )  show c a l c u l a t e d  and 

m easured to rq u e s  and c u r r e n t s  a t  5Hz and lOHz i n d i c a t i n g  t h a t  e q u a t io n s

(2 .3 )  and (2 .4 )  g iv e  a c c e p ta b l e  f i r s t  o r d e r  r e s u l t s .  I t  can a l s o  be

seen  t h a t  th e  in c r e a s e d  e f f e c t  o f  s t a t o r  r e s i s t a n c e  can be u s e f u l  i n  ' 

l i m i t i n g  c u r r e n t  a t  h ig h  s l i p s .

To m a in ta in  c o n s ta n t  peak to r q u e  a t  low f r e q u e n c i e s ,  th e  t e rm in a l  

v o l t a g e  must be in c r e a s e d  c o n s id e r a b ly  above i t s  f r e q u e n c y - p r o p o r t io n a l  

v a lu e .  I t  was n o t  p o s s i b l e  to  a c h ie v e  t h i s  e l e c t r o m e c h a n i c a l l y  due to  th e  

e f f e c t  o f  th e  a l t e r n a t o r  a rm a tu re  r e s i s t a n c e ,  b u t  i t  p r e s e n te d  no problem  

when a c y c lo c o n v e r te r  which a l low ed  in d e p en d en t  a d ju s tm e n t  o f  o u tp u t  v o l t a g e  

and f re q u e n c y  was used  as d e s c r ib e d  i n  c h a p te r s  4 and 5. I t  i s  n e c e s s a r y  

to  form a new r e l a t i o n s h i p  between th e  su p p ly  v o l t a g e  and f re q u e n c y  o th e r  

th a n  p r o p o r t i o n a l i t y  w ith  f re q u e n c y  such t h a t  th e  peak  to rq u e s  a r e  eq u a l  a t  

a l l  f r e q u e n c ie s .  T h is  r e l a t i o n  between v o l t a g e  and f req u en cy  may be d e f in e d  

as ,

V = F ( f )  . (2 .5 )

A s im p le  approx im ate  s o l u t i o n  to  th e  p rob lem  o f  d e f i n i n g  F ( f )

was o b ta in e d  from th e  r e l a t i o n s h i p  o f  to rq u e  as p r o p o r t i o n a l  t o  ( r o t o r

2 2 2c u r r e n t )  , and hence to  th e  ( in d u ced  v o l t a g e )  , i . e .  T = aV , where a i s

a c o n s ta n t ,  (m agne tic  c i r c u i t  has  been n e g l e c t e d ) .

I f  s t a t o r  impedance can be ig n o re d ,  t h i s  s ta t e m e n t  w i l l  be t r u e

when V i s  th e  a p p l i e d  v o l t a g e .  However, th e  s t a t o r  impedance may n o t  be 

n e g le c te d  as  i n d i c a t e d  in  F ig . ( 2 .7 ) ,  b u t  i t  may be com pensated f o r  

as fo l lo w s ;

T^^, th e  peak to rq u e  a t  SOHz, i s  ta k e n  as th e  to rq u e  v a lu e  to  

which o t h e r  to rq u e  v a lu e s  must be r a i s e d  and th e  c o r re s p o n d in g  a p p l ie d  

s t a t o r  v o l t a g e .  At a low er f re q u e n c y ,  f ,  a v o l t a g e  V2  = 

a peak to r q u e ,  T^^^' th e n .
SO p roduces
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’’m2 " ^'^2^ g iv e s  a = ^

^ 2 '

Hence T...Ml
’’m2 V^ , and

X V_ , ( 2 . 6 )
^ V M2

which i n d i c a t e s  th e  r e q u i r e d  v o l t a g e  a t  f re q u e n c y  f .  F ig .  (2 .1 0 )  shows th e  

r e s u l t  o f  t h i s  a p p ro x im a tio n .  An improved a c c e l e r a t i o n  perfo rm an ce  w i l l

be a c h iev ed  i f  t h i s  v o l t a g e  a d ju s tm en t  can be made in  a c o n t r o l  system .

The a c t u a l  v o l t a g e  r e q u i r e d  as a f u n c t i o n  o f  f re q u e n c y  d e te rm in e d  from 

e q u a t io n  (2 .6 )  i s  shown in  F ig .  ( 2 .1 1 ) .

2 .4  Machine p a ra m e te r  v a r i a t i o n  w ith  f re q u e n c y

The s t e a d y - s t a t e  c h a r a c t e r i s t i c s  o b ta in e d  in  s e c t i o n  2 .3  

c a l c u l a t e d  on th e  assum ption  t h a t  th e  e q u i v a l e n t  c i r c u i t  p a ra m e te rs  

o b ta in e d  a t  50Hz a re  c o n s ta n t  a t  a l l  f r e q u e n c i e s .  T h is  assu m p tio n  

i s  known to  be i n c o r r e c t  from a knowledge o f  th e  b eh a v io u r  o f  l a m in a t io n  

s t e e l  u n d e r  c o n d i t io n s  o f  m a g n e t i s a t io n .  Also th e  a . c .  r e s i s t a n c e  o f  th e  

machine w ind ings i s  known to  v a ry  w ith  f re q u e n c y .  An i n v e s t i g a t i o n  was 

c a r r i e d  o u t  t o  a s s e s s  th e  d eg ree  o f  e r r o r  in t r o d u c e d  by th e  c o n s ta n t  p a ra m e te r  

a ssu m p tio n .  Running l i g h t  and locked  r o t o r  t e s t s  were c a r r i e d  o u t  o v e r  a 

f req u en cy  range  o f  5 to  50Hz (see  Appendix 1 ) .

2 .4 a  M agne tis ing  p a ra m e te rs

The m a g n e t is in g  c i r c u i t  p a ra m e te rs  and were d e te rm in e d  from 

th e  o p e n - c i r c u i t  t e s t  w ith  th e  u n loaded  machine r o t a t i n g  f r e e l y  f o r  each 

c o n s ta n t  in p u t  f re q u e n c y .  V alues o f  R  ̂ and were o b ta in e d  o v e r  a 

f req u en cy  range  5 < f  < 50. F ig .  (2 .12 )  shows t h a t  X̂  v a r i e s  l i n e a r l y  

w ith  f req u en cy  i n d i c a t i n g  a c o n s ta n t  in d u c ta n c e  (L ^ ) . R^, r e p r e s e n t i n g  th e

t o t a l  i r o n  l o s s ,  can be seen  to  be f req u en cy  dependen t.

The t o t a l  i r o n  lo s s  c o n s i s t s  o f  two f re q u e n c y  dependen t te rm s 

r e p r e s e n t i n g  h y s t e r e s i s  and eddy c u r r e n t  lo s s e s  e x p re s s e d  e m p i r i c a l l y  by
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S te in m e tz  a s ,

Wj. = K, £ , (2 .7 )

where and a r e  c o n s ta n t s  r e l a t i n g  th e  h y s t e r e s i s  and eddy c u r r e n t  

components r e s p e c t i v e l y  and 1 . 6  i s  an in d e x  r e l a t i n g  to  s o f t  i r o n  

l a m in a t io n s .  B i s  th e  maximum v a lu e  o f  f l u x  d e n s i t y .  The f lu x  d e n s i t y  

B w i l l  be p r o p o r t i o n a l  to  th e  a p p l i e d  v o l t a g e ,  which i s ,  i n  t u r n ,
y 2

p r o p o r t i o n a l  to  th e  a p p l i e d  f r e q u e n c y .  S in c e  ^  , s u b s t i t u t i n g
o

f o r  Wj from e q u a t io n  (2 .7 )  g iv e s ,

v 2
R ------------     , ( 2 . 8 )

K ( £  +  K £ 2n e

1 6  2

where = Kĵ B * and K'B , f o r  a  c o n s ta n t  f l u x  m achine, V = f ,

i . e .  V = a f  where a = c o n s t a n t .  E q u a t io n  (2 .8 )  can be r e - w r i t t e n  a s ,

o 2  £ 2  1

R^ =  = r — -̂------  , (2 .9 )
K7£ + K' £ 2  1

h e Y " + & 2

where th e  c o n s ta n t s  a re  a^ = Kj^/a^, a 2  = K^/a^ . E q u a t io n  (2 .9 )  

r e p r e s e n t s  t h e  v a r i a t i o n  o f  th e  i r o n  lo s s  p a ra m e te r  (R^) w i th  f re q u e n c y .

T his  means t h a t  th e  i r o n  lo s s e s  i n c r e a s e  w ith  f re q u e n c y .  F ig .  (2 .1 2 )  

shows t h a t  e q u a t io n  (2 .9 )  can be c o n s id e r e d  to  be v a l i d  a t  f r e q u e n c ie s  

above 25 Hz. Below 25 Hz, th e  m easured v a lu e  o f  R^ i s  s u b s t a n t i a l l y  

l e s s  th a n  th e  p r e d i c t e d  v a lu e s  and so th e  S te in m e tz  e q u a t io n  i s  i n v a l i d  

a t  low f r e q u e n c i e s .  However a t  low f r e q u e n c i e s  above a p p ro x im a te ly  

3 Hz, R^ i s  s u b s t a n t i a l l y  g r e a t e r  th a n  and th e  assu m p tio n  made in  

s e c t i o n  2 . 2  t h a t  R^ may be n e g l e c te d  in  th e  c a l c u l a t i o n  o f  th e  s te a d y  

s t a t e  c h a r a c t e r i s t i c  i s  s t i l l  v a l i d  as a f i r s t  o r d e r  a p p ro x im a t io n .

F ig .  (2 .13 )  shows th e  v a r i a t i o n  o f  in p u t  c u r r e n t  w i th  f re q u e n c y  

when ru n n in g  l i g h t  w ith  v o l t s  p r o p o r t i o n a l  to  f re q u e n c y .  Here th e  m a g n e t is in g  

c u r r e n t  forms a s u b s t a n t i a l  p a r t  o f  th e  t o t a l  c u r r e n t  and s in c e  t h e  r a t e  o f  

i n c r e a s e  o f  R^ w ith  f req u en cy  f a l l s  w ith  i n c r e a s i n g  f r e q u e n c y ,  th e  in p u t  

c u r r e n t  can be ex p e c te d  to  f a l l  a t  low f r e q u e n c i e s .  T h is  i n p u t  c u r r e n t  

r e d u c t io n  w i l l  be i n c r e a s e d  due t o  t h e  r e d u c t io n  o f  f r i c t i o n  to rq u e  (« speed) 

and w indage to r q u e  (« speed^) as th e  f r e q u e n c y  f a l l s .
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w i l l  have a s u b s t a n t i a l  e f f e c t  on th e  m otor e f f i c i e n c y  as th e  

f req u en cy  in c r e a s e s .  F ig .  (2 .14 ) shows a s e p a r a t i o n  o f  l o s s e s  i n t o  

h y s t e r e s i s ,  eddy c u r r e n t  and m echan ica l l o s s e s .  The m echan ica l l o s s  was 

o b ta in e d  by e x t e r n a l l y  d r iv i n g  th e  u n e x c i te d  in d u c t io n  machine and 

s u b t r a c t i n g  th e  known lo s s  o f  th e  d r iv e  m o to r .  At low f r e q u e n c i e s ,

F ig . (2 .14 ) shows t h a t  th e  h y s t e r e s i s  lo s s  forms p r a c t i c a l l y  th e  whole o f  

th e  t o t a l  i r o n  l o s s .  Thus, a t  t h e s e  f r e q u e n c i e s ,  th e  i r o n  lo s s  can be s a id  

t o  in c r e a s e  l i n e a r l y  w ith  freq u en cy  as p r e d i c t e d  in  e q u a t io n  ( 2 .7 ) .

2 .4b  P a ram e te rs  from th e  l o c k e d - r o t o r  t e s t

Locked r o t o r  t e s t s  were c a r r i e d  ou t o v e r  a ran g e  o f  f r e q u e n c ie s  

betw een 5Hz and 50Hz. The s i n u s o i d a l  v a r i a b l e - f r e q u e n c y  su p p ly  was o b ta in e d  

from an a l t e r n a t o r  d r iv e n  a t  a range  o f  sp e e d s .  A r a t e d  c u r r e n t  o f  14A 

was used  in  each  c a s e ,  th e  v o l t a g e  b e in g  a p p r o p r i a t e l y  a d j u s t e d .  F ig .

(2 .1 5 )  shows th e  v a lu e s  o f  t o t a l  e f f e c t i v e  r e s i s t a n c e  and r e a c ta n c e  

r e f e r r e d  to  th e  s t a t o r .  Each p a ra m e te r  has  a n o n - l i n e a r  r e l a t i o n s h i p  

w ith  f req u e n c y .

The e f f e c t i v e  r e s i s t a n c e ,  R^ in c r e a s e s  w ith  f re q u e n c y ,  an 

ex p e c te d  e f f e c t  a cc o u n ted  f o r  by " a . c . "  r e s i s t a n c e  and th e  " s k i n - e f f e c t " . 

Leakage r e a c t a n c e ,  has a low er r a t e  o f  i n c r e a s e  w ith  f re q u e n c y  a t  th e  

h ig h e r  f r e q u e n c ie s .  T h is  i n d i c a t e s  t h a t  th e  m agne tic  c o u p l in g  i s  b e t t e r  

a t  h ig h  f r e q u e n c i e s  and t h a t  low -freq u en cy  o p e r a t i o n  o f  a machine 

d e s ig n e d  to  o p e ra te  on SOHz can o n ly  be ac h ie v e d  a t  th e  expense  

o f  p o o r  c o u p l in g  and in c r e a s e d  le ak ag e  in d u c ta n c e .

Each c h a r a c t e r i s t i c  can be app rox im ated  to  two s t r a i g h t  l i n e s ,  

t h e  changeover p o i n t  o c c u r r in g  a t  20Hz f o r  R^ and 30Hz f o r  X^. This  

l i n e a r i s a t i o n  has been c a r r i e d  o u t  i n  F ig .  (2 .15 )  g iv in g  th e  fo l lo w in g  

app rox im ate  e x p re s s io n s  f o r  R^ and X̂  ,
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Fig . 2 14 Running light lo s se s / freguency
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= a f  + b f  < 20Hz (2 .10 )

= c f  + d f  > 20Hz (2 .11)

= e f  f  < 30Hz (2 .12)

Xg = Lf + g f  > 30Hz . (2 .13 )

The s t a t o r  r e s i s t a n c e  R  ̂ was m easured u n d e r  d . c .  c o n d i t io n s  and hence 

R  ̂ = R^ - R^. Under lo ck ed  r o t o r  c o n d i t io n s  th e  f re q u e n c y  o f  b o th  

r o t o r  and s t a t o r  was t h a t  o f  th e  su p p ly ,  and hence a . c .  r e s i s t a n c e  e f f e c t s  

w i l l  p ro v id e  th e  same r a t e  o f  i n c r e a s e  o f  R^ and R^ w ith  f re q u e n c y .

R̂  and R^ a re  now o b ta in a b le  i n  f req u en cy  d ependen t te rm s .

2 . 5 E f f e c t  o f  P a ram e te r  V a r ia t io n  on S te a d y - S t a t e  Perform ance 

The c h a r a c t e r i s t i c s  o b ta in e d  in  s e c t i o n  2 .2  a re  a l l  computed

from SOHz p a ra m e te r s ,  i . e .  by u s in g  e q u a t io n s  (2 .11 )  and (2 .1 3 )  where 

f  = 50. [To i n v e s t i g a t e  th e  e f f e c t  o f  th e  p a ra m e te r  v a r i a t i o n  shown in  

F ig s .  (2 .1 2 )  and (2 .15 )  a t  low f re q u e n c y ,  to r q u e / s p e e d  and c u r r e n t / s p e e d  

c h a r a c t e r i s t i c s  have been computed a t  f r e q u e n c ie s  o f  5 and lOHz, u s in g  

e q u a t io n s  (2 .10 )  and ( 2 .1 2 ) .  F ig .  (2 .16 )  shows th e  com parison  between 

th e  to r q u e / s p e e d  c h a r a c t e r i s t i c s  o b ta in e d  w ith  50Hz p a ra m e te rs  and 

p a ra m e te r s  o b ta in e d  from e q u a t io n s  (2 .1 0  and 2 .1 2 ) .  T h is  shows t h a t  

th e  u se  o f  c o n s ta n t  50Hz p a ra m e te rs  i s  a r e a s o n a b le  f i r s t  o r d e r  

ap p ro x im a tio n  and t h a t  p a ra m e te r  v a r i a t i o n  has  l i t t l e  e f f e c t  on perfo rm ance  

a l th o u g h  i t s  e f f e c t  on e f f i c i e n c y  may be g r e a t e r .

2 . 6  E f f i c i e n c y  a t  Low Frequency

Motor e f f i c i e n c y  can be e s t im a te d  from in p u t  and lo s s  c o n s id e r a t io n s  

as f o l lo w s :

Motor in p u t  = in p u t  power = sum o f  two w a t tm e te r  r e a d i n g s ,  and .

Losses = 3 (copper  l o s s / p h  + 3 ( i r o n  lo s s /p h )  + m echan ica l lo s s  o b ta in e d  

from F ig .  ( 2 .1 4 ) .



Parameters obtained by equations 2-11 and 2*13 
(50Hz parameters used throughout range)

Parameters obtained by equations 2-10 and '2-12 
( Parameter-values adjusted with frequency)

Torque
Nm

— 600 300 600- 9 0 0 - 3 0 0
Speed reWmin

Fig. 2 16 Calculated torque speed ch ara cter is t ics  at 5Hz 
showing the effect of parameter variation with 
frequency.
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Hence, th e  motor e f f i c i e n c y  = o s s e s ) ^ ioO%.

F ig .  (2 .17 )  shows th e  e f f i c i e n c y  o b ta in e d  a t  f u l l - l o a d  to r q u e  o v e r  a range

o f  f re q u e n c y  when and v a ry  w i th  f r e q u e n c y .  The o v e r a l l  e f f i c i e n c y

(9)o f  t h e  e x p e r im e n ta l  in d u c t io n  m otor i s  v e ry  low due t o  th e  c o m p a ra t iv e ly  

h ig h  r e s i s t a n c e  o f  i t s  g ram m e-ring w ind ing .  E f f i c i e n c i e s  i n  an i n d u s t r i a l  

m achine would be ab o u t 1 0 $$ h ig h e r  a t  a l l  f r e q u e n c i e s .

I t  can be seen  however t h a t  an in d u c t io n  motor d e s ig n e d  f o r  

50Hz o p e r a t io n  w i l l  be v e ry  i n e f f i c i e n t  a t  much low er f r e q u e n c i e s .  T h is  

may n e c e s s i t a t e  fo r c e d  c o o l in g  o r  an i n c r e a s e d  frame s i z e  f o r  co n t in u o u s  

o p e r a t i o n .

2 .7  S t e a d y - s t a t e  s t a b i l i t y  on a lo w -f req u en cy  s in u s o id a l  su p p ly

One o f  th e  b a s i c  p rob lem s o f  o p e r a t in g  an in d u c t io n  m otor i n  

an o p en - lo o p  system  on v a r i a b l e  lo w -f req u en cy  s u p p l i e s  i s  th e  te n d en cy  

to  o s c i l l a t e  abou t a mean o p e r a t i n g  p o i n t .  I f  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  

shown in  F ig .  (2 .18 )  i s  c o n s id e r e d ,  i t  can be seen  t h a t  th e  maximum 

p e r m i t t e d  range  o f  s l i p  v a r i a t i o n  w i l l  be th e  ran g e  between peak m o to ring  

and peak  b ra k in g  to r q u e .  I f  th e  lo a d  to rq u e  demand exceeds  th e  maximum 

a v a i l a b l e  m o to r in g  to r q u e ,  th e  m otor w i l l  s t a l l  and p ro b a b ly  be damaged 

by e x c e s s iv e  c u r r e n t .  The s l i p  ra n g e  betw een peaks d e f in e d  by ^  = 0 i s ,

^ ^ 2  ~ ^ ' 2

— 9 ------- 9 ~ r  ^ S-- 5 — 9 ------Y~1—  • (2 .11 )
[R^ + x2]5 [ r 2  + x ; ] :

As t h e  su p p ly  f req u en cy  i s  re d u c e d ,  e q u a t io n  (2 .11 )  d e f in e s  a much s m a l le r  

range  o f  speed  w i th in  t h e s e  s l i p  l i m i t s .  C onsequen tly  th e  r a t e  o f  change 

o f  to r q u e  w ith  r e s p e c t  to  speed  in c r e a s e s  and th e  machine becomes much 

" s t i f f e r "  i . e .  th e  r e s t o r i n g  to rq u e  oppos ing  a change o f  speed  i n c r e a s e s  

o r  d e c re a s e s  more r a p i d l y  and s t a b i l i t y  i s  reduced .
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o —

Full load torque supplied  
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Fig . 2-17 Calculated efficiency/frequency at rated torque



Maximum possible 
slip variation

Fig. 2-18 Sketched Torque/slip characteristic showing
operating range.
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V ar io u s  a u th o rs  have i l l u s t r a t e d  t h i s  i n s t a b i l i t y

f o r  an in d u c t io n  motor o p e r a t i n g  on a " s t i f f "  s i n u s o i d a l  su p p ly ,  w h ile  

o t h e r s  d i s c u s s  t h e  i n s t a b i l i t y  i n  t h e  c o n te x t  o f  an i n v e r t e r - f e d

d r i v e .  Here th e  l i n k  c a p a c i t a n c e  i s  a dom inant f e a t u r e  i n  th e  o s c i l l a t o r y  

b e h a v io u r .  In t h i s  p a r t  o f  th e  c u r r e n t  work, th e  i n h e r e n t  i n s t a b i l i t y  o f  

th e  machine o p e r a t in g  on a " p e r f e c t "  lo w -f req u en cy  su p p ly  i s  th e  p r e s e n t  

problem .

Bowler and N ir  i n  r e f e r e n c e  (11) use  t h e  e q u iv a le n t  c i r c u i t  o f  

F ig .  (2 .1 a )  t o  s tu d y  th e  s t a b i l i t y  o f  th e  d r i v e .  They u se  an impedance 

d iagram  b ased  on th e  e q u iv a le n t  c i r c u i t  and i t s  sm a ll  s i g n a l  d e r i v a t i v e  

to  d e f in e  a s t a b i l i t y  c r i t e r i o n  in  te rm s o f  e q u i v a l e n t  c i r c u i t  p a ra m e te r s .  

T h is  was p r e s e n te d  in  te rm s o f  th e  e q u i v a le n t  c i r c u i t  o f  F ig .  (2 .1 )  a s ,

Z '  + j "  + j "  R, .  j .  (L .  L,) '  ^  (Z .12)

where w = s l i p  f req u en cy  r a d / s e c .  and X = w L , = w L. and X_ = w L-r  r - i / /  0  o 1  1  2  r  2

2  2  

I ,  mPw L
and T^=   , N.M. (2 .13)

[Rz+jw^XL^+L,)]

I f  th e  system  i s  c o n s id e r e d  to  be re s p o n d in g  to  s m a l l  changes about a 

s t e a d y - s t a t e  o p e r a t in g  p o i n t ,  t h e  change in  im pedance,

dZ = + jw + jw R _ (L +L,) ' ^ • (2 .14 )
2  ^ ^ r  0  2

The in v e r s i o n  o f  e q u a t io n  (2 .14 )  g iv e s  th e  sm a l l  s ig n a l  a d m it ta n c e

R; -    - 1  (2 .15 )
(R, -  jWrALgjCRi + jw L )̂ + jw L^CR; -  jwrL,)

E q u a tio n  (2 .15 )  has  a r e a l  p a r t  o f

R,R^ + R-w^SL (AL.+L_) - w^L^SA^R.B-R.SA)
R,dY = 2 o a - 1 , (2 .1 6 )

[R ^R2+ o) S L ^ C A L ^ + L g ) ]  + w [ ^ ( R g B - R ^ S A )

^ 2  ^ 1

where A = 1 + -j— , and B = 1 + -— .
o o
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The bound f o r  s t a b i l i t y  i s  t h a t  R^jdYl i s  n e g a t iv e  and so a p p ly in g  t h i s  

t o  e q u a t io n  ( 2 .1 6 ) ,

0 0 V s A ( R 2 B-R^SA) > R^Rg + RgU^SL^CAL^ + L^) . (2 .17 )

Under c o n d i t io n s  o f  heavy lo a d ,  th e  damping e f f e c t  o f  th e  lo ad

w i l l  s t a b i l i s e  t h e  system  and so  th e  c a se  o f  g r e a t e s t  i n t e r e s t  i s  t h a t

o f  l i g h t  lo a d in g ,  where s i s  sm a l l .  The te rm  R^SA i n  e q u a t io n  (2 .17 )

becomes n e g l i g i b l e  and a s i n g l e  v a lu e  o f  'S '  d e f in e s  th e  s t a b i l i t y  boundary ,

^ 1 ^ 2

^ l i r a i t  , , 2  • (Z .18)

The p a ra m e te rs  o f  th e  machine o b ta in e d  a t  SOHz were th e n  used 

in  t h i s  e x p r e s s io n  o v e r  th e  f re q u e n c y  ran g e  (1 -1 GHz).

F ig .  (2 .1 9 )  shows th e  l i m i t i n g  v a lu e  o f  s l i p  r e l a t e d  t o  

f req u e n c y .  However th e  v e ry  l a rg e  v a lu e s  o f  s l i p  shown a t  low f r e q u e n c i e s  

do n o t  r e p r e s e n t  a l a r g e  p e r m i s s i b l e  speed  v a r i a t i o n .  F ig . (2 .2 0 )  shows 

th e  p e r m i s s i b l e  speed  l i m i t  p l o t t e d  a g a i n s t  f re q u e n c y  from th e  r e l a t i o n

" l i m i t  '^^■^limit^ ■
2ïï

T his  means t h a t  th e  c o n s ta n t  r a t i o  o f  l i m i t  s p e e d / f r e q u e n c y  

can be seen  to  be a p p l i c a b l e  a t  f r e q u e n c i e s  above 2Hz f o r  th e  e x p e r im e n ta l  

machine. At low f r e q u e n c i e s ,  t h i s  r e s t r i c t i o n  o f  s t a b l e  speed  o p e r a t io n  

w i l l  r ed u ce  th e  p e r m i s s i b l e  shock lo a d in g  o f  th e  machine.

The im p o r tan ce  o f  m a in ta in in g  c o n s ta n t  f l u x  a t  a l l  sp eed s  i s  

i l l u s t r a t e d  in  F ig .  (2 .21 )  and ( 2 .2 2 ) .  I f  a c o n t r o l  sy stem  o p e r a t e s  w ith  

v o l t a g e  p r o p o r t i o n a l  t o  f re q u e n c y ,  th e  s t a t o r  r e g u l a t i o n  re d u c e s  th e  

maximum o r  peak to r q u e ,  d e f in e d  h e re  as th e  l i m i t  to r q u e .  F ig .  (2 .21 )  

shows th e  l i m i t  to rq u e  p l o t t e d  a g a i n s t  l i m i t  s l i p  and F ig .  (2 .22 )  

shows th e  l i m i t  to rq u e  p l o t t e d  a g a i n s t  th e  maximum speed  d e v i a t i o n  

from synchronous speed .  I f  low speed  s t a l l i n g  i s  to  be a v o id e d ,  a
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c o n s ta n t  l i m i t  to rq u e  v a lu e  i s  r e q u i r e d .  T h is  can o n ly  be i n c r e a s e d  

by an in c re a s e d  s t a t o r  v o l t a g e  as shown i n  s e c t i o n  2 .3 .

F ig s .  (2 .1 9 )  and (2 .22 )  i n d i c a t e  t h e  l i m i t s  o f  o p e r a t io n  beyond

which s t a l l i n g  o r  c a t a s t r o p h i c  f a i l u r e  can  o c c u r  in  an o p e n - lo o p ,  

s in u s o i d a l  c o n t r o l  system . Even when o p e r a t i n g  i n s i d e  th e s e  l i m i t s  

low f req u en cy  o p e r a t i o n  te n d s  to  r e s u l t  i n  an o s c i l l a t i o n  o f  th e  r o t o r  

abou t a mean o p e r a t in g  speed .  T h is  o s c i l l a t i o n  o c c u rs  when th e  s t a t o r  

s u p p ly  f re q u e n c y  app roaches  th e  n a t u r a l  f re q u e n c y  o f  th e  r o t o r .  Fig:. (2 .2 3 )  

i l l u s t r a t e s  t h i s  o s c i l l a t i o n  r e l a t e d  to  a change o f  lo a d .

In  th e  u pper  pen r e c o r d i n g ,  a 3Hz o s c i l l a t i o n  abou t th e  s te a d y  

s t a t e  o p e r a t in g  speed  i s  c o n t i n u a l l y  p r e s e n t  and a change in  lo a d  w ith  

t h e  consequen t speed  r e d u c t io n  o f  abou t 1 0 % seems to  g iv e  a s l i g h t l y  

in c r e a s e d  s t a b i l i t y .  The low er pen r e c o r d in g  ta k e n  a t  a f re q u e n c y  o f

4.5Hz and th e  same s t a t o r  v o l t a g e  i n d i c a t e s  t h a t  o p e r a t io n  b e f o r e  lo a d in g

can be s t a b l e  and t h a t  th e  shock o f  th e  a p p l i e d  lo a d  s e t s  up a 

s u s t a i n e d  o s c i l l a t i o n .  T h is  ten d en cy  t o  o s c i l l a t e  about a s t e a d y -  

s t a t e  speed  p u t s  th e  open - lo o p  d r iv e  a t  a s e v e re  d is a d v a n ta g e  when 

c o n t r a s t e d  w i th  a h ig h  m otor speed  g e a re d  d r iv e .  G re a te r  s t a b i l i t y  

can be a c h ie v e d  by c lo s e d - lo o p  c o n t r o l .  T h is  i s  d i s c u s s e d  in  C h ap te r  5.

2 . 8  C onc lu s io n s  from C hap te r  2

The work d e s c r ib e d  in  c h a p te r  2 shows t h a t  t h e r e  a r e  a number 

o f  p rob lem s a s s o c i a t e d  w ith  th e  low speed  o p e r a t io n  o f  in d u c t io n  m otors 

even when s i n u s o i d a l  s u p p l i e s  a re  a v a i l a b l e .  These a r e :

1) P a ram e te r  v a r i a t i o n  w ith  f re q u e n c y .  E f f e c t i v e  r e s i s t a n c e s

have been shown to  v a ry  w ith  f re q u e n c y  and th e  " a . c . "  r e s i s t a n c e

v a lu e s  co r re sp o n d  w ith  " d . c . "  r e s i s t a n c e  more c l o s e l y  as th e  

s t a t o r  f req u en cy  becomes s m a l le r .  M agnetic c o u p l in g  a t  low 

fre q u e n c y  i s  worse th a n  th e  c o u p l in g  a t  50Hz and th e  le ak ag e  

in d u c ta n c e s  a r e  g r e a t e r  a t  low f req u en cy .  I r o n  lo s s e s  a r e
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f req u en cy  dependen t and a t  low f re q u e n c y  th e  m a g n e t is in g  

c u r r e n t  i s  l a r g e  r e l a t i v e  to  th e  to rq u e  p ro d u c in g  c u r r e n t  

te rm . T h is  r a t i o  o f  m a g n e t is in g  c u r r e n t  to  to rq u e  p ro d u c in g  

c u r r e n t  red u ces  th e  e f f i c i e n c y  o f  th e  system  a t  low f r e q u e n c ie s .

2) S t e a d y - s t a t e  o p e r a t io n  and c h a r a c t e r i s t i c s  a r e  a f f e c t e d  by

p a ra m e te r  v a r i a t i o n ,  b u t  th e  v a r i a t i o n  i s  v e ry  much a second 

o r d e r  e f f e c t .  The d i f f e r e n c e  between machine c h a r a c t e r i s t i c s  

o b ta in e d  from p a ra m e te rs  m easured  a t  50Hz and c h a r a c t e r i s t i c s  

d e te rm in e d  from p a ra m e te rs  which a l lo w  fre q u e n c y  v a r i a t i o n  i s  

always l e s s  th a n  5% o f  t h e  to rq u e  o r  c u r r e n t  co n ce rn ed .  I t  may 

be conc luded  t h e r e f o r e  t h a t  p a ra m e te r  v a r i a t i o n  w ith  f req u en cy  

i s  im p o r ta n t  in  e f f i c i e n c y  c a l c u l a t i o n s ,  b u t  t h a t  th e  e r r o r  

in t ro d u c e d  by a c o n s ta n t  p a ra m e te r  assum ption  i s  l e s s  th a n  

t h a t  in t ro d u c e d  by th e  ap p ro x im a tio n  o f  th e  e q u iv a le n t  

c i r c u i t .  Thus a s i n g l e  s e t  o f  p a ra m e te r s  may be u sed  f o r  a l l  

f i r s t  o r d e r  perfo rm ance  c a l c u l a t i o n s .

3) C o n s tan t  f l u x  o p e r a t i o n  i s  e s s e n t i a l  a t  a l l  f r e q u e n c ie s  i f  

s t a l l i n g  i s  t o  be avo ided  under a c c e l e r a t i o n  o r  s te p  to rq u e  

in c r e a s e  c o n d i t i o n s .  At low f r e q u e n c i e s ,  th e  s t a t o r  r e s i s t a n c e  

cau ses  e x c e s s iv e  v o l t a g e  r e g u l a t i o n  and v o l t a g e - p r o p o r t i o n a l -  

to - f r e q u e n c y  o p e r a t io n  i s  no lo n g e r  ad e q u a te .  The s t a t o r  

v o l t a g e  must be in c r e a s e d  by a p r o p o r t i o n  which i n c r e a s e s

as th e  f req u en cy  d e c re a s e s  t o  g iv e  c o n s ta n t  peak  to rq u e  

o p e r a t io n .

4) The p e r m i s s i b l e  speed  v a r i a t i o n  about a s t e a d y - s t a t e  o p e r a t in g  

c o n d i t io n  b e fo re  s t a l l i n g  o c c u rs  f a l l s  w ith  f re q u e n c y .  T h is  

reduced  speed  range  and th e  i n c r e a s e d  machine s t i f f n e s s  can
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cause  o s c i l l a t i o n s  about a s t e a d y - s t a t e  o p e r a t in g  p o i n t  to  

o c c u r .  Thus an o p en -loop  d r iv e  may be u n s t a b l e  a t  low 

f r e q u e n c ie s .  In  a c lo s e d - lo o p  system  a com pensa ting  netw ork  

can be in t ro d u c e d  and s t a b l e  o p e r a t i o n  p ro v id e d .

I t  may be conc luded  t h e r e f o r e ,  t h a t  a lo w -f req u en cy  d i r e c t  

i n d u c t io n  m otor d r iv e  i s  f e a s i b l e  and t h a t  h ig h - s p e e d  o p e r a t io n  th ro u g h  

a g e a r  box may n o t  be n e c e s s a r y .  P a ram e te r  v a r i a t i o n  w ith  f re q u e n c y  i s  

n o t  s i g n i f i c a n t  b u t  any c o n t r o l  system , even w i th  a s i n u s o i d a l  s u p p ly ,  

must be a c lo s e d - lo o p  system  i n c o r p o r a t in g  s t a t o r  v o l t a g e  a d ju s tm e n t  f o r  

a c o n s ta n t  f l u x  o p e r a t io n .
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CHAPTER 3

The E f f e c t  o f  Harmonics on th e  Low -frequency 

O p e ra t io n  o f  an I n d u c t io n  Motor

3 .1  INTRODUCTION

The s t a t o r  w ind ing  o f  an in d u c t io n  m otor must be d i s t r i b u t e d  in  

e q u a l ly  spaced  s l o t s  around  t h e  c i rc u m fe re n c e .  T h is  means t h a t  th e  

in d u ced  em f’s i n  th e  s t a t o r  co n d u c to rs  a r e  d i s p l a c e d  in  s p a c e .  The 

r e s u l t a n t  mmf w i l l  c o n ta in  m u l t i p l e s  and s u b m u l t ip le s  o f  t h e  s t a t o r  

f req u en cy  even i f  th e  s t a t o r  su p p ly  i s  s i n u s o i d a l .  S u i t a b l e  c h o rd in g  

i n  a  d o u b le - l a y e r  w inding  can e l im i n a t e  a harm onic (say  3rd) and i t s  

m u l t i p l e s .  Any machine o p e r a t in g  from a s i n u s o i d a l  su p p ly  can t h e r e f o r e  

a c c e l e r a t e  w ith o u t  " c o g g in g " .

The v a r i a b l e - f r e q u e n c y  su p p ly  used  in  an in d u c t io n  m otor d r iv e  

w i l l  g e n e r a l l y  be o b ta in e d  by d i r e c t  o r  i n d i r e c t  f req u en cy  c o n v e rs io n  in  

a c y c lo c o n v e r te r  o r  a  d . c .  l i n k  i n v e r t e r .  The wave forms o f  th e s e  

s u p p l i e s  a r e  bound t o  be n o n - s in u s o id a l  and c o n s e q u e n t ly  t im e -d e p e n d e n t  

harm onics  w i l l  be in t ro d u c e d  to  th e  s t a t o r .  Each t im e-h a rm o n ic  so 

i n t r o d u c e d  w i l l  g e n e r a te  a f u r t h e r  s e r i e s  o f  space  ha rm on ics ,  which 

can be red u ced  to  an a c c e p ta b l e  l e v e l  by d e s ig n  f e a t u r e s  i n  th e  machine. 

However, th e  t im e  harm onics  i n  th e  a i r - g a p  f l u x  d i r e c t l y  w i l l  m odify 

th e  to rq u e  c h a r a c t e r i s t i c  and in t r o d u c e  a d d i t i o n a l  h e a t in g  and n o i s e  in  

th e  m achine. The work d e s c r ib e d  in  t h i s  c h a p te r  a t t e m p ts  t o  i n v e s t i g a t e ,  

th e  e f f e c t  o f  n o n - s in u s o id a l  s u p p l i e s  on th e  m otor p e rfo rm ance  and to  

d e f in e  s u i t a b l e  o p e r a t i n g  l i m i t s .
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3 .2  Harmonie A n a ly s is  o f  th e  N o n - s in u s o id a l  Waveform

The o p e r a t io n  o f  i n d u c t io n  m otor on a v a r i a b l e - f r e q u e n c y  su p p ly  

in v o lv e s  th e  use  o f  s t a t i c  f re q u e n c y  c o n v e r t e r s .  At any s i g n i f i c a n t  

power l e v e l ,  th e  f requency  c o n v e r t e r  w i l l  g e n e r a te  an o u tp u t  v o l t a g e  waveform 

w ith  s i g n i f i c a n t  harmonic c o n te n t .  In  c h a p t e r  2, th e  o p e r a t i o n  o f  in d u c t io n  

m otor w i th  a p u r e ly  s in u s o id a l  su p p ly  was d i s c u s s e d ,  and i n v e s t i g a t e d  

e x p e r im e n ta l ly  by fe e d in g  t h e  i n d u c t io n  machine from an a l t e r n a t o r .  In  

o r d e r  t o  i n v e s t i g a t e  th e  o p e r a t io n  o f  an in d u c t io n  m otor on a n o n - s in u s o id a l  

s u p p ly ,  th e  v o l t a g e  can be a n a ly se d  and e x p re s s e d  as a s e r i e s  o f  s i n u s o i d a l  

v o l t a g e s  known as a F o u r ie r  S e r i e s .  Each s e p a r a t e  f req u en cy  w i l l  p roduce  

i t s  own r o t a t i n g  f i e l d  in  th e  machine a i r - g a p  a t  a harm onic synchronous 

speed .  A d d i t io n a l  l o s s e s ,  h e a t in g  and m o d i f i c a t io n  o f  th e  to rq u e  

c h a r a c t e r i s t i c  w i l l  be caused  by th e  t im e  harm onics  p roduced  by a non- 

s i n u s o i d a l  slimply. A d d i t io n a l  space  harm onics  may be in t r o d u c e d  by th e  

added t im e  ha rm o n ics ,  bu t i t  i s  assumed t h a t  th e  w inding d e s ig n  w i l l  

e l i m i n a t e  a l l  f i r s t  o rd e r  e f f e c t s  as i t  does f o r  th e  fu n d am en ta l .  T h is  

s tu d y  c o n c e n t r a t e s  on th e  e f f e c t s  o f  t im e  ha rm onics .

I f  th e  p o s i t i v e  and n e g a t iv e  v o l t a g e  en v e lo p es  a re  o f  eq u a l  s i z e  

and symmetry about th e  zero v o l t a g e  a x i s ,  a l l  t im e  harm onics i n  th e  

su p p ly  w i l l  be o f  a h ig h e r  f re q u e n c y  th a n  th e  fu n d am e n ta l ,  b u t  i f  asymmetry 

i s  in t r o d u c e d  as i n  th e  case  o f  an u n sy n c h ro n is e d  p u l s e - w id th  m odulated  

i n v e r t e r  o r  a c i r c u l a t i n g  c u r r e n t  f r e e  c y c l o c o n v e r te r ,  harm onic  f r e q u e n c ie s  

low er th a n  th e  fundam en ta l ,  known as  su b -h a rm o n ic s ,  can o c c u r .

T hree  main e f f e c t s  w i l l  o c c u r  due to  th e  v o l t a g e  harm onics 

p roduced  by th e  f req u en cy  so u rc e .

These a r e :

a) M o d if ic a t io n  o f  th e  to rq u e  c h a r a c t e r i s t i c  due to  harm onic

c u r r e n t s  and f l u x e s .

b) In c r e a s e d  copper l o s s e s  and h e a t in g  due to  harm onic c u r r e n t s ,  

and c) In c r e a s e d  i r o n  lo s s e s  w ith  a s s o c i a t e d  v i b r a t o r y  n o i s e  and

h e a t in g .
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The s im p le s t  form o f  i n v e r t e r  o u tp u t  waveform i s  th e  r e c t a n g u l a r  

p u ls e  as shown in  F ig .  ( 3 .1 a ) .  T h is  r e c t a n g u l a r  waveform can be e x p re s s e d  

by th e  s e r i e s ,

4V^ 1  1

e(w t)  = — [cos wt + Y cos 3wt + j  cos 5cot + . . .  i  cos nwt] (3 .1 )

T h is  harm onic s e r i e s  c o n ta in s  a fundam en ta l f re q u e n c y  w, and a 

s e r i e s  o f  odd m u l t i p l e s  o f  th e  fundam enta l which may p roduce  fo rw ard ,  

backward o r  s t a t i o n a r y  f i e l d s  as  d e f in e d  in  s e c t i o n  ( 3 .3 ) .

I f  th e  co n d u c t io n  a n g le ,  y ,  shown in  F ig .  (3 .1b )  i s  reduced  and 

gaps between p o s i t i v e  and n e g a t iv e  p u l s e s  a re  in t r o d u c e d ,  c e r t a i n  harm onics  

o f  th e  s e r i e s  can be e l im in a te d  a t  th e  expense  o f  p o o r  u t i l i s a t i o n  o f  

th e  i n v e r t e r  hardw are .  The harm onic  f r e q u e n c ie s  and t h e i r  r e l a t i v e  

am p li tu d e s  w i l l  be a n a ly se d  as a F o u r ie r  s e r i e s .  F ig .  (3 .1 b )  shows t h a t  

th e  waveform has  symmetry abou t th e  y - a x i s  which s i m p l i f i e s  th e  a n a l y s i s  

t o  a F o u r ie r  h a l f - r a n g e  s e r i e s  w i th  o n ly  c o s in e s  p r e s e n t  and no c o n s ta n t  

te rm . T h is  waveform c o n ta in s  th e  f o l lo w in g  te rm s o v er  th e  p e r io d  T,

0 < t  < ± T f o r  y = ,

where th e  a m p l i tu d e ,  f o r  each f re q u e n c y ,  K , i s  g iven  by

A_ =

+T/ 6

2
K T/2 y cos K wt . d(ojt) . (3 .2 )

-T / 6

I f  th e  p e r i o d ,  T = 2ir, A^ becomes,

2V 2  +n/3
Ay = — [— s i n  o)t] , which s i m p l i f i e s  to

- ir /3

\  ICir ■ 2 •

T h e re fo re  th e  s e r i e s  i s

4V yg-  ̂ 2  1

e ( w t )  = — . - y  [ c o s  cot -  j  COS Scot + y COS -  -yp COS 11 00 t  + . . . ] ,

(3 .3 )



Fig . 3- la. Square waveform.

t

0 Fundamental

Fig. 31  b. Waveform for voltage and harmonic analysis.
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which may be e x p re s s e d  in  a more g e n e ra l  form a s :  

4V “
e (w ) t  =

^ K= 1

. COS K w t  . (3 .4 )

The c h a r t  g iven  in  F i g . (3 .2 )  u se s  e q u a t io n s  (3 .2 )  t o  (3 .4 )  to  

e x p re s s  t h e  harm onic am p li tu d es  in  te rm s o f  t h e  co n d u c t io n  a n g le s .  I t  

can be seen  t h a t  a waveform w ith  d i s c o n t i n u i t i e s  has  a s lo w ly  d im in is h in g  

spec trum  w ith  f a i r l y  s t r o n g  harm onics  which sh o u ld  be c o n s id e re d  when 

a n a ly s in g  th e  m otor p e rfo rm a n c e .  The f o l lo w in g  t a b l e  shows harm onic  

am p li tu d es  r e l a t e d  t o  c o n d u c t io n  a n g le s :

C onduction
an g le 30° 52° 60° 72° 80° 1 2 0 ° 160°

Funda
m ental 1 1 1 1 1 1 1

O rder o f 0 .24 0 .32 0 .34 0 .32 0 .28 0 0 .29

Harmonic

Ks 0 .19 0.15 0 . 1 0 0 .07 0 .1 7 0 .13

4 0 .14 0 0 .08 0 .13 0.14 0 .1 3 0.05

Each harm onic a l s o  has  a zero  v a lu e  a t 180'
K added to  th e  ze ro  shown

in  th e  t a b l e ,  where K i s  t h e  o r d e r  o f  th e  harm onic .

Any harm onic and i t s  m u l t i p l e s  can be e l im i n a te d ,  b u t  i t  i s  most 

g e n e ra l  p r a c t i c e  t o  e l im in a te  th e  t r i p l e n s  and z e ro -s e q u e n c e  e f f e c t s .  

T h is  can be ac h ie v e d  by making y = 120°.

I n d u c t io n  m otor o p e r a t io n  has  been ac h ie v e d  w ith  y = 180° by 

McLean and Alwash b u t  a t  low f r e q u e n c ie s  th e  long  c o n d u c t io n  tim e

when = 0  can cause  a f l u x  c o l l a p s e  due to  m a g n e tic  s a t u r a t i o n  i f  th e  

peak f l u x  i s  n e a r  to  s a t u r a t i o n  l e v e l .  They a c h iev ed  s t a b l e  o p e r a t io n  

by i n c o r p o r a t i n g  s p e c i a l  machine w ind ings which gave, in  e f f e c t ,  n in e -
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Fig. 3.2 Harmonic content, expressed as a fraction of the  
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related to pulse width &
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p h ase  o p e r a t i o n  and t r i p l e n - h a r m o n ic  e l i m i n a t i o n .

Many sm all s i z e  (<100kw) d r iv e s  o p e r a t e  s a t i s f a c t o r i l y  on 

r e c t a n g u l a r  p u ls e s  w ith  t r i p l e r ,  e l i m i n a t i o n  as shown i n  F ig .  ( 3 .1 b ) ,  

b u t  system s o f  a g r e a t e r  s i z e  r e q u i r e  v o l t a g e  waveforms n e a r e r  to  th e  

s i n u s o i d a l .  T y p ic a l  waves a r e  th e  s te p p e d  waveforms o f  F ig s .  (3 .3 a )  

and (3 .3 b )  and th e  p u ls e - w id th  m odu la ted  waveforms o f  F ig .  ( 3 .3 c ) .

These waveforms a re  much to  be p r e f e r r e d  f o r  e f f i c i e n t  and s t a b l e  system

o p e r a t i o n ,  b u t  th e  co m p lex ity  o f  e l e c t r o n i c  l o g i c  r e q u i r e d  t o  g e n e ra te  

th e  waveform i s  c o n s id e r a b le  and t h i s  p r e s e n t  s tu d y  i s  b a sed  on th e  

s im p le r  r e c t a n g u l a r  p u ls e  sy stem  in  which th e  harm onic  e f f e c t s  w i l l  be 

g r e a t e r .

3 .3  P o s i t i v e - s e q u e n c e ,  n e g a t iv e - s e q u e n c e  and z e ro -s e q u e n c e  harm onics

The t h r e e  s t a t o r  v o l t a g e s  o f  th e  i n d u c t io n  m otor spaced  

by 120° a re  g iv en  by F o u r ie r  s e r i e s  a n a l y s i s  a s :

V. = E A cos Kwt + E B s i n  Kwt , (3 .5 )
K=1 K=1

V„ = E Ay COS K (^t + -=— ) + E By s i n  K (oot + -=—) , (3 .6 )
K=1 K=1

00 A tt 00 4 t t
V = E A cos K (o)t + -=— ) + E By s i n  K (wt + ——) . (3 .7 )

C K= 1  K 3 K= 1  ^

I t  can be seen from th e  above e q u a t io n s  t h a t  i f  K = 3 N + 1 , th e  

phase  sequence i s  V^, Vg, which i s  ta k e n  as th e  p o s i t i v e  seq u en ce ,  th e  

fundam enta l sequence o f  th e  r o t a t i o n  o f  th e  f i e l d .  I f  K = 3 N + 2, 

th e  p h a se -s e q u e n c e  i s  V^, , Vg which g iv e s  r e s u l t a n t  f i e l d s  r o t a t i n g  in

t h e  o p p o s i t e  d i r e c t i o n  o r  a n e g a t iv e  sequence .  IVhen K = 3N + 3, th e  t h r e e  

p h ase  v o l t a g e s  a r e  i n  p h ase .  The r e s u l t a n t  f i e l d  i s  p u l s a t i n g ,  b u t  n o t  

r o t a t i n g ,  and i t  i s  d e f in e d  as a ze ro  sequence .
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The o r d e r s  o f  harm onic  p r e s e n t  in  th e  g e n e ra l  s e r i e s  a re  

g iv en  in  th e  t a b l e  below. However th e  F o u r i e r  s e r i e s  o f  th e  su p p ly  

v o l t a g e  i s  an odd harm onic  s e r i e s  and even harm onic  components canno t 

be p r e s e n t  in  th e  a i r - g a p  f lu x .

p o s i t i v e - s e q u e n c e n e g a t iv e - s e q u e n c e
1

z e ro -se q u e n c e  |
i

N. K=3N+1 K=3N+2 K=3N+3

0 1 2 3

1 4 5 6

2 7 8 9

3 1 0 1 1 1 2

4 13 14 15

5 16 17 18

6 19 2 0 2 1

7 2 2 23 24

8 25 26 27

9 28 29 30

1 0 31 32 33

1 1 34 35 36
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Only odd harm onics need  to  be c o n s id e r e d  and from th e  above t a b l e  th e  

harm onics  can be c l a s s i f i e d  a c c o rd in g  to  t h e i r  s e q u en ce s .  The fundam enta l 

f req u en cy  i s  d e f in e d  by K = 1 , and i s  o f  p o s i t i v e  p h ase  seq u en ce .

The fo l lo w in g  system s e x i s t  f o r  th e  o t h e r  harm onics ;

a) P o s i t i v e - s e q u e n c e  7, 13, 19 . . . .  e t c .

b) N e g a t iv e -s e q u e n c e  5, 11, 17 . . . .  e t c .

c) Z ero -seq u en ce  3, 9, 15 . . . .  e t c .

3 .4  Motor e q u i v a l e n t  c i r c u i t  a l lo w in g  f o r  harm onics

In  s e c t i o n  3 .3 ,  th e  n o n - s in u s o id a l  su p p ly  was seen  t o  g iv e  

p o s i t i v e ,  n e g a t iv e  and zero  sequence harm onic f r e q u e n c i e s .  T h is  means 

t h a t  t h r e e  e q u i v a le n t  c i r c u i t s  w i l l  be n e c e s s a r y ,  one f o r  each  seq u en ce .

A ll  r e a c t i v e  components a r e  assumed to  v a ry  l i n e a r l y  w ith  f re q u e n c y  so 

t h a t  = KX̂  e t c ,  where X̂  i s  t h e  r e a c t a n c e  a t  fundam enta l f re q u e n c y .

and R2 jr a r e  th e  a . c .  v a lu e s  o f  s t a t o r  and r o t o r  p h ase  r e s i s t a n c e  f o r  

t h e  harm onic  and R^^ i s  t h e  i r o n  lo s s  e n e rg y  component a t  t h i s  harm onic 

f re q u e n c y .  Thus f o r  p o s i t i v e  sequence  o p e r a t i o n  th e  e q u i v a l e n t  c i r c u i t  

o f  F ig .  (2 .1 )  becomes t h a t  o f  F ig .  3 .4a)  f o r  th e  harm onic .

The s l i p ,  S^, r e l a t e d  to  th e  harm onic i s :

Kü) - (jü 2

Sk = — -------- - (3 -8 )

where w i s  th e  fundam enta l synchronous speed  and w  ̂ i s  t h e  r o t o r  speed  

in  r a d i a n s  p e r  second .

I f  th e  harm onic f i e l d  i s  c o u n te r  r o t a t i n g ,  n e g a t iv e  sequence 

o p e r a t io n  r e s u l t s  and th e  s l i p  te rm  to  be u sed  in  th e  e q u iv a le n t  

c i r c u i t  i s  2 - . The n e g a t iv e  sequence e q u i v a l e n t  c i r c u i t  w i l l  th e n

be shown in  F ig .  ( 3 .4 b ) .



RIK KX KX

R2KKX
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Fig. 3-4q Exact positive-sequence equivalent circuit

R IK K X . KX

R 2K

2-SKXV-K OK

Fig. 3 4b Exact negative -sequence equivalent circuit

KX.
KX

OK 2K

ZK

KX

KX
2K

4 -3 S

Fig. 3 4 c  Exact zero-sequence equivalent circuit.
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A ze ro -se q u e n c e  v o l t a g e  component i s  s im ply  a p u l s a t i n g  o r  s i n g l e  

phase  f i e l d .  In  e f f e c t  a l l  th e s e  p h ase  w ind ings  can be c o n s id e re d  to  

be c o n n ec ted  i n  s e r i e s  to  a ze ro -se q u e n c e  v o l t a g e .  The e f f e c t  o f  t h i s  

i s  th e  w ell-know n p o le  t r e b l i n g  e f f e c t  u sed  in  s q u i r r e l - c a g e  p o le -c h a n g e  

sy s tem s .  Thus th e  z e ro -seq u en c e  v o l t a g e  may be assumed to  c o n s i s t  o f  

a  h a l f -m a g n i tu d e  fo rw ard  r o t a t i n g  component, and a h a l f -m a g n i tu d e  

r e v e r s e  r o t a t i n g  component. The fo rw ard  component w i l l  have a s l i p  

te rm  o f  -2  +3 and th e  r e v e r s e  component, a s l i p  o f  4 -3  S^. Both 

components a re  in c o r p o r a t e d  i n t o  t h e  z e ro -se q u e n c e  e q u iv a le n t  c i r c u i t  o f  

F ig .  ( 3 .4 c ) .

For to r q u e  c a l c u l a t i o n s ,  th e  e q u i v a l e n t  c i r c u i t s  o f  F ig s .  ( 3 .4 a ,b  

and c) must be u se d .  This  i s  i l l u s t r a t e d  i n  s e c t i o n  3 .5 .  However, th e  

o th e r  e f f e c t s  o f  ha rm on ics ,  i n c r e a s e d  i r o n  and copper l o s s e s  and 

consequen t lo s s  o f  e f f i c i e n c y  r e q u i r e  a knowledge o f  th e  c u r r e n t  i n  th e  

a p p r o p r i a t e  e q u i v a l e n t  c i r c u i t  p a r a m e te r s .

I f  z e ro -se q u e n c e  components have been  s u b s t a n t i a l l y  e l im i n a t e d ,

by making th e  co n d u c t io n  a n g le  y such  t h a t  a l l  t r i p l e n s  d i s a p p e a r ,  th e

harm onic s l i p  can be r e p r e s e n t e d  by th e  g e n e ra l  e x p r e s s io n :

Kw ±

Sk ' - 1 = T —  '

where th e  + s ig n  r e p r e s e n t s  a p o s i t i v e - s e q u e n c e  harm onic and - s ig n ,  a 

n e g a t iv e - s e q u e n c e  harm onic . E q u a t io n  (3 .8 )  may now be r e - w r i t t e n  in  

terras o f  th e  fundam enta l s l i p ,  S , by th e  use  o f  th e  r e l a t i o n s h i p :

0 ) 2  “ (1 ~ S) 0 ) > (3 .9 )

which g iv e s ,

Sk =  ̂ • ( ( 3 .1 0 )

I ro n  l o s s e s  in  th e  machine would n o rm a l ly  be d e te rm in e d  

e x p e r im e n ta l ly  by d r i v i n g  th e  machine e x t e r n a l l y  a t  fundam enta l
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synchronous speed  and m easuring  th e  in p u t  pow er. For th e  fu n d am e n ta l ,

I 2  = 0 and th e  e q u i v a le n t  c i r c u i t  becomes t h a t  o f  F ig .  ( 3 .5 a ) .  T h is  i s  

an a p p ro x im a tio n ,  b e ca u se  th e  harm onic s l i p s  a r e  much g r e a t e r  th a n  z e ro ,  

and th e  in p u t  power m easured i n  t h e  way in c lu d e s  harm onic copper  l o s s e s ,  

b u t  th e  fundam enta l copper lo s s  i s  e l im i n a t e d  and so F ig .  (3 .5 a )  i s  

a good, s im p le  f i r s t  o r d e r  a p p ro x im a tio n .  F ig .  (3 .5 a )  th e n  e n a b le s  th e  

i r o n  lo s s  c u r r e n t s  t o  be c a l c u l a t e d  in d e p e n d e n t ly  o f  machine s l i p ,  

and, i f  th e  c i r c u i t  p a ra m e te rs  a re  c o r r e c t  f o r  each  harm onic K, th e  rms 

i r o n  lo s s  c u r r e n t  w i l l  be g iv en  by:

I q = . (3 .1 1 )

Copper lo s s  c u r r e n t s  und er  lo a d  c o n d i t i o n s  w i l l  be much

g r e a t e r  th a n  th e  i r o n  lo s s  components and a f i r s t  o r d e r  e s t i m a t e  o f

th e  co p p er  lo s s  c u r r e n t  f o r  each  harm onic  w i l l  be g iv e n  by th e

e q u i v a l e n t  c i r c u i t  o f  F ig .  (3 .5 b )  f o r  any h ig h  o r d e r  o f  harm on ic ,

^ 2 KSy >> 0 and %—  can be r e p la c e d  by a s h o r t - c i r c u i t ,  g iv in g  th e  a p p ro x i -  
K

m ation  o f  J a i n  .

3 .5  Harmonic e f f e c t s  on th e  i n d u c t io n  m otor s t e a d y - s t a t e

perfo rm an ce

A d d i t io n a l  h e a t in g  caused  by harm onics  w i l l  be d i s c u s s e d  

more f u l l y  in  s e c t i o n  3 .7 .  At t h i s  s ta g e  th e  e f f e c t  o f  harm onic  c u r r e n t s  

on th e  motor to rq u e  w i l l  be c o n s id e r e d .  E q u a t io n  (3 .1 )  f o r  th e  f u l l y  

c o n d u c t in g  r e c t a n g u l a r  v o l t a g e  g iv e s  a s e r i e s  c o n ta in in g  p o s i t i v e ,  

n e g a t iv e  and z e ro -se q u e n c e  ha rm on ics .  The e f f e c t  o f  each i s  

c o n s id e r e d  in  t u r n .
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3 .5 a  P o s i t i v e  and n e g a t iv e  sequences

I t  has been shown t h a t  th e  p h ase  sequence  o f  th e  7 th ,  13 th

and 19th  harm onics i s  th e  same as t h a t  o f  t h e  fundam enta l sequence  and

t h a t  t h e  am p li tu d e  o f  th e  harm onic r e l a t i v e  to  th e  fundam en ta l i s

i n v e r s e l y  p r o p o r t i o n a l  to  t h e  o r d e r  o f  t h e  harm on ic ,  i . e .

^ 1  ^ 1Aj ~ j — , ^13 ” I T  F ig ' C3.6) shows how th e  fundam enta l

to rq u e  i s  m o d if ied  by th e  Kth harm onic . M otoring  and p lu g g in g  to r q u e s  

a r e  s l i g h t l y  i n c r e a s e d ,  w h i le  th e  su p ersy n ch ro n o u s  b r a k in g  to r q u e  i s  

s l i g h t l y  re d u c e d .  E q u a t io n s  (3 .5 )  t o  (3 .7 )  show t h a t  t h e  p h ase  sequence 

o f  th e  5 th ,  11 th  and 17 th  harm onics  w i l l  be o p p o s i t e  t o  th e  fundam enta l 

seq u en ce ,  w h i le  th e  a m p li tu d e s  = y -  e t c .  as  b e f o r e .  These 

n e g a t iv e  sequence to rq u e s  modify th e  to rq u e  c h a r a c t e r i s t i c  as shown 

in  F ig .  ( 3 . 7 ) .  Here m o to r in g  and p lu g g in g  to r q u e s  a r e  s l i g h t l y  

reduced  and th e  su p e rsy n ch ro n o u s  b r a k in g  to r q u e  i s  i n c r e a s e d .

However, in  p r a c t i c e ,  th e  e f f e c t  o f  a p o s i t i v e  o r  a n e g a t iv e  

tim e harm onic  on th e  to rq u e  i s  n e g l i g i b l e .  T h is  can be j u s t i f i e d  as 

fo l lo w s .  At harm onic f r e q u e n c i e s ,  th e  le a k a g e  r e a c t a n c e  i s  much g r e a t e r  

th a n  th e  machine r e s i s t a n c e  a t  s u b s t a n t i a l  s l i p s .  The le a k a g e  r e a c t a n c e

in c r e a s e s  w ith  f re q u e n c y  and th e  harm onic  v o l t a g e  am p li tu d e  f a l l s  w ith

f req u en cy .  Hence th e  Kth harm onic c u r r e n t  w i l l  be a p p ro x im a te ly  | ^
2

X th e

fundam ental c u r r e n t .  The motor to rq u e  i s  p r o p o r t i o n a l  to  th e  ( c u r r e n t ) ^ ,  

and hence th e  p o s i t i v e  and n e g a t iv e  sequence tim e harm onics  have l i t t l e  

e f f e c t  on s te a d y  s t a t e  perfo rm ance  a l th o u g h  th e y  may have an e f f e c t  on 

motor l o s s e s  which must be c o n s id e re d .

3 .5b  Z ero -sequence  harm onic  e f f e c t s

E q u a t io n s  (3 .5 )  to  (3 .7 )  show t h a t  th e  harm onic  v o l t a g e s  o f  

th e  3 rd  and a l l  t r i p l e n  harm onics  a r e  o f  equa l  m agnitude  and i n  p h ase  

in  each  p hase  w ind ing  o f  th e  m achine. E f f e c t i v e l y  th e  machine p h ase



resultant torque

j A typical 5 -^harmonic torque

fundamental torque

Fig.3 6 P ositive-sequence harmonic torque.

Fig. 3 7 Negative sequence harmonic torque.
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w ind ings  have been c o n n ec ted  up in  s e r i e s  t o  a s i n g l e  p h ase  su p p ly  o f  

harm onic f req u e n c y .  The n a t u r e  o f  t h e  r e s u l t a n t  a i r - g a p  f l u x  can be seen  

by a c o n s id e r a t i o n  o f  F ig s .  (3 .8 )  to  ( 3 .1 0 ) .  For s i m p l i c i t y  a s i n g l e - l a y e r ,  

two s l o t s / p o l e / p h a s e  w ind ing  has been chosen .  IVhen th e  s t a t o r  i s  e n e rg i s e d  

by a b a la n c e d  3 -phase  s u p p ly ,  a t  t h e  i n s t a n t  t  = 0, th e  a i r - g a p  mmf i s  

as shown in  F ig .  ( 3 .9 ) .  The r e s u l t a n t  f l u x  o f  c o n s ta n t  a m p li tu d e  moves 

around  t h e  c i rc u m fe re n c e  o f  t h e  machine a t  synchronous sp eed .  However, 

when th e  s t a t o r  c o i l s  a r e  c o n n ec ted  i n  s e r i e s  t o  a s i n g l e  p h ase  s u p p ly .

F ig . (3 .1 0 )  shows t h a t  th e  e f f e c t i v e  s t a t o r  p o le  number has  been  t r e b l e d  

and t h a t  th e  r e s u l t a n t  a i r - g a p  mmf i s  s t a t i o n a r y  and p u l s a t i n g .

The a i r - g a p  f lu x e s  were o b se rv ed  e x p e r im e n ta l ly  by e x c i t i n g  

th e  s t a t o r  w ith  d . c .  and r o t a t i n g  t h e  machine a t  a c o n s ta n t  speed  o f  

1 0 0 0  r e v /m in .  w h ile  r o t o r  s e a r c h  c o i l  in d u ced  v o l t a g e s  were o b se rv ed  on 

an o s c i l l o s c o p e .  For t h i s  experim en t th e  s q u i r r e l - c a g e  r o t o r  was 

r e p l a c e d  by a 4 -p o le  wound r o t o r  w ith  o p e n - c i r c u i t  s l i p - r i n g s .  In  each 

c a s e ,  I = 1 .0  A d . c .  F ig .  (3 .1 2 a )  shows th e  a i r - g a p  f l u x  c o r re s p o n d in g  

to  t h e  c o n d i t io n  o f  F ig .  (3 .9 )  and F ig .  ( 3 .1 1 a ) .  I f  t im e  p h a se s  a re  

r e v e r s e d  as shown i n  F ig .  ( 3 .1 1 b ) ,  t h e  p h ase  c u r r e n t s  c o r re sp o n d  to  

th e  same t im e  seq u en ce ,  b u t  th e y  a r e  o f  unequa l am p li tu d es  and th e  "W" 

shaped  f l u x  o f  F ig .  (3 .12b) r e s u l t s .  F i n a l l y ,  i f  a l l  t h r e e  p h a se s  a re  

fe d  i n  s e r i e s  w ith  th e  same su p p ly  as  shown in  F ig .  ( 3 .1 1 c ) ,  th e  t r i p l e - p o l e  

a i r - g a p  f lu x  o f  F ig .  (3 .1 2 c )  r e s u l t s .  A com parison  o f  F ig . (3 .1 2 a )  and 

F ig .  (3 .1 2 c )  shows t h a t  a ze ro -se q u e n c e  harm onic  g iv e s  s in g l e - p h a s e  o p e r a t io n  

a t  o n e - t h i r d  o f  th e  harm onic  synchronous speed .

This  s t a t i o n a r y  p u l s a t i n g  f i e l d  may be c o n s id e re d  as p ro d u c in g  

two h a l f - a m p l i t u d e ,  c o u n t e r - r o t a t i n g  f i e l d s  p ro d u c in g  a 

s in g l e - p h a s e  motor to r q u e .  F ig .  (3 .1 3 a )  shows th e  form o f  t h i s  to rq u e  

f o r  a low impedance m otor.  The r e s u l t a n t  to r q u e  i s  th e  sum o f  a 

p o s i t i v e  and a n e g a t iv e  sequence  to r q u e .  Between zero  and fo rw ard  

synchronous speed  t h i s  p ro d u ces  a n e t  m o to r in g  to rq u e  w ith  ze ro  to rq u e
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a t  zero  and synchronous speed . When th e  r o t o r  i s  o f  h ig h  im pedance, 

a n e t  b r a k in g  to rq u e  w i l l  r e s u l t  as shown i n  F ig .  (3 .1 3 b ) .

The e f f e c t  o f  zero  sequence to rq u e s  i s  shown e x p e r im e n ta l ly  

in  F ig s .  (3 .14 )  and (3 .1 5 )  a t  10 Hz and 20 Hz r e s p e c t i v e l y .  P r e d i c t e d  

3 -p h ase  and z e ro -se q u e n c e  to rq u e s  from e q u a t io n  (2 .3 )  a r e  shown f o r  

th e  t h i r d  harm onic .  The t h i r d  harm onic  z e ro -se q u e n c e  c u r r e n t s  p roduce  

a f i e l d  o f  fundam enta l f re q u e n c y  which p u l s a t e s  b u t  does n o t  r o t a t e .

Measured z e ro -se q u e n c e  r e s u l t s  c o r re s p o n d in g  to  t h i s  p r e d i c t i o n  were 

o b ta in e d  w i th  a l l  t h r e e  s t a t o r  p h a se s  c o n n ec ted  i n  s e r i e s  to  a s i n g l e  

ph ase  s iq jp ly  o f  t h r e e  t im es  th e  fundam en ta l f re q u e n c y .  Each p h ase  was 

e x c i t e d  w i th  o n e - t h i r d  o f  th e  fundam enta l v o l t a g e  a m p l i tu d e .  Fundam ental 

b a la n c e d  3 -phase  to rq u e s  o u t s id e  th e  ran g e  o f  speed  betw een zero  and 

synchronous speed  were o b ta in e d  w i th  th e  motor s u p p l i e d  by an a l t e r n a t o r  

g e n e r a t in g  a s in u s o i d a l  v o l t a g e .  T h is  a l t e r n a t o r  a l s o  s u p p l i e d  th e  

s in g l e - p h a s e  su p p ly .

The e x p e r im e n ta l  r e s u l t s  betw een zero  and synchronous speed  

were o b ta in e d  by s u p p ly in g  th e  s t a t o r  by a c y c lo c o n v e r t e r  fe d  w ith  

a square-w ave  r e f e r e n c e  g iv in g  a mean s q u a re  o u tp u t .  T h is  c y c lo 

c o n v e r t e r  was u n i d i r e c t i o n a l  i n  c o n d u c t io n  and u n a b le  to  m a in ta in  

th e  r e q u i r e d  o u tp u t  v o l t a g e  und er  motor p lu g g in g  c o n d i t i o n s .  However, 

i t  gave a good a p p ro x im a tio n  to  a s q u a re  waveform w ith  a pronounced  

t h i r d  harm onic .

The r e s u l t a n t  to rq u e  p r e d i c t e d  between zero  and synchronous 

speed  i s  t h e  g r a p h ic a l  sum o f  th e  3 -phase  and z e ro -s e q u e n c e  c h a r a c t e r i s t i c s .  

F ig .  (3 .1 4 )  shows t h a t  a t  10 Hz, th e  machine c h a r a c t e r i s t i c  i s  t h a t  o f  a 

h ig h  r e s i s t a n c e  r o t o r  m achine, an e f f e c t  becoming more p ronounced  a t  

low f r e q u e n c i e s .  I t  can be c l e a r l y  seen  t h a t  th e  z e ro -s e q u e n c e  harm onic 

s u b s t a n t i a l l y  red u ces  th e  m o to ring  to rq u e  w h ile  i n c r e a s i n g  th e  t o t a l



CLin

- §

- §

os ^ 0

o m m
(Ni

oenin RO LO

cr
CL

m

o
■ CN

"O

“O

■ I

>
oen
II

>

rti
X
o

en

I I



I -

-O O

CL

oo
00

o
s

c r  E  
O Z

o
CNo in

o in

o
s cr

Cl

m

cr crcr
*D

O
O
CN TD

>
o
LO

II



35.

rms c u r r e n t .  As th e  fundam enta l f re q u e n c y  i s  i n c r e a s e d ,  th e  h igh  

r e s i s t a n c e  r o t o r  e f f e c t  i s  l e s s  pronounced  and th e  r e l a t i v e  m oto ring  

to rq u e  r e d u c t io n  i s  l e s s  as shown a t  20Hz i n  F ig .  (3 .1 5 )

I t  can be seen  however t h a t  i t  i s  h ig h ly  d e s i r a b l e  to  

e l im i n a t e  a l l  t r i p l e n  harm onics from th e  s u p p ly .  The p u ls e - w id th  

l i m i t e d  waveform o f  F ig .  (3 ,3 )  i s  h ig h ly  d e s i r a b l e  i n  o r d e r  to  

ac h ie v e  t h i s ,  even a t  th e  expense  o f  p o o r  u t i l i t y  o f  e l e c t r o n i c  

components.

3 .6  E f f e c t  o f  sub -harm onics  on motor p e rfo rm ance

The p r e v io u s  d i s c u s s io n  has  been b ased  on th e  e f f e c t s  o f  

harm onics o f  g r e a t e r  f req u en cy  th a n  th e  fundam en ta l .  Any sy m m etr ica l and 

b a la n c e d  so u rc e  o f  su p p ly  w i l l  o n ly  fe e d  t h i s  ty p e  o f  harm onic i n t o  th e  

system . However c e r t a i n  ty p e s  o f  i n v e r t e r  o p e r a t i n g  on th e  p u l s e - w id th  

m o d u la tio n  p r i n c i p l e  w ith  f r e e - r u n n in g  n o n -s y n c h ro n is e d  t h y r i s t o r  p u l s e

n  7 1 8 1r e f e r e n c e  g e n e r a to r s  * can g e n e ra te  o u tp u t  v o l t a g e s  in  which th e

p o s i t i v e  h a l f - c y c l e s  a re  n o t  e x a c t  r e f l e c t i o n s  o f  th e  n e g a t iv e  h a l f - c y c l e s .

In g e n e ra l  th e  v a r i a t i o n  i s  c y c l i c  a t  a f re q u e n c y  low er th a n  th e  fundam en ta l

and sub -harm on ics  a re  in t ro d u c e d  i n t o  th e  s u p p ly .

T h is  sub -harm on ic  g e n e r a t io n  i s  a l s o  v e ry  p ronounced  in  a

(191c i r c u l a t i n g  c u r r e n t  f r e e  c y c lo c o n v e r t e r   ̂ o p e r a t in g  w i th  low in p u t  to  

o u tp u t  f re q u e n c y  r a t i o s .  Here th e  p u l s e  i n h i b i t i n g  ne tw ork  in  th e  

c y c lo c o n v e r te r  may cause  th e  p o s i t i v e  and n e g a t iv e  o u tp u t  h a l f  c y c le s  to  

v a ry  i n  s i z e  and d e v i a t i o n .  F ig s .  (3 .1 6 a )  and (3 .16b )  show how t h i s  

asymmetry may o c c u r .  The d e v i a t i o n  from th e  sym m etr ica l  i s  c y c l i c  a t  

a f req u en cy  low er th a n  th e  fu n d am en ta l .  I t  a l s o  depends on th e  p h ase  

d isp la c e m e n t  o f  th e  lo a d .  T h is  means t h a t  in  an in d u c t io n  m otor d r iv e  

in  which th e  power f a c t o r  v a r i e s  w ith  lo a d ,  t h a t  t h e  sub -harm on ic  f r e q u e n c i e s  

w i l l  v a ry  w i th  lo a d in g .  A p a r t i c u l a r  lo a d  sub -harm on ic  c o n te n t  can n o t be 

s p e c i f i e d .  However i t  can be shown t h a t  w i th  in p u t  to  o u tp u t  c y c lo -
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c o n v e r t e r  f req u en cy  r a t i o s  l e s s  th a n  3 and fundam en ta l lo ad  d is p la c e m e n t  

a n g le s  o f  60° t h a t  th e  sub-harm onic  a m p li tu d e  a t  f r e q u e n c ie s  betw een one- 

f i f t h  and o n e - t h i r d  o f  t h e  fundam enta l can  approach  a q u a r t e r  o f  t h e  

fundam enta l a m p li tu d e .  The e f f e c t  o f  such sub -harm on ics  was 

i n v e s t i g a t e d  t h e o r e t i c a l l y  and e x p e r im e n ta l ly .

No p u ls e - w id th  m odula ted  i n v e r t e r  o r  c i r c u l a t i n g - c u r r e n t - f r e e  

c y c lo c o n v e r t e r  was a v a i l a b l e  f o r  th e  e x p e r im e n ta l  work and so th e  e f f e c t  

o f  sub-harm onics  on th e  m otor to rq u e  c h a r a c t e r i s t i c  was i n v e s t i g a t e d  

by i n j e c t i n g  a sub-harm onic  i n t o  th e  s u p p ly  from an e x t e r n a l  s o u rc e .

F i r s t  t h i s  was t r i e d  by t r a n s f o r m e r  i n j e c t i o n ,  as  shown in  F ig .  ( 3 .1 7 ) .

T h is  was u n s u c c e s s f u l  b ecau se  th e  i n j e c t e d  50Hz p ro d u ced  in d u c t io n  

to r q u e s  i n  th e  a l t e r n a t o r  c a u s in g  i t  t o  a c c e l e r a t e .  I t  was im p o s s ib le  to  

lo a d  th e  in d u c t io n  m otor in  th e s e  c i r c u m s ta n c e s .

Harmonic i n j e c t i o n  was s u c c e s s f u l l y  a c h ie v e d  in  th e  system  shown 

in  F ig .  ( 3 .1 8 ) .  Here th e  two l a y e r s  o f  th e  i n d u c t io n  motor s t a t o r  w inding  

were k e p t  e l e c t r i c a l l y  s e p a r a t e .  Each f re q u e n c y  was f e d  i n t o  one l a y e r  o f  

th e  s t a t o r  w ind ing .  The two l a y e r s  a r e  c o u p led  m a g n e t i c a l ly  b u t  

s e p a r a t e d  e l e c t r i c a l l y .  Some t r a n s f o r m e r  i n t e r a c t i o n  betw een w ind ings 

was e x p e r ie n c e d  b u t  t h i s  was n o t  enough t o  change th e  speed  o f  th e  

a l t e r n a t o r .

Sub-harm onics o f  o n e - f i f t h  and o n e - t h i r d  o f  t h e  fundam en ta l 

f re q u e n c y  were chosen to  i l l u s t r a t e  sub -harm onic  e f f e c t s .  The sub 

harm onic  e f f e c t  on th e  to rq u e  was e x a g g e ra te d  by making th e  sub-harm onic  

v o l t a g e  a n ç l i t u d e  l a r g e  enough to  g iv e  sub -harm on ic  c u r r e n t s  o f  s i m i l a r  

m agnitude to  th e  fundam enta l c u r r e n t s .

For th e  c a l c u l a t i o n  o f  sub -harm on ic  to rq u e s  t h e  e q u iv a le n t  c i r c u i t  

e x p re s se d  in  te rm s o f  le ak ag e  r e a c ta n c e s  shown in  F ig .  (3 .1 9 a )  was 

redraw n in  te rm s o f  s e l f  and m u tu a l - in d u c ta n c e s  as  shown in  F ig .  (3 .1 9 b ) .  

The m achine p a ra m e te rs  in  th e s e  te rm s a r e  g iv e n  i n  Appendix 1.
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Fiq.3'19a. Induction motor equivalent circuit in terms of 
leakage reactances.
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Fia.3.19b: Induction motor equivalent circuit in terms of 
self and mutai inductances.
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The e q u a t io n s  o f  th e  netw ork  shown in  F ig .  (3 .19b )  a r e  as  fo l lo w s :

= [R^+juL^] + jwL^ , (3 .1 2 )

and 0 = jcoL^ + [—  + jwL^] • (3 .1 3 )

E q u a t io n s  (3 .12 )  and (3 .1 3 )  combine to  g iv e  e x p re s s io n s  f o r  s t a t o r  and 

r o t o r  c u r r e n t  r e s p e c t i v e l y  o f .
1

I IS

2  2  2   ̂
+ w L ,]

 ̂ ^1^2 2 2 2 ^1^2 ^ 
[ { - g - i - -  u ( L j L ^ - L p }  + w { -g - ^  + ]

2  T l T r I  T T  • (3 .1 4 )

.  w^CL^L^-L:)} + .  4 Rj} ]

The s l i p ,  S ,  may be w r i t t e n  i n  g e n e ra l  te rm s  a s :
(jÔ P

1 -  —  , (3 .1 6 )

where W2  i s  t h e  m otor speed  i n  r a d / s e c .  and w i s  t h e  a n g u la r  f re q u e n c y  

o f  th e  su p p ly .  The i r o n  lo s s  p a ra m e te r  has  been assumed to  be o f  i n f i n i t e  

v a lu e  b ecau se  th e  sub -harm on ic  i r o n  lo s s e s  a r e  n e g l i g i b l e  a t  fundam en ta l 

and low er f r e q u e n c i e s .

The m otor to rq u e  can be e x p re s s e d  a s ,

3 I^ R ,(1 -S )

which combines w ith  e q u a t io n  (3 .1 6 )  t o  g iv e ,

e (w-Pwg) . (3 .18 )
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R e s u l t a n t  to rq u e s  were computed from e q u a t io n  (3 .1 8 )  a f t e r  th e  c u r r e n t  

had been computed from e q u a t io n  (3 .1 5 )  w ith  S s u b s t i t u t e d  from 

e q u a t io n  ( 3 .1 6 ) .  The to rq u e  f o r  each f re q u e n c y  was c o n fu te d  s e p a r a t e l y  

and t h e  r e s u l t a n t  formed from th e  sum o f  th e  i n d i v i d u a l  f re q u e n c y  to r q u e s .  

T his  a d d i t i o n  i s  shown g r a p h i c a l l y  f o r  p o s i t i v e - s e q u e n c e  sub -harm on ics  

in  F ig .  (3 .2 0 )  and n e g a t iv e - s e q u e n c e  sub -harm on ics  i n  F ig .  ( 3 .2 1 ) .

Cogging a t  su b -synch ronous  speeds  may o c c u r  a t  a  speed  n e a r  t o  t h e  su b 

harm onic  synchronous speed .  A n e g a t iv e  sequence  sub -harm on ic  w i l l  

d r a s t i c a l l y  red u ce  s t a r t i n g  to r q u e  and red u ce  m o to r in g  to r q u e s  a t  

h ig h e r  sp e e d s .

F ig .  (3 .22 )  shows t h e  e f f e c t  o f  a  p o s i t i v e - s e q u e n c e  sub -harm on ic
2

i n  th e o r y  and p r a c t i c e  w i th  i n j e c t e d  f r e q u e n c i e s  o f  50 Hz and 16 y  Hz.

With t h i s  am p li tu d e  o f  su b -h a rm o n ic ,  th e  machine can n o t ru n  on lo a d  a t  a  

speed  beyond th e  sub-harm onic  c ra w lin g  sp e e d .  With a low er sub -harm on ic  

o f  10 Hz, F ig .  (3 .23 )  shows a s i m i l a r  e f f e c t ,  a l th o u g h  th e  fundam enta l 

peak  m o to r in g  to rq u e  i s  doub led  in  t h i s  c a s e .

F ig .  (3 .2 4 )  shows t h a t  a 10 Hz n e g a t iv e - s e q u e n c e  harm onic  h a lv e s  

t h e  m o to r in g  to rq u e  th ro u g h o u t  th e  ran g e  compared w i th  a  50 Hz to r q u e .  

P lu g -b ra k in g  to r q u e s  a r e  in c r e a s e d .  O v e rh e a t in g  w i l l  r e s u l t  due to  th e  

added sub-harm onic  c u r r e n t s .

These r e s u l t s  show t h a t  th e  sub-harm onic  c o n te n t  o f  a v a r i a b l e -  

f re q u e n c y  su p p ly  must be k e p t  to  a b s o lu t e  minimum i f  s a t i s f a c t o r y  motor 

o p e r a t io n  i s  t o  be a c h ie v e d .  Low-speed c ra w lin g  w i l l  i n e v i t a b l y  r e s u l t  

i f  th e  fo rw ard  sub-harm onic  am p li tu d e  ap p roaches  (K) x fun d am en ta l .

(K = o r d e r  o f  harm onic  = 1 /3 ,  1 /5  e t c . ) .  A r e v e r s e  sub-harm onic  w i l l  

p ro b a b ly  p r e v e n t  s t a r t i n g  a t  a l l .
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Flq.3.20. Effect of positive-sequence -sub-harmonic on 
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3 .7  E f f e c t  o f  harm onics on harm onic to rq u e  re sp o n se

When an im pulse  load  i s  a p p l i e d  to  an in d u c t io n  motor in  an open- 

loop system , i t  w i l l  cause th e  s l i p  t o  in c r e a s e  and th e  speed  to  f a l l .

The b eh av io u r  o f  th e  system  when an im pulse  to rq u e  i s  a p p l ie d  i s  g e n e r a l ly  

as shown in  F ig . ( 3 .2 5 ) .  An im pact lo a d  such as t h a t  p roduced  by a punching  

mechanism o r  p r i n t i n g  p r e s s  w i l l  demand a to rq u e  from th e  motor rough ly  

as  shown in  F ig . (3 .2 5 a ) .  For a n a l y s i s ,  t h i s  to rq u e  can be c o n s id e re d  to  

be an im pulse  o f  i n f i n i t e  h e ig h t  and zero  w id th  as  shown in  F ig .  (3 .2 5 b ) .

For a n a l y t i c a l  p u rp o ses  th e  im pact can be c o n s id e re d  t o  in s t a n ta n e o u s ly  

reduce  th e  speed from th e  s te a d y  s t a t e  speed  0 ) 2  q by AW2  as  shown in  

F ig .  ( 3 .2 5 c ) ,  and a co r re sp o n d in g  in c r e a s e  o f  s t a t o r  c u r r e n t  as shown in  

F ig . (3 .25d) w i l l  r e s u l t .  Recovery to  th e  s te a d y  s t a t e  w i l l  c o n s i s t  o f  an 

e x p o n e n t ia l  r i s e  in  speed  and an e x p o n e n t ia l  f a l l  i n  c u r r e n t  as shown in  

F ig s .  ( 3 . 25c and d ) .

( 21)White and Woodson have d e r iv e d  e q u a t io n s  r e p r e s e n t in g  th e

re c o v e ry  from an im pact to rq u e .  T h is  a n a l y s i s ,  however, depends on 

assumed l i n e a r i t y  and sm all s l i p  o p e r a t io n .  The p re v io u s  ex p e r im e n ta l  work 

in  t h i s  s tu d y  has shown t h a t  in  t h i s  c a se  n e i t h e r  assum ption  can be made i f  

an a c c u r a te  s o lu t i o n  i s  to  be d e r iv e d .  In  t h i s  s tu d y ,  th e  e f f e c t  o f  

harm onics on re c o v e ry  from an im pulse to rq u e  was examined e x p e r im e n ta l ly  

under known harmonic c n d i t io n s  p roduced  by harmonic i n j e c t i o n .

F ig s .  (3 .2 6 a  and c) show th e  e f f e c t  o f  a o n e - t h i r d  sub-harm onic

o f  fo rw ard  r o t a t i o n  on th e  system  re s p o n s e .  The c u r r e n t  re c o v e ry  in

s in u s o id a l  50 Hz o p e r a t io n  w ith o u t  a harm onic shows th e  e x p o n e n t ia l

c u r r e n t  r e s p o n s e .  An e x p o n e n t ia l  r i s e  o f  c u r r e n t  c o n t r a s t s  in

F ig .  (3 .26a )  w ith  th e  in s ta n ta n e o u s  r i s e  i s  shown in  F ig . (3 .2 5 d ) .

This i s  because  th e  f i e l d  t im e - c o n s ta n t s  o f  th e  Ward-Leonard lo a d in g

system  p re v e n t s  th e  a p p l i c a t i o n  o f  a tim e im pulse  to rq u e .  Torques were

a p p l ie d  by manual ad ju s tm en t o f  a f i e l d  r h e o s t a t  in  th e  Ward-Leonard

lo a d in g  system . F ig .  (3 .26b) shows th e  e f f e c t  o f  an added o n e - t h i r d  
2

sub-harm onic  (16 y  Hz) i n  s te a d y  s t a t e  c o n d i t io n s .  The c u r r e n t  p r o f i l e
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shows d i s t i n c t  am p litu d e  m o d u la tio n  o f  p e r io d  60 ms, o r  sub -ha rm on ic  f re q u e n c y .

This  p r o f i l e  g iv e s  a to rq u e  am p li tu d e  m o d u la tio n  o f  sub -harm onic  f re q u e n c y  shown 

i n  th e  low er t r a c e  o f  F ig .  ( 3 .2 6 b ) .  I t  i s  known from com munication th e o r y  t h a t

b e a t - f r e q u e n c i e s  w i l l  r e s u l t ,  b u t  h e re  t h e i r  a m p l i tu d e s  w i l l  n o t  be s i g n i f i c a n t .

( 22)Shepherd  and Munoz  ̂ have used  t h i s  m o d u la tio n  p r i n c i p l e  i n  an i n v e r t e r  

d r iv e  t o  g iv e  v a r i a b l e - s p e e d ,  b e a t - f r e q u e n c y  o p e r a t i o n .

F ig .  (3 .26c )  shows th e  im pu lse  re s p o n s e  when th e  o n e - t h i r d  sub 

harm onic  i s  p r e s e n t .  C u r re n t  am p li tu d e s  a r e  a p p ro x im a te ly  doub led  and th e  

r e c o v e ry  to rq u e  h a lv e d .  I t  was, o f  c o u r s e ,  im p o s s ib le  to  s t a l l  t h e  m otor when 

W ard-Leonard lo a d in g  was u s e d ,  b u t  th e  same to rq u e  im pu lse  a p p l i e d  to  th e  un

loaded  m otor m ight s t a l l  i t .  The re c o v e ry  tim e  f o r  th e  e x p o n e n t ia l  c u r r e n t  

am p litu d e  t r a n s i e n t  i s  a p p ro x im a te ly  t r e b l e d  when compared w ith  t h e  fundam enta l 

r e s p o n s e .  I t  i s  a l s o  i n t e r e s t i n g  t o  n o te  t h a t  th e  c u r r e n t  and to rq u e  am p li tu d e  

m o d u la tio n  i s  n o t  so pronounced  when th e  im pu lse  to r q u e  i s  p r e s e n t .  T h is  may be 

due to  m a g n e tic  s a t u r a t i o n  a t  h ig h  c u r r e n t  l e v e l s .  F ig s .  ( 3 . 2 7 a ,b  and c) show 

im pu lse  to rq u e  and c u r r e n t  r e sp o n s e  to  s i n g l e - f r e q u e n c y  s u p p l i e s  o f  5, 10 and 20 Hz 

I t  can be seen  from F ig .  (3 .2 7 a  and b) t h a t  t h i r d  harm onic  d i s t o r t i o n  o f  th e  

fundam en ta l o c c u rs  when th e  im pu lse  to rq u e  i s  a p p l i e d .  T h is  i s  a  s a t u r a t i o n  

e f f e c t  showing t h a t  th e  machine may w e ll  in t r o d u c e  i t s  own harm onics  i n t o  th e  

s t a t o r  c u r r e n t  un d er  lo w -f re q u e n c y  o p e r a t i n g  c o n d i t i o n s .  T h is  e f f e c t  would be 

seen  a t  20 Hz i f  th e  t im e  s c a l e  was in c r e a s e d .  The machine w ind ing  was d e s ig n e d  

to  m inim ize t h i r d  harm onic s a t u r a t i o n  e f f e c t s  and e x t e r n a l l y  in t r o d u c e d  t h i r d  

harm onic e f f e c t s  w i l l  be s i m i l a r l y  red u ce d .

I t  can be conc luded  t h e r e f o r e  t h a t  a h ig h e r  th a n  fundam enta l f re q u e n c y  

harm onic has l i t t l e  e f f e c t  on t r a n s i e n t  r e s p o n s e ,  b u t  t h a t  a s u b s t a n t i a l  su b 

harm onic may cause  s t a l l i n g  u n d e r  im pu lse  lo a d  c o n d i t i o n s .  I t  w i l l ,  in  any c a s e ,  

s u b s t a n t i a l l y  i n c r e a s e  th e  re c o v e ry  t im e .
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3 .8  E f f e c t  o f  harm onics on n m -u p

The p r e f e r r e d  method o f  a c c e l e r a t i n g  an in d u c t io n  m otor from 

s t a n d s t i l l  i s  t o  i n c r e a s e  th e  s t a t o r  f re q u e n c y  from a low v a lu e  u n t i l  f u l l  

speed  i s  re a c h e d .  I f  f ix e d - f r e q u e n c y  s t a r t i n g  i s  u n a v o id a b le ,  th e n  th e  

a c c e l e r a t i o n  t im e  t o  th e  r e q u i r e d  speed  w i l l  depend on th e  m oto r p a r a m e te r s .  

F ig .  (3 .2 8 )  shows m easured t im e s  f o r  a c c e l e r a t i o n  from s t a n d s t i l l  t o  n e a r  

synchronous speed  f o r  th e  e x p e r im e n ta l  machine o p e r a t in g  a t  a number o f  

a p p l i e d  f r e q u e n c i e s .  The a p p l i e d  v o l t a g e  was th e  v o l t a g e  n e c e s s a r y  to  g iv e  a 

peak  to rq u e  eq u a l  t o  t h e  peak to r q u e  d ev e lo p ed  when th e  machine was fe d  from 

a 50 Hz su p p ly  o f  r a t e d  v o l t a g e .  I t  can be seen  t h a t  t h e  r e l a t i o n s h i p  between 

a c c e l e r a t i o n  tim e  and f req u en cy  i s  n o t  a c o n s t a n t ,  th e  a c c e l e r a t i o n  

pe rfo rm ance  f a l l i n g  as  th e  a p p l i e d  f re q u e n c y  i n c r e a s e s .  The a c c e l e r a t i o n  

perfo rm ance  w ith  a d d i t i o n a l l y  i n j e c t e d  harm onics  was i n v e s t i g a t e d  

e x p e r im e n ta l ly .

F ig .  (3 .2 9 a )  shows a 10 Hz ru n -u p  c h a r a c t e r i s t i c  c o r re s p o n d in g  

to  F ig . ( 3 .2 8 ) .  A 20% f i f t h  harm onic  w i l l  o n ly  add o r  s u b t r a c t  l / 2 S t h  

o f  th e  fundam en ta l to rq u e .  T h is  makes n e g l i g i b l e  d i f f e r e n c e  t o  th e  

a c c e l e r a t i o n  tim e as shown i n  F ig s .  (3 .29b )  and ( 3 .2 9 c ) .  A c c e l e r a t i o n  

t im es  a re  m easured on th e  to rq u e  c h a r a c t e r i s t i c  in  each c a s e .

A fo rw ard  o n e - t h i r d  sub -harm on ic  w i l l  add to  th e  fundam en ta l 

to rq u e  a t  speeds  below sub -harm on ic  synchronous speed  and s u b t r a c t  

from i t  beyond t h i s  p o i n t .  Hence th e  i n i t i a l  to rq u e  w i l l  be in c r e a s e d
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and s t i c t i o n  overcom e. Beyond th e  su b -h a rm o n ic  synchronous  sp eed ,  t h e  

o u tp u t  to rq u e  w i l l  be red u ce d .  A o n e - t h i r d  su b -h a rm o n ic  i s  th e  most 

l i k e l y  sub -h a rm o n ic  t o  be e n c o u n te re d  i n  a  r e c t a n g u l a r  p u l s e  i n v e r t e r  

w i th  a  m ark -space  r a t i o  o f  u n i t y .  The e f f e c t  o f  such  a  su b -h a rm o n ic  

i s  shown i n  F ig .  ( 3 . 3 0 a ,b  and  c ) . H ere a  50Hz, d i r e c t - o n - l i n e  s t a r t  

a t  240V, g iv e s  an a c c e l e r a t i o n  t im e  o f  a p p ro x im a te ly  1 second .

T h is  i s  a  s m a l l e r  t im e  th a n  t h a t  p r e d i c t e d  i n  F ig .  ( 3 .2 8 ) ,  b u t  h e r e  

l . O p .u  to r q u e  a t  lOHz was t a k e n  as 48V. The e f f e c t  o f  s t a t o r  r e s i s t a n c e  

i n  r e d u c in g  th e  a i r - g a p  f l u x  i s  much l e s s  a t  50Hz on a  v o l t s  p r o p o r t i o n a l  

to  f re q u e n c y  s u p p ly .  F ig .  (3 .3 0 b )  shows t h a t  th e  a c c e l e r a t i o n  tim e i s  

p r a c t i c a l l y  unchanged when a o n e - t h i r d  sub -h a rm o n ic  o f  I p .u  a m p l i tu d e  i s  

su p er im p o sed  on th e  fu n d a m e n ta l . The a m p li tu d e  m o d u la t io n  o f  th e  

c u r r e n t  waveform i n  F ig .  (3 .3 0 b )  seems to  be d ep en d en t on t h e  speed  

o f  t h e  machine d u r in g  a c c e l e r a t i o n  r e a c h in g  a s te a d y  v a lu e  as  shown 

in  F ig .  ( 3 . 2 9 c ) . The a p p l i c a t i o n  o f  f u l l - l o a d  to r q u e  t o  th e  machine 

a t  r a t e d  sp eed  w i th  t h e  p o s i t i v e - s e q u e n c e  su b -h a rm o n ic  p r e s e n t  s t a l l e d  

t h e  m oto r.  A r e v e r s e  sub -h a rm o n ic  gave a f a i l u r e  to  s t a r t .

3 .9  Harmonic e f f e c t s  on lo s s e s  and e f f i c i e n c y

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

c u r r e n t s  a t  th e  harm onic  f r e q u e n c i e s .  These c u r r e n t s  i n c r e a s e  th e  co p p e r  

and i r o n  l o s s e s ,  and g e n e r a te  h e a t  i n  th e  w ind ing  which w i l l  c au se  o v e r 

h e a t i n g  o f  th e  m otor a t  low sp eed s  and i t  becomes n e c e s s a r y  to  p r o v id e  t h e  

m achine w i th  f o r c e d - c o o l in g  u n d e r  t h e s e  c o n d i t i o n s .

The l o s s e s  due to  ha rm onics  can  be c l a s s i f i e d  as f o l lo w s :

a) Copper lo s s e s

The c o p p e r  l o s s  o f  th e  machine can be e s t i m a t e d  from th e  

e x p r e s s io n :

^ ^IH^l ^2H^2 ' (3 .12 )
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where I , „  i s  t h e  rms v a lu e  o f  th e  t o t a l  s t a t o r  c u r r e n t  ( fu n d am en ta l  and in

harm onics)  and s i m i l a r l y  12^  i s  t h e  rms v a lu e  o f  t h e  r o t o r  c u r r e n t  

r e f e r r e d  i n  s t a t o r  te rm s .  These c u r r e n t s  can be computed from th e  

e q u i v a l e n t  c i r c u i t  g iv en  in  F ig .  ( 2 . 1 ) .  Copper l o s s e s  can  o n ly  be 

e s t i m a t e d  b e ca u se  th e y  a r e  im p o s s ib le  t o  m easure  i n  i s o l a t i o n  from 

th e  t o t a l  machine l o s s e s .  F ig .  (3 .3 1 )  shows th e  computed co p p er  l o s s e s  

o v e r  f re q u e n c y  ra n g e  from 0 t o  50Hz f o r  a  r e c t a n g u l a r  i n p u t  v o l t a g e .

The ha rm onics  p r e s e n t  i n  a  r e c t a n g u l a r  i n p u t  p u l s e  i n c r e a s e  th e  

machine co p p e r  l o s s e s  by 10% a t  50Hz and up to  20% a t  5Hz.

b) I r o n  lo s s

A no ther  im p o r ta n t  l o s s  f a c t o r  i s  t h e  i n c r e a s e  o f  machine 

i r o n  l o s s e s  due t o  t h e  h ig h - f r e q u e n c y  h a rm o n ic s .  T h is  i r o n  lo s s  

c o n s i s t s  o f  two com ponents , h y s t e r e s i s  l o s s  and in d u c ed  eddy c u r r e n t  

l o s s e s  i n  t h e  i r o n .  An e s t i m a t e  o f  t h e s e  l o s s e s  i n  f r e q u e n c y  te rm s  was 

g iv en  i n  C h a p te r  2, s e c t i o n  (2 .4 a )  a s :

Wj = . ( 3 . 1 3 ) : .  '

I f  a  r a t i o  o f  harm onic  f re q u e n c y  to  fundam en ta l  f r e q u e n c y ,  X and a 

r a t i o  o f  harm onic  a m p li tu d e  to  fundam en ta l  a m p l i tu d e ,  p a re  d e f in e d ,  

e q u a t io n  (3 .4 3 )  can be r e w r i t t e n  a s :

Where K ' and a r e  f u r t h e r  h y s t e r e s i s  and eddy c u r r e n t  l o s s  c o n s ta n t s  
h ®

o b ta in e d  by e x p e r im e n t  a t  2SHz and 50Hz r e s p e c t i v e l y  as  = 2 .6 9  and 

= 96. The i r o n  l o s s  was e s t im a te d  from e q u a t io n  ( 3 .4 4 ) .  F ig .  (3 .3 2 )  

shows a  com parison  betw een th e  i r o n  lo s s e s  o f  a  s i n u s o i d a l  s u p p ly  and 

t h a t  o f  r e c t a n g u l a r  s u p p ly  v o l t a g e .  E x p e r im e n ta l  m easurem ents o f  i r o n  

l o s s e s  were made u s in g  an e l e c t r o n i c  i n t e g r a t i n g  w a t tm e te r  w ith  th e
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machine d r iv e n  a t  th e  synchronous speed  r e l a t e d  to  each fundam enta l 

f re q u e n c y .  In  each  case  th e  measured v a lu e s  exceed  th e  computed lo s s  

pow ers. Hence o n ly  th e  fundam enta l component o f  r o t o r  c u r r e n t  w i l l  be 

ze ro  a t  synchronous speed  and th e  harm onic  v o l t a g e s  w i l l  p roduce  a d d i t i o n a l  

copper l o s s e s .  I t  can be seen  t h a t  th e  p r e d i c t e d  and m easured r e s u l t s  

c o r r e l a t e  when a s i n u s o i d a l  in p u t  i s  a p p l i e d  b eca u se  th e  r o t o r  copper  

l o s s e s  w i l l  be zero  in  t h i s  c a s e .  F ig .  (3 .3 3 )  shows t h a t  a t  low 

f r e q u e n c ie s  (<10Hz) harm onics  have a lm os t doub led  th e  i r o n  lo s s e s .

The e f f i c i e n c y .

In p u t  power - lo s s e s
^ ^ T ' (3 .15 )In p u t  power

where th e  lo s s e s  may be d e f in e d  as th e  sum o f  th e  copper  l o s s e s ,  m echan ica l  

l o s s e s  and i r o n  l o s s e s .  E s t im a te s  o f  i r o n  l o s s  and copper  lo s s  can be 

niade. While th e  m echan ica l l o s s e s  f o r  th e

e x p e r im e n ta l  machine as a f u n c t io n  o f  speed  can be o b ta in e d  from. F ig .  (2 .14 )

F ig .  (3 .3 3 )  shows computed e s t i m a t e s  o f  e f f i c i e n c y  f o r  th e  e x p e r im e n ta l  

m achine. F u l l - l o a d  to rq u e  i s  assumed to  be e x e r t e d  in  each  c a s e ,  and 

a r e c t a n g u l a r  wave s u p p l ie d  to  th e  s t a t o r  o f  th e  m oto r.  T h is  shows 

t h a t  th e  e f f i c i e n c y  o f  th e  e x p e r im e n ta l  m achine f a l l s  to  38% a t  lOHz; 

t h i s  i s  compared w ith  47% e f f i c i e n c y  when o p e r a t in g  on a s in u s o i d a l  s u p p ly .

The power l o s s e s  due to  harm onics  must be d i s s i p a t e d  w i th in  

th e  w ind ings  and la m in a t io n s  o f  th e  machine as  h e a t .  At low f r e q u e n c i e s ,  

t h e  speed  o f  th e  machine w i l l  be i n s u f f i c i e n t  to  c i r c u l a t e  n a t u r a l  

c u r r e n t s  o f  s u f f i c i e n t  v e l o c i t y  t o  coo l th e  m achine.

The d o u b le - l a y e r  e x p e r im e n ta l  machine i s  f i t t e d  w i th  e x t e r n a l  fan  c o o l in g  

and so th e rm a l e q u i l ib r iu m  can be m a in ta in e d  even when o p e r a t in g  a t  

f u l l  lo a d  w ith  f re q u e n c y  a t  SHz as shown i n  F ig .  ( 3 .3 4 ) .  60°C i s  .

s p e c i f i e d  as th e  maximum s t a t o r  i r o n  te m p e ra tu re  by th e  m a n u fa c tu re r .
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Some e s t i m a t e  o f  th e  p o t e n t i a l  o f  th e  m achine i n  a  l a r g e r  sy stem

can be made from a c o n s i d e r a t i o n  o f  th e  e s t a b l i s h e d  th e rm a l

r a t i n g s  o f  i n d u c t io n  m otors  F ig .  [3 .3 5 ]  shows th e  e f f i c i e n c y

o f  an in d u c t io n  m oto r o p e r a t i n g  on a  s i n u s o i d a l  su p p ly  r e l a t e d  to

[25]
i t s  maximum o u tp u t  as  s p e c i f i e d  by a  t y p i c a l  m a n u fa c tu re r   ̂ .

3 .1 0  C o n c lu s io n s  from C h a p te r  3

The o p e r a t i o n  o f  an i n d u c t io n  m otor w i th  i t s  s t a t o r  t e r m in a l s

co n n e c te d  t o  n o n - s in u s o id a l  s u p p l i e s  h as  been  i n v e s t i g a t e d .  I t  h a s  been

s een  t h a t  any p a r t i c u l a r  harm onic  and i t s  m u l t i p l e s  can be  e l i m i n a t e d  by

th e  u s e  o f  a  s p e c i f i c  c o n t r o l l e d  p u l s e - w i d t h ,  b u t  t h a t  i t  i s  most g e n e ra l

p r a c t i c e  to  e l i m i n a t e  th e  t r i p l e n s  and z e ro -s e q u e n c e  e f f e c t s .  F o u r i e r

a n a l y s i s  e x p r e s s e s  t h e  r e c t a n g u l a r  waveform as a  fundam en ta l  f re q u e n c y

and a s e r i e s  o f  h a rm o n ic s .  The harm onic  v o l t a g e s  p r e s e n t  were th e n  c l a s s i f i e d

i n t o  p o s i t i v e - s e q u e n c e ,  n e g a t iv e - s e q u e n c e  o r  z e ro -se q u e n c e  harm onics

a c c o rd in g  to  t h e  p h a se  r o t a t i o n  o f  th e  r e s u l t a n t  f i e l d .  An e q u i v a l e n t

c i r c u i t  h a s  th e n  b een  u sed  t o  p r e d i c t  t h e  s t a t o r  c u r r e n t  and e l e c t r i c a l

t r o q u e  p ro d u ced  by  each  p a r t i c u l a r  h a rm o n ic .  The main e f f e c t s  o f

harm onics  on th e  p e rfo rm a n ce  o f  th e  m otor can  be summarized as fo l lo w s ;

1] Harmonics o f  g r e a t e r  th a n  fundam en ta l  f re q u e n c y

[a] E f f e c t  on t o r q u e s : In  p r a c t i c e ,  th e  e f f e c t  o f  p o s i t i v e

and n e g a t iv e - s e q u e n c e  harm on ics  a t  f r e q u e n c i e s  h ig h e r  th a n  th e  fundam en ta l

on to r q u e  i s  n e g l i g i b l e ,  s i n c e  th e  le a k a g e  r e a c t a n c e  i s  much g r e a t e r  th a n

th e  machine r e s i s t a n c e  a t  h ig h  f r e q u e n c i e s .  S in ce  t h e  le a k a g e  r e a c t a n c e

'1^2i n c r e a s e s  w i th  f r e q u e n c y ,  th e  Kth harm onic  c u r r e n t  w i l l  be x th e

fu n d a m e n ta l .  T h is  means t h a t  p o s i t i v e  and n e g a t iv e - s e q u e n c e  harm onics  

have l i t t l e  e f f e c t  on s t e a d y - s t a t e  p e r fo rm a n c e .  Z e ro -seq u en c e  harm onics  

s u b s t a n t i a l l y  re d u c e  th e  m o to r in g  to r q u e  and i n c r e a s e s  th e  t o t a l  rms 

c u r r e n t  as  th e  fundam en ta l  f re q u e n c y  i s  d e c r e a s e d .  T r i p l e n  ha rm onics
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c au se  z e ro -se q u e n c e  o p e r a t i o n ,  and th e n  must be e l im i n a t e d  from th e  s u p p ly .  

The p u l s e - w id t h  l i m i t e d  waveform o f  F ig .  [3 .2 ]  i s  h ig h l y  d e s i r a b l e  i n  

o r d e r  t o  a c h ie v e  t h i s ,  b u t  t h i s  would be a t  th e  expense  o f  p o o r  u t i l i s a t i o n  

o f  e l e c t r o n i c  com ponents .

(b) E f f e c t  on l o s s e s : The harm onics  i n c r e a s e  t h e  c o p p e r  and 

i r o n  l o s s e s .  T h is  a d d i t i o n a l  l o s s  power w i l l  be d i s s i p a t e d  as  h e a t  i n  

th e  w ind ings  o f  t h e  m achine and i t s  l a m in a t io n s .  Hence a d d i t i o n a l  c o o l in g  

may be r e q u i r e d ,  e s p e c i a l l y  i n  low -speed  o p e r a t i o n .

(c) E f f e c t  on a c c e l e r a t i o n  and im p u lse  r e s p o n s e :  A h ig h e r

th a n  fundam enta l f re q u e n c y  harm onic  has  l i t t l e  e f f e c t  on a c c e l e r a t i o n  

o r  t r a n s i e n t  r e s p o n s e .

2] Sub-harm onics

Ça) E f f e c t  on t o r q u e s : A p o s i t i v e - s e q u e n c e  su b -h a rm o n ic  can

cause  a m achine a c c e l e r a t i n g  from s t a n d s t i l l  a t  f i x e d  fundam en ta l f re q u e n c y  

to  "cog" a t  a  speed  n e a r  to  t h e  sub -ha rm on ic  synch ronous  sp eed .  A 

n e g a t iv e - s e q u e n c e  su b -h a rm o n ic  d r a s t i c a l l y  re d u c e s  s t a r t i n g  to r q u e  and 

re d u c e s  a l l  m o to r in g  to rq u e s  a t  h ig h e r  sp eed .  P lu g - b r a k in g  to r q u e s  a r e  

i n c r e a s e d .  Low-speed c ra w l in g  w i l l  i n e v i t a b l y  r e s u l t  i f  t h e  fo rw ard  su b 

harm onic  am p li tu d e  ap p ro ach es  (K) x fu n d a m e n ta l .  A s u b s t a n t i a l  r e v e r s e  

sub -ha rm on ic  w i l l  p ro b a b ly  p r e v e n t  s t a r t i n g .

Çb] E f f e c t  on l o s s e s :  O v e rh e a t in g  w i l l  r e s u l t  due to  i n c r e a s e d

copper  l o s s  cau sed  by sub -harm on ic  c u r r e n t s ,  a l th o u g h  th e  low su b -h a rm o n ic  

f r e q u e n c i e s  w i l l  have v e ry  l i t t l e  e f f e c t  on th e  t o t a l  i r o n  l o s s .

Çc) E f f e c t  on a c c e l e r a t i o n  and im pu lse  r e s p o n s e :  The n o - lo a d

a c c e l e r a t i o n  t im e  was n o t  n o t i c a b l y  a f f e c t e d  by  t h e  p r e s e n c e  o f  a p o s i t i v e  

sub -harm on ic  i n  th e  su p p ly  v o l t a g e ,  b u t  th e  a p p l i c a t i o n  o f  f u l l - l o a d  

to rq u e  to  t h e  machine to  t h e  m otor ru n n in g  a t  f u l l  sp eed  caused  s t a l l i n g .

A r e v e r s e  sub -harm on ic  gave a f a i l u r e  t o  s t a r t .
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The sub -h a rm o n ic  w i l l  i n c r e a s e  t h e  r e c o v e ry  t im e  o f  sp eed  from 

an im pu lse  lo a d .  Hence i t  must be c o n c lu d ed  t h a t  a  v a r i a b l e - f r e q u e n c y  

su p p ly  f o r  an i n d u c t io n  m otor d r iv e  s h o u ld  be f r e e  o f  su b -h a rm o n ic s  and 

t r i p l e n s .  O th e r  ha rm onics  can  be a c c e p te d  a t  t h e  expense  o f  e f f i c i e n c y .
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CHAPTER 4

A P h a s e - c o n t r o l l e d  c i r c u l a t i n g  c u r r e n t  c y c lo c o n v e r t e r -  

in d u c t io n -m o to r  d r iv e  u s in g  a r o t a t i n g  machine as  an

i n t e r - g r o u p  r e a c t o r

4 .1  INTRODUCTION

I t  can be seen  from C h ap te r  3 t h a t  a v a r i a b l e  f re q u e n c y  su p p ly  

f r e e  o f  sub -harm on ics  and w i th  a minimum harm onic  c o n te n t  i s  r e q u i r e d  f o r  

a s t a b l e  motor d r i v e .  A c y c lo c o n v e r t e r  can a c h ie v e  t h i s ,  b u t  t h e  l i m i t e d  

in p u t  to  o u tp u t  f re q u e n c y  r a t i o  r e s t r i c t s  t h e  a v a i l a b l e  speed  range  o f  th e  

d r i v e .  T h is  ran g e  can be e x ten d ed  by t h e  harm onic c a n c e l l a t i o n  

ac h ie v e d  when a c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  can be m a in ta in e d  in  th e  

c y c l o c o n v e r te r .  U su a l ly  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  can o n ly  be 

o b ta in e d  by th e  u se  o f  an i n t e r - g r o u p  r e a c t o r  r a t e d  f o r  f u l l - l o a d  c u r r e n t .  

The s t a t i c  r e a c t o r s  a re  ex p e n s iv e  and a system  in  which th e  machine 

s t a t o r  pe rfo rm s  th e  r e a c t o r  o p e r a t io n  and s t i l l  g iv e s  to rq u e  may be a 

b e t t e r  p r o p o s i t i o n  . The c y c l o c o n v e r te r  as  a d i r e c t  f re q u e n c y

c o n v e r t e r  w i th o u t  a dc l i n k  i s  w e ll  known as a power a m p l i f i e r  em ploying

p h a s e - c o n t r o l l e d  t h y r i s t o r s .  In an ac v a r i a b l e  speed  d r iv e  th e  r e v e r s i b i l i t y  

o f  th e  c y c lo c o n v e r t e r  p e rm i t s  r e g e n e r a t i v e  b r a k in g ,  b u t  th e  o u tp u t  

f re q u e n c y  i s  l i m i t e d  by th e  a c c e p ta b l e  harm onic c o n te n t  o f  th e  o u tp u t  

v o l t a g e .

This  c h a p te r  d e s c r ib e s  th e  u se  o f  an in d u c t io n -m o to r  s t a t o r  as 

an in t e r - g r o u p  r e a c t o r  in  a c i r c u l a t i n g  c u r r e n t  c y c l o c o n v e r t e r .  A d o u b le -  

l a y e r  s t a t o r  w inding  formed i n t o  e l e c t r i c a l l y  s e p a r a t e  t h y r i s t o r  group 

c i r c u i t s ,  m a g n e t ic a l l y  coup led  i n  th e  s t a t o r  p ro v id e s  a c o n v e n t io n a l  

r o t a t i n g  f i e l d  i n  th e  a i r - g a p .  T h is  e n a b le s  th e  double-wound s t a t o r  

machine to  a c t  as a r e a c t o r  m a in ta in in g  co n t in u o u s  c i r c u l a t i n g  c u r r e n t  

o p e r a t io n  in  th e  c y c lo c o n v e r te r  and as  a to rq u e  p ro d u c in g  m otor.
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A c lo s e d - lo o p  sp eed  c o n t r o l  sy s tem  in c lu d in g  e l e c t r o n i c  

c u r r e n t  c lam ping  i s  i n c o r p o r a t e d  to  m a in ta in  c o n s ta n t  speed  in d e p en d en t  

o f  lo a d  on th e  d iv id e d -w in d in g  r e a c t o r  m achine.

4 .2  C y c lo c o n v e r te r  o u tp u t  v o l t a g e

The b a s i c  t h r e e  t h y r i s t o r  p e r  group c y c lo c o n v e r t e r  e lem ent i s  

shown in  F ig .  ( 4 . 1 ) .  M u l t ip le s  o f  th e s e  e lem en ts  can form p o ly p h a se  

f re q u e n c y  c o n v e r t e r s  o f  which F ig  (4 .2 )  shows a h a l f -w a v e  c o n v e r t e r .

F u r th e r  e lem en ts  o f  t h y r i s t o r  groups can be added to  g iv e  fu l l -w a v e  o r  

m u l t i - p h a s e  o p e r a t i o n .  The s im p le  t h r e e  t h y r i s t o r  g roup ,  h a l f -w a v e ,  

c y c lo c o n v e r t e r  i s  s t u d i e d  h e re  as th e  w o rs t  c a se  o f  harm onic  g e n e r a t io n  

and to  m in im ise  t h e  hardw are  c o s t .  I f  th e  t h y r i s t o r  g a t e  p u l s e  p o s i t i o n s  

a r e  m odu la ted  and an i n t e r - g r o u p  r e a c t o r  as  shown in  F ig .  (4 .1 )  i s  p ro v id e d  

f o r  in d u c t iv e  energy  s to r a g e  to  e n s u re  r e g e n e r a t i v e  o p e r a t i o n ,  th e  v o l t a g e  

and c u r r e n t  p r o f i l e s  shown f o r  u n i t y  lo ad  p o w e r - f a c to r  i n  F ig s .  (4 .3 a )  

and (4 .3 b )  w i l l  be g e n e r a te d .  F ig .  (4 .3 )  and th e  r e s u l t s  g iv en  i n  t h i s  

c h a p te r  a r e  b ased  on th e  t r a d i t i o n a l  c o s in e - c r o s s i n g  method o f  p u ls e  

t im in g  shown in  F ig .  (4 .4 )  w i th  t h e  c o n s t r a i n t  r e l a t i v e  group f i r i n g  

a n g le s  o f

C lp +  =  1T , (4 .1 )

where and a r e  t h e  p o s i t i v e  and n e g a t iv e  t h y r i s t o r  group f i r i n g

a n g le s  r e s p e c t i v e l y .  T h is  method o f  p u l s e  t im in g  g iv e s  th e  b e s t  q u a z i - s i n e  

wave o f  o u tp u t  v o l t a g e  a v a i l a b l e  by n a t u r a l  sam p lin g ,  a l th o u g h  th e  o u tp u t

p r o f i l e  can be improved c o n s id e r a b ly  by th e  use  o f  com m unication sam pling

(29 )te c h n iq u e s  . The d iv id e d -w in d in g  s t a t o r  system  d e s c r ib e d  i n  t h i s  

c h a p te r  i s  e q u a l ly  a p p l i c a b l e  to  e i t h e r  method o f  p u l s e  t im in g .

I f  t h e  v o l t a g e  p r o f i l e s  o f  F ig s .  (4 .3 a )  and (4 .3 b )  a r e  s u p e r 

imposed as shown in  F ig .  ( 4 .5 a ) ,  an in s ta n ta n e o u s  v o l t a g e  d i f f e r e n c e  w i l l  

be o b se rv e d .  T h is  v o l t a g e  d i f f e r e n c e  shown i n  F ig . ( 4 .5 b ) ,  must be
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l i m i t e d  by an in t e r - g r o u p  r e a c t o r .  The mean o u tp u t  w i l l  now be as shown 

i n  F ig .  ( 4 , S c ) .

Some com mercial c y c lo c o n v e r t e r s  d is p e n s e  w i th  th e  r e a c t o r s  by 

th e  u se  o f  i n t e g r a l  c i r c u i t  b la n k in g  t o  p r e v e n t  th e  s im u l tan e o u s

c o n d u c t io n  o f  p o s i t i v e  and n e g a t iv e  t h y r i s t o r  g ro u p s .  Each group w i l l  

conduc t f o r  tt r a d i a n s  o f  o u tp u t  v o l t a g e ,  b u t  th e  p a r t  o f  th e  o u tp u t  c y c le  

o v e r  which c o n d u c t io n  t a k e s  p la c e  v a r i e s  w ith  th e  fundam enta l d isp la c e m e n t  

an g le  o f  th e  lo a d  c u r r e n t  as shown in  F ig .  ( 4 .6 ) .  The harm onic  c o n te n t

o f  th e  o u tp u t  v o l t a g e  now depends on,

(a) th e  i n p u t  to  o u tp u t  f re q u e n c y  r a t i o ,

(b) th e  r a t i o  o f  th e  in p u t  v o l t a g e  a m p li tu d e  t o  th e  c o n t r o l

r e f e r e n c e  s i g n a l  a m p li tu d e ,  and

(c) th e  a n g le  o f  d isp la c e m e n t  between th e  fundam enta l o u tp u t

v o l t a g e  and c u r r e n t .

The o u tp u t  v o l t a g e  a p p l i e d  t o  th e  lo a d ,  V , i s  now g iv en  by

where and a re  t h e  p o s i t i v e  and n e g a t iv e  group v o l t a g e s  r e s p e c t i v e l y .

F e l l y  (19) i n d i c a t e s  how a F o u r i e r  a n a l y s i s  can be c a r r i e d  ou t i f  th e

v o l t a g e s  Vp and a r e  m u l t i p l i e d  by u n i t  s t e p - f u n c t i o n s  o f  le n g th

c o r re s p o n d in g  to  th e  t h y r i s t o r  group c o n d u c t io n  h a l f - p e r i o d .  Each p e r io d

o f  t h y r i s t o r  c o n d u c t io n  i s  d e f in e d  by a u n i t  s te p  f u n c t i o n ,  f^ (wt -  a ) ,

f^ (o3t - a ) ,  each  t a k in g  th e  v a lu e  +1 when th e  a s s o c i a t e d  t h y r i s t o r  i s  on

and z e ro  a t  a l l  o th e r  t im e s .  V and V., can be e x p re s s e d  a s ,p N

V ={V s i n  cot} f  (w t-a  ) + {V s in (w t  -  ̂ ^ f _ ( w t - a  ) + {V s in ( w t  - ^ )  }p m  I p m 3 pr m 3

f ? ( w t - a  ) , ando P

Vj^={V^ s i n  wt} f ^ (w t- a ^ )+  V ^^sinC ut-  | ^ )  } f 2 ((^t-a^^) + V ^^sin(w t - ^ )  }

fg fw t-a ^ )  . (4 .3 )
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(a + 1^) and (a + , w h i le  t h y r i s t o r s  B and C have s i m i l a r  l i m i t s

The c o n d u c t io n  l i m i t s  o f  t h y r i s t o r  A i n  F ig .  (4 .3 )  a re

p b '  *"4 (bp

d i s p l a c e d  fo rw ard  and back by ^  r a d ia n s  r e f e r r e d  to  th e  i n p u t  f re q u e n c y  

r e s p e c t i v e l y .  Each s t e p  f u n c t io n  i s  an even f u n c t i o n  o f  p e r io d  2ir which 

may be e x p re s s e d  i n  a F o u r ie r  s e r i e s  a s .

f ( t )  = a^ + Z a^ cos • (4 .4 )
n= l

The b a s i c  c y c l o c o n v e r t e r  shown i n  F ig .  (4 .1 )  g e n e r a te s  i t s  o u tp u t  v o l t a g e  

by o s c i l l a t i n g  th e  f i r i n g  a n g le s  o f  th e  p o s i t i v e  and n e g a t iv e  t h y r i s t o r  

g roups i n  o p p o s i t e  r e l a t i v e  d i r e c t i o n s  about th e  ^  q u ie s c e n t

p o i n t .  For minimum maximum d e v i a t i o n  from th e  o u tp u t  v o l t a g e  mean,

“ p °  ■ “n • ( 4 .5 )

From e q u a t io n s  ( 4 . 2 ) , ( 4 . 3 ) , ( 4 . 4 )  and ( 4 . 5 ) ,  th e  o u tp u t  v o l t a g e  may now be 

g iv en  i n  te rm s o f  a f i r i n g  an g le  f u n c t i o n  f (W g t) . The o u tp u t  v o l t a g e  

i s  now g iv e n  a s ,

3/3V I—
Vo~-~2Tr—  s i n  f (ü j^ t)+ J  s i n  3 wt cos 2f(co^t) + J s i n  3 wt cos 4f(oa^t)

+ cos 6 o)t s i n  5f(w t )  + ̂  cos 6 wt s i n  7f(w t )  + ............. e t c .5 0 / o_______________ _

(4 .6 )

s h o u ld  have th e  g r e a t e s t  p o s s i b l e  fundam enta l to  harm onic r a t i o  f o r

s a t i s f a c t o r y  o p e r a t io n  o f  th e  m o to r .  I d e a l l y ,  th e  c y c l o c o n v e r t e r  i s

a l i n e a r  a m p l i f i e r  in  which th e  o u tp u t  v o l t a g e  i s  an a m p l i f i c a t i o n  o f  an

in p u t  c o n t r o l  v o l t a g e .  The c o n t r o l  v o l t a g e  needed to  implement t h i s

f o r  a s i n u s o i d a l  o u tp u t  i s

V = rV s i n  w t  , (4 .7 )c c o

where i s  th e  peak v a lu e  o f  th e  c o n t r o l  v o l t a g e  and r  i s  a d im e n s io n le s s  

s c a l i n g  f a c t o r  between 0 and 1 a l lo w in g  f o r  a m p li tu d e  v a r i a t i o n .  In  a 

p h y s i c a l  system , r  i s  th e  r a t i o  betw een th e  peak c o n t r o l  v o l t a g e  and th e
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peak t im in g  v o l t a g e .  The t h y r i s t o r  f i r i n g  f u n c t io n  i s  now,

f(Wgt) = s i n  ^ ( r  s i n  w^t) , (4 .8 )

which im p l ie s  t h a t  th e  f i r i n g  a n g le  i s  moved from th e  y  q u ie s c e n t

p o s i t i o n  by th e  an g le  s i n  ^ ( r  s i n  w ^ t) .

An i n s p e c t i o n  o f  e q u a t io n  (4 .6 )  shows t h a t  th e  f a m i l i e s  

o f  harm onics  p r e s e n t  i n  th e  o u tp u t  v o l t a g e  can be e x p re s se d  i n  

f re q u e n c y  te rm s by th e  e q u a t io n s ,

f^  = 3 ( 2 p - l )  ± 2N , where 2N $ 3 ( 2 p - l )  + 1, (4 .9 )
o o

^  = 6p | - ±  (2N + 1 ) ,  where (2N+1) { (6p+l) . (4 .10 )
O 0

F ig .  (4 .7 )  shows t h e  lo w es t  f re q u e n c y  harm onic f a m i l i e s  p r e s e n t  

i n  t h e  o u tp u t  v o l t a g e ,  i . e .  when p = 1 and N = 0 , 1 ,2  e t c .  For any 

g iv en  in p u t  to  o u tp u t  f re q u e n c y  r a t i o ,  f / f ^ ,  a v e r t i c a l  p r o j e c t i o n  

i n t e r s e c t s  th e  s lo p in g  l i n e s  to  i n d i c a t e  th e  harm onic  f r e q u e n c ie s  p r e s e n t ,

th e  v a lu e s  o f  which can  be r e a d  o f f  th e  v e r t i c a l  f , , / f  s c a l e .H o

4 .3  V o lta g e  o u tp u t  w i th  c i r c u l a t i n g - c u r r e n t - f r e e  o p e r a t i o n

The e a r l y  com m ercial c y c lo c o n v e r te r s  o p e r a te d  w i th o u t

(31)c i r c u l a t i n g  c u r r e n t  ' c o n s id e r a b le  d i f f i c u l t y  was e x p e r ie n c e d  due to  th e  

m al- f u n c t i o n  o f  t h y r i s t o r  g a te  c i r c u i t s  c a u s in g  l i n e  to  l i n e  s h o r t -  

c i r c u i t s .  Also i f  r e v e r s i b i l i t y  and r e g e n e r a t i o n  a r e  to  be a c h ie v e d ,  

th e  g a t e  p u ls e  sequence o f  th e  t h y r i s t o r  groups must be r e v e r s e d  a t  

th e  i n s t a n t  o f  th e  commencement o f  in d u c t io n  g e n e r a t io n  by th e  lo a d .

Also gaps betw een th e  t h y r i s t o r  group c o n d u c t io n  p e r io d s  a r e  u s u a l l y  

in t r o d u c e d  as an a d d i t i o n a l  s a f e t y  f a c t o r .

However, i f  " i d e a l "  c i r c u l a t i n g - c u r r e n t - f r e e  o p e r a t io n  can 

be a c h ie v e d  u s in g  modern se m i-c o n d u c to r  te c h n o lo g y ,  t h e  i n s t a n t  a t  

which each  t h y r i s t o r  group b e g in s  to  conduct i s  d e f in e d  by th e  

fundam en ta l lo a d  c u r r e n t  d is p la c e m e n t  a n g le  w ith  r e s p e c t  to  th e  o u tp u t
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v o l t a g e .  The o u tp u t  v o l t a g e  harm onic  c o n te n t  w i l l  depend on t h i s

i n s t a n t  and th e  fundam en ta l lo a d  c u r r e n t  d is p la c e m e n t  a n g le  as

shown i n  F ig .  ( 4 . 6 ) ,  must become an a d d i t i o n a l  p a ra m e te r  i n  th e  harm onic

a n a l y s i s .  The p o s i t i v e  t h y r i s t o r  group conduc ts  o ve r  t h e  i n t e r v a l ,

(̂ o ^ ^o^ ^ &nd th e  n e g a t iv e  t h y r i s t o r  group o v e r  th e  i n t e r v a l ,

(<j) +7T) $ œ t  $ (({> +2‘i ï ) . I f  two u n i t  f u n c t i o n s ,  f  (w t )  and f_(w t )
0  0  o p 0  N o

a r e  u sed  t o  d e f in e  th e  p o s i t i v e  and n e g a t iv e  co n d u c t in g  p e r io d s  r e s p e c t i v e l y ,  

th e  c y c lo c o n v e r t e r  o u tp u t  v o l t a g e  w i l l  now b e ,

Vo = V p fp  4. , ( 4 .1 1 )

where each  u n i t  f u n c t i o n  i s  d e f in e d  i n  a F o u r ie r  s e r i e s  as  fo l lo w s ,

V  + T  s i "  s  ( v * ^ )

1y s i n  7 (w^t+^g) + . . .  e t c 1 , and

" f  |^n (w ^t+(f ,^)  + j  s i n  3(o)^t+(j>^) + j  s i n  SCu^t+f^)

+1T s i n  7(w t+(f) ) + . . .  e t c7 o 0
(4 .12 )

Vp and a r e  as  p r e v io u s l y  d e f in e d  i n  e q u a t io n  ( 4 . 3 ) ,  th e  r e s u l t  o f  

which combines w i th  e q u a t io n  (4 .1 2 )  to  g iv e  t h e  o u tp u t  v o l t a g e  f o r  a 

c y c l o c o n v e r te r  o p e r a t in g  f r e e  o f  c i r c u l a t i n g  c u r r e n t  a s ,

3/3V

Vo = 1 7 ^ s i n  f  (w t )  + ^  s i n  3cut cos 2 f  (w t )  + ^  s i n  3 wt cos S f  (w t )  0 2 0 4 o

3/3V.N
2tt

+ y  s i n  6 cat cos 7 f(ca t )  + . . .  e t c

— cos 3 cat s i n  2 f (c a ^ t )  + ^  cos 3 cat s i n  4 f (c a ^ t )  + y  s i n  6 cat 

cos S f(c a ^ t)  + y  s i n  6 cat cos 7 f(c a ^ t)  + e t c

X ^  sin(ca^t+(|) ) + i  sin3(ca t+(p  ) + i  s i n  5(ca t+cj) ) + -it- s i n  7(ca t+(j) ) 7T I  o ^o 3  ̂ O O 5 0  0  7 0  0

+ . . .  e t c . (4 .13)
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An i n s p e c t i o n  o f  e q u a t io n  (4 .1 3 )  shows t h a t  f a m i l i e s  o f  harm onics  p r e s e n t  

in  t h e  o u tp u t  v o l t a g e  can  be  e x p re s se d  i n  f re q u e n c y  te rm s by th e  

e q u a t io n s  (4 .9 )  and (4 .1 0 )  a s ,

fy  f
^  = 3 ( 2 p - l )  ± 2N (4 .9 )

O 0

^  = 6p ± (2N + 1) (4 .10)
o o

w ith  th e  a d d i t i o n a l  e q u a t io n ,

f^  = 12p ± (2N + 1) , (4 .14 )
o o

where p i s  any p o s i t i v e  i n t e g e r  and 0 < N < » .  f(ca^t) was d e f in e d  

i n  e q u a t io n  ( 4 . 8 ) .

F ig .  (4 .8 )  g iv e s  t h e  com ple te  harm onic  f a m i l i e s  p r e s e n t  i n  t h e  o u tp u t  

v o l t a g e  f o r  c i r c u l a t i n g - c u r r e n t - f r e e  o p e r a t i o n .  The t h i c k  s lo p in g  l i n e s  

r e p r e s e n t  e q u a t io n  (4 .9 )  p l o t t e d  f o r  th e  c a se  where p = 1 and th e  t h i n  

s lo p in g  l i n e s  r e p r e s e n t  e q u a t io n  (4 .1 0 )  p l o t t e d  f o r  th e  case  where p = 1.

As no c a n c e l l i n g  ta k e s  p l a c e ,  a l l  v a lu e s  o f  N a r e  s i g n i f i c a n t .

F ig .  (4 .8 )  can be u sed  to  d e te rm in e  th e  harm onics  p r e s e n t  i n  th e

o u tp u t  v o l t a g e  a t  any f i x e d  fundam enta l o u tp u t  f re q u e n c y .  In  F ig .  (4 .8 )

a v e r t i c a l  l i n e  can be drawn th ro u g h  th e  known v a lu e  f / f ^  and th e  harm onic 

f r e q u e n c ie s  w i l l  be i n d i c a t e d  by th e  p o in t s  o f  i n t e r s e c t i o n  w i th  th e  

s lo p in g  l i n e s .  The l e f t  hand s id e  v e r t i c a l  s c a l e  g iv e s  th e  harm onic  

v a lu e  a t  th e  p o i n t  o f  i n t e r s e c t i o n .

I f  F ig .  (4 .8 )  i s  compared w ith  F ig .  ( 4 . 7 ) ,  i t  can be seen  t h a t

th e  main bands o f  f r e q u e n c ie s  p r e s e n t  i n  th e  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t

case  a r e  s t i l l  p r e s e n t ,  a l th o u g h  t h e i r  am p li tu d es  w i l l  be d i f f e r e n t .

Thus th e  main e f f e c t  o f  chang ing  lo ad  power f a c t o r  i n  a m otor d r iv e  i s  to  

a l t e r  a m p li tu d e s  o f  th e  harm onics  b u t  n o t  t h e i r  f r e q u e n c i e s .  I t  can be 

n o te d  from F ig .  (4 .8 )  t h a t  sub -harm on ic s  w i l l  be p r e s e n t  i n  th e  o u tp u t



56.

v o l t a g e  a t  a l l  f r e q u e n c i e s  and t h a t  no boundary  o f  sub -harm onic  f r e e  

o p e r a t i o n  can be d e f in e d  f o r  a c i r c u l a t i n g - c u r r e n t - f r e e  c y c l o c o n v e r t e r .

4 .4  C ontinuous  c i r c u l a t i n g  c u r r e n t  o p e r a t io n

A com parison  o f  F ig s .  (4 .7 )  and (4 .8 )  shows t h a t  c o n t in u o u s  

c i r c u l a t i n g  c u r r e n t  o p e r a t i o n  i s  much t o  be p r e f e r r e d  i f  i t  can be 

a c h ie v e d .  C o n s id e ra b le  harm onic  c a n c e l l a t i o n  ta k e s  p l a c e  and o n ly  th e  

f i r s t  b r a c k e te d  te rm  o f  e q u a t io n  (4 .1 3 )  rem ains  form ing e q u a t io n  ( 4 . 6 ) .  

This  i n d i c a t e s  t h a t  i f  co n t in u o u s  c i r c u l a t i n g  c u r r e n t  o p e r a t io n  can be 

m a in ta in e d ,

(a) t h e  harm onic  f r e q u e n c i e s  p r e s e n t  i n  th e  c y c lo c o n v e r t e r  o u tp u t  

v o l t a g e  i n c r e a s e  as  a l i n e a r  f u n c t io n  o f  f / f ^ . Thus o p e r a t io n  a t  h i g h e s t  

p o s s i b l e  i n p u t  to  o u tp u t  f re q u e n c y  r a t i o  i s  d e s i r a b l e ,  and

(b) sub -harm on ic s  w i l l  n o t  be p roduced  i f  t h e  in p u t  to  o u tp u t  

f re q u e n c y  r a t i o  ^ 1 .6 6 .  T h is  d e f in e s  th e  lo w es t  o p e r a t in g  f re q u e n c y

i f  m otor " co g g in g "  i s  to  be avo ided  from th e  a p p l i e d  t im e -v a ry in g  f i e l d .  

For a s ix - p h a s e  i n p u t  o r  a th r e e - p h a s e  fu l l -w a v e  sys tem , t h i s  l i m i t  w i l l  

be red u ce d  to  1 .3 3 .

T h is  harm onic c a n c e l l a t i o n  i s  shown i n  th e  e x p e r im e n ta l  c y c l o 

c o n v e r t e r  i n  F ig .  ( 4 . 9 ) .  The c y c lo c o n v e r t e r  has  been d r iv e n  i n t o  

s a t u r a t i o n  to  e x a g g e ra te  th e  harm onic c o n te n t  o f  th e  o u tp u t .

No g e n e ra l  harm onic  am p li tu d e  p a t t e r n  can be d e r iv e d .

However p a r t i c u l a r  c a s e s  can  be computed from e q u a t io n  (4 .1 3 )  w ith  th e  a id  

o f  F o u r i e r  c o e f f i c i e n t s  g iv en  in  r e f e r e n c e  (2 7 ) .  F ig .  (4 .1 0 )  shows th e  

harm onic a m p li tu d e  v a r i a t i o n  caused  by chang ing  th e  c o n t r o l  r a t i o ,  r .

I t  can be c l e a r l y  s een  t h a t  optimum perfo rm ance  w i l l  be o b ta in e d  when 

r  = 1. F ig .  (4 .11 )  shows th e  c o r r e l a t i o n  between computed and m easured 

harm onic v a l u e s .  The m easured v a lu e s  were o b ta in e d  frm a Fenlow Spectrum  

A n a ly se r  c o n n ec ted  a c ro s s  a s t a t i c  L-R lo a d .
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A f u r t h e r  adv an tag e  o f  a c i r c u l a t i n g - c u r r e n t - c y c l o c o n v e r t e r  

o v e r  th e  c i r c u l a t i n g - c u r r e n t - f r e e  system  i s  th e  b e t t e r  v o l t a g e  

r e g u l a t i o n .  In  th e  c i r c u l a t i n g - c u r r e n t - f r e e  sy s tem , s a f e  o p e r a t io n  

w ith o u t  l i n e  to  l i n e  s h o r t  c i r c u i t s  demands a gap o f  up t o  6 ms d u r a t i o n  

betw een t h y r i s t o r  group c u r r e n t s .  The p o s i t i o n  o f  t h i s  gap on th e  

v o l t a g e  wave i s  lo a d  d ependen t as shown i n  F i g . (4 .12 )  . This  

r e s u l t s  i n  po o r  v o l t a g e  r e g u l a t i o n  a t  low p o w e r - f a c to r  o p e r a t i o n .

The r e g u l a t i o n  o f  th e  o u tp u t  v o l t a g e  in c r e a s e s  w ith  th e  i n p u t  f re q u e n c y .

A c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  system  has  no gaps i n  i t s  o u tp u t  

waveform. I t  can  a l s o  n a t u r a l l y  commutate a t  l e a d in g  o r  a n t ip h a s e  

fundam en ta l c u r r e n t  d isp la c e m e n t  a n g le s  and p e rm i t s  r e g e n e r a t i v e  b r a k in g  

w i th o u t  p u l s e - c i r c u i t - m o d i f i c a t i o n .

4 .5  The e x p e r im e n ta l  system

The system  c o n s t r u c t e d  was g e n e r a l l y  as shown in  F ig .  (4 .13 )  

i n c o r p o r a t i n g  a c y c l o c o n v e r t e r  and a d iv id e d -w in d in g  in d u c t io n  m otor,  th e  

s t a t o r  o f  which r e p la c e d  th e  i n t e r - g r o u p  r e a c t o r s  o f  th e  c o n v e n t io n a l  

sy s tem . An e x i s t i n g  frame i n c o r p o r a t i n g  18 t h y r i s t o r s  i n  6 groups 

o f  3 was u sed  as th e  b a s i s  f o r  th e  c y c l o c o n v e r t e r ,  b u t  a l l  c o n t r o l  c i r c u i t s  

and r e f e r e n c e  so u rc e s  were c o m p le te ly  re d e s ig n e d  and c o n s t r u c t e d  by th e  

a u th o r .  A 40OHz, 3 -p h a se ,  115V su p p ly  s o u rc e  was used  to  i n c r e a s e  th e  

in p u t  to  o u tp u t  f re q u e n c y  ran g e  to  en ab le  a w id e r  ra n g e  s tu d y  to  be 

c a r r i e d  o u t .  The maximum co n t in u o u s  rms r a t i n g  p e r  d e v ic e  was lOA.

E s s e n t i a l l y  t h e  c y c lo c o n v e r t e r  i s  a l i n e a r  a m p l i f i e r  g iv in g  an 

o u tp u t  p r o p o r t i o n a l  t o  th e  r e f e r e n c e  s i g n a l  i n p u t .  T h is  r e f e r e n c e  

s i g n a l  i n p u t  was o b ta in e d  from a 3 -p h a se ,  m a g -s l ip  g e n e r a to r  w ith  

p r o v i s io n  f o r  s e p a r a t e  e x c i t a t i o n  d r iv e n  by a ve lodyne  m o to r ,  t h e  speed  

o f  which was c o n t r o l l e d  by a rm a tu re  v o l t a g e  v a r i a t i o n .  Two feedback  

loops  were p ro v id e d ;
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(a) a v e l o c i t y - f e e d b a c k  s ig n a l  from a ta c h o m e te r  which v a r i e d

t h e  ve lodyne  speed  and m a g -s l ip  f re q u e n c y  to  g iv e  a c o n s ta n t  i n d u c t io n  

m otor speed  in d e p e n d e n t  o f  lo a d  v a r i a t i o n  and,

(b) a  c u r r e n t  l e v e l  s i g n a l  p r o p o r t i o n a l  t o  th e  rms lo a d  c u r r e n t

which o p e ra te d  a c u r r e n t  c lam ping  c i r c u i t  which p r e v e n te d  e x c e s s iv e  

o u tp u t  c u r r e n t s  from damaging th e  d e v ic e s .

F ig .  (4 .1 4 )  shows th e  r e f e r e n c e  g e n e r a to r  c o n t r o l  c i r c u i t r y  s c h e m a t i c a l l y .

The a d j u s t a b l e  v / f  c o n t r o l  p o te n t io m e te r  c o n t r o l s  th e  ve lodyne  a rm a tu re  

v o l t a g e  a f t e r  a m p l i f i c a t i o n  th ro u g h  th e  ramp g e n e r a t o r  b o a rd  and speed  

s e rv o -b o a rd .  V e lo c i ty  feedback  m o d if ie s  th e  speed  s e rv o  o p e r a t i o n  to  

g iv e  c o n s ta n t  in d u c t io n  motor speed a t  any s i n g l e  s e t t i n g  o f  th e  

demand p o te n t io m e te r .  The c u r r e n t  loop  s i g n a l  c o n t r o l s  th e  m a g -s l ip  

f i e l d  c u r r e n t  th ro u g h  th e  v o l t a g e  and c u r r e n t  s h a p e r  se rv o  c u r r e n t  

i s  re d u c e d  by a r e d u c t io n  o f  m a g -s l ip  v o l t a g e  i n  th e  f i r s t  i n s t a n c e .

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

in  s e c t i o n s  4 .6 ,  4 .7 ,  4 .8  and 4 .9 .

4 .6  Ramp g e n e r a to r  board  and m o n o -p o la r i ty  b o a rd

The main f u n c t io n  o f  th e  ramp g e n e r a to r  u n i t -  i s  to  l i m i t  th e  

r a t e  o f  change o f  f re q u e n c y  and v o l t a g e .  T h is  means t h a t  t h i s  u n i t  w i l l  

e n s u re  t h a t ,  as th e  speed  o f  th e  ve lodyne  motor changes t h e  v o l t a g e  

o u tp u t  o f  th e  m a g -s l ip  g e n e r a to r  w i l l  always be p r o p o r t i o n a l  t o  f re q u e n c y .  

The o p e r a t i o n  i s  as f o l lo w s :

I f  th e  p o l a r i t y  o f  th e  i n p u t  i s  n e g a t iv e ,  th e n  th e  o u tp u t  i s  p o s i t i v e  and 

th e  o u tp u t  c u r r e n t  p a s s e s  th ro u g h  d iode  (D^), as shown in  F ig .  (4 .1 5 )  

hence g iv in g  an o u tp u t  s i g n a l  o f  n e g a t iv e  p o l a r i t y .  The d io d e ,  Dg, 

p a s s e s  a n e g a t iv e  o u tp u t  i n  a s i m i l a r  way. A second  o p e r a t i o n a l  a m p l i f i e r  

o p e r a t in g  as  an i n t e g r a t o r  d e la y s  th e  r i s e  o f  c u r r e n t .  The p u rp o se
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o f  th e  m o n o -p o la r i ty  u n i t  i s  to  su p p ly  th e  in p u t  o f  th e  v o l t a g e  s h a p e r  

a m p l i f i e r  (A^) as shown i n  F ig .  (4 .1 6 )  w i th  a n e g a t iv e  s i g n a l  w h a tev e r  

th e  p o l a r i t y  o f  th e  i n p u t  from th e  ramp g e n e r a to r .  T h is  can be 

e x p la in e d  as f o l lo w s ;

i f  a n e g a t iv e  p o l a r i t y  s i g n a l  v o l t a g e  i s  fed  from th e  ramp g e n e r a to r  

o u tp u t  t o  th e  m o n o -p o la r i ty  i n p u t ,  a c u r r e n t  p a s s e s  th ro u g h  th e  d iode  

to  th e  o u tp u t .  T h is  s u p p l i e s  th e  v o l t a g e  s h a p e r  a m p l i f i e r  o f  F ig .  (4 .1 6 )  

w i th  n e g a t iv e  in p u t  which w i l l  always keep i t s  o u tp u t  v o l t a g e  p o i n t  below 

t h a t  o f  th e  c u r r e n t  loop a m p l i f i e r  o u tp u t  and so m a in ta in s  th e  f i r s t  

one i n  f u l l  c o n t r o l .  T h is  n e g a t iv e  i n p u t  w i l l  a l s o  be m a in ta in e d  even 

though m o n o -p o la r i ty  in p u t  i s  s u p p l i e d  w ith  p o s i t i v e  s i g n a l ,  b e c a u s e ,  in  

t h i s  c a s e ,  d io d e  i s  sw i tc h e d  o f f .  The p o s i t i v e  i n p u t  w i l l  th e n  

sw i tc h  th e  a m p l i f i e r  on g iv in g  a " n e g a t iv e "  o u tp u t  which i s  b lo c k e d  by 

D^, and th u s  p a s s e d  to  th e  i n p u t  o f  t h e  se rv o  a m p l i f i e r .  Hence th e  

m o n o -p o la r i ty  c i r c u i t  w i l l  always su p p ly  a n e g a t iv e  i n p u t  to  th e  v o l t a g e  

s h a p e r  a m p l i f i e r .

4 .7  O p e ra t io n  o f  v o l t a g e  loop  (F ig .  4 .16)

V o ltage  o f  n e g a t iv e  p o l a r i t y  w i l l  always be s u p p l ie d  by th e  

m o n o -p o la r i ty  c i r c u i t  to  th e  in p u t  o f  th e  v o l t a g e  s h a p e r  a m p l i f i e r ,  B, 

and t h i s  th e n  w i l l  be in  f u l l  c o n t r o l  as  long  as i t s  o u tp u t  v o l t a g e  p o i n t  

i s  low er th a n  th e  c u r r e n t  loop a m p l i f i e r  o u tp u t .  T h is  w i l l  th e n  be fe d  

i n t o  th e  t r a n s i s t o r  BFY 50 and th e  o u tp u t  o f  t h e  BD 203 t r a n s i s t o r  w i l l  

m a in ta in  a s t e a d y ,  s i n g l e  p o l a r i t y  e x c i t a t i o n  t o  th e  f i e l d  o f  th e  m a g -s l ip  

g e n e r a to r .

An in p u t  v / f  p o te n t io m e te r  c o n t r o l s  th e  r e f e r e n c e  am p li tu d e  

and f re q u e n c y .  The system  o p e r a t e s  o v e r  a r e l a t i v e l y  sm all lo w -f re q u e n c y  

o u tp u t  range  and so a com pensa ting  netw ork  to  m a in ta in  c o n s ta n t  a i r - g a p  

f lu x  i n  th e  machine was o m i t te d .  E x c e ss iv e  c u r r e n t s  a r e  p r e v e n te d  by th e  

c u r r e n t  c lam ping c i r c u i t  which o p e r a t e s  on th e  fo l lo w in g  p r i n c i p l e :
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i f  t h e  lo a d  c u r r e n t  exceeds  th e  v a lu e  o f  t h e  p r e - s e t  c u r r e n t  l i m i t ,  

a s i g n a l  i s  fe d  to  th e  c u r r e n t  loop  a m p l i f i e r  (Ag) c a u s in g  i t  to  

c o n d u c t .  A m p l i f ie r  A^ th e n  ta k e s  c o n t r o l  from a m p l i f i e r  A  ̂ and red u ce s  

th e  f i e l d  e x c i t a t i o n  o f  th e  r e f e r e n c e  g e n e r a t o r ,  which i n  t u r n  re d u c e s  

t h e  r e f e r e n c e  v o l t a g e  am p li tu d e  and so th e  c y c l o c o n v e r t e r  o u tp u t  c u r r e n t  

i s  l i m i t e d .

4 .8  S p e e d -se rv o  [F ig .  (4.1%)

The ramp g e n e r a to r  o u tp u t  may be o f  e i t h e r  p o l a r i t y  a c c o rd in g  

to  t h e  p o l a r i t y  demanded by th e  v / f  p o t e n t io m e te r .  I t  i s  fe d  to  th e  

i n p u t  o f  th e  s p e e d - s e rv o  a m p l i f i e r ,  A^.

The o p e r a t i o n a l  a m p l i f i e r  o u tp u t  i s  th e n  fed  th ro u g h  two s i n g l e  

s t a g e s  o f  a m p l i f i c a t i o n  -an d  a p u s h - p u l l  a m p l i f i e r  to  p ro v id e  a c o n t r o l l e d  

a rm a tu re  v o l t a g e  f o r  th e  ve lodyne  m otor d r i v i n g  th e  r e f e r e n c e  g e n e r a to r .  

C o n s ta n t  ve lo d y n e  f i e l d  e x c i t a t i o n  means t h a t  th e  f req u en cy  o f  th e  

r e f e r e n c e  s i g n a l  i s  d i r e c t l y  c o n t r o l l e d  by t h e  v / f  p o te n t io m e te r  

betw een ve lodyne  a rm a tu re  v o l t a g e  l i m i t s  o f  +15 and - IS  v o l t s .  The 

r e f e r e n c e  f re q u e n c y  i s  a u t o m a t i c a l ly  a d j u s t e d  by c lo s e d - lo o p  ta c h o m e te r  

feedback  as shown in  th e  low er p a r t  o f  F ig .  ( 4 .1 7 ) .  H ere th e  v o l t a g e  

p r o p o r t i o n a l  t o  v e l o c i t y  i s  a t t e n u a t e d  and smoothed and c o n t r o l l e d  in  

feedback  r a t e ,  ^  , by th e  s e t t i n g  o f  th e  2.5K p o te n t io m e te r .

4 .9  T h y r i s t o r  f i r i n g  and p u l s e - b o a r d s

For economic r e a s o n s ,  a 3 -phase  h a l f -w a v e  c y c lo c o n v e r t e r  

was c o n s t r u c t e d .  In  te rm s o f  o u tp u t  harm onic  c o n t e n t ,  t h i s  i s  th e  w o rs t  

p o s s i b l e  case  and so any system  in c o r p o r a t i n g  more t h y r i s t o r s  w i l l  

g iv e  b e t t e r  r e s u l t s .  However th e  e x p e r im e n ta l  sy stem  j u s t i f i e s  th e  

c o n c e p t .  As shown in  F ig .  ( 4 .1 8 ) ,  18 t h y r i s t o r s  in  6 g roups o f  3 a re  

r e q u i r e d  to  g iv e  a 3 -p h ase  o u tp u t .  Each p u l s e - b o a r d  i s  tim ed  by th e

p h ase  o f  th e  in p u t  v o l t a g e  a p p e a r in g  a c r o s s  t h e  t h y r i s t o r  which i t



mo
CM in

<N
m

JZ

oo  cn o  cn
cncn ooo

■o

_o

o

LO(N
cn

Q ,
Q . -O

in
CN CN<N

O

cn *ü
O Q_O

O
CD CO o

00

oin
CL(/)(NCN

O

■o
(N

D Q.
O

LL

QJ
O
O

"O
O
<D
CL

‘"I
CJJ
c  

o
JZ
if)

~o

a  o 
_o 

o
>
L .a?

CO

cn

iZI



^ U

g E z g -

f  g . I ' l .

<D
>

i_

in CL
(N
a>

(Ü
>

o
in CL

in " o D in 3
P cn >%O o in > , O

j C (U x : o (_
Q. c cn CL Q . cn

™ w b
(u u) CL 
W 0 'C 3
E  g ' ^ S
Û_ C  ^  D^

m  <D o  >  -*-•QJ .— I/) Q_

S 3  =g 
t cn

m <xro > o
(U ^  n

H P
Q_ C OÏ

oCN COI D G)

 < 5 ^ —cn

m oj

II
m

CN LOCDCO CO

Co
o
0)
oc
0 )
L_

0 )
L_

*D
c
o

U )
c

a
o

JD

CD
j n

D
0_

00

6 )

q



61.

c o n t r o l s .  Timing s i g n a l s  a re  a p p l i e d  th ro u g h  t im in g  t r a n s f o r m e r s  

co n n ec ted  t o  th e  i n p u t  m ains .  In  t h i s  form th e  t im in g  v o l t a g e  

a m p li tu d e  w i l l  be c o n s ta n t  and th e  a m p li tu d e  o f  th e  o u tp u t  v o l t a g e  w i l l  

be v a r i e d  by v a ry in g  th e  am p li tu d e  o f  th e  in p u t  r e f e r e n c e  s i g n a l .  As 

e x p la in e d  i n  s e c t i o n  4 .7 ,  t h e s e  s i g n a l s  a r e  g e n e ra te d  by a m a g -s l ip  

g e n e r a to r  d r iv e n  by a  v e lo d y n e ,  th e  speed  o f  which was c o n t r o l l e d  by 

th e  o p e r a t i o n a l  a m p l i f i e r  system  d e s c r ib e d  i n  s e c t i o n  4 .8 .

The m a g -s l ip  a rm a tu re  was d e l t a  co n n ec ted  and a s t a r  p o i n t  

f o r  t h e  r e f e r e n c e  s i g n a l  was c r e a t e d  by t h r e e  s t a r - c o n n e c t e d  r e s i s t o r s  

o f  IKfi . F ig .  (4 .1 8 )  shows t h a t  b o a rd s  1 - 6  g e n e r a te  th e  p u l s e s  

which c o n t r o l  p h a se -1  o f  th e  o u tp u t  v o l t a g e  which c o r re sp o n d s  i n  phase  

t o  p h a s e -1  o f  th e  r e f e r e n c e  s i g n a l  i n p u t .  S i m i l a r l y ,  b o a rd s  7 - 1 2  

g e n e r a te  th e  p u l s e s  f o r  p h a s e -2  o f  th e  o u tp u t  which w i l l  be d i s p la c e d  

from p h a s e -1  by 120°, and bo ard s  13 - 18 g e n e r a te  th e  p u l s e s  f o r  p h a se -3  

which w i l l  be d i s p l a c e d  by 240° from p h a s e -1 .  Phase-2  and p h a s e -3  o f  th e  

o u tp u t  v o l t a g e  c o r re s p o n d  to  p h ases  2 and 3 o f  th e  r e f e r e n c e  v o l t a g e .  

P h a s e - c o n t r o l l e d  p u l s e - b o a r d s  a l r e a d y  i n  u se  i n  th e  l a b o r a t o r y  were 

m o d if ie d  to  a c c e p t  s i n u s o i d a l  m o d u la tio n  to  t im e  th e  g a te  p u l s e s .  I f  

t h e  b o a rd s  a re  l i n e a r  o v e r  th e  o p e r a t i n g  r a n g e ,  s i n u s o i d a l  p u l s e  

m o d u la t io n  w i l l  be a c h ie v e d .  The p u l s e - b o a r d  c i r c u i t  i s  shown i n  

F ig .  (4 .1 8 a )  and i t  o p e r a t e s  as fo l lo w s .

When th e  t im in g  v o l t a g e  > 0, T i s  sw i tc h e d  on s h o r t - c i r c u i t i n g
^2

and i n h i b i t i n g  a l l  o u tp u t  p u l s e s .  I f  t h e  t im in g  v o l t a g e ,  < 0,

T^ i s  s w i tc h e d  o f f  and ch a rg e s  u n t i l  th e  v o l t a g e  a c ro s s  re a c h e s

th e  peak  l e v e l  r e q u i r e d  to  f i r e  th e  programmable u n i j u n c t i o n  t r a n s i s t o r .

In  t u r n ,  d r iv e s  th e  s w i tc h in g  t r a n s i s t o r ,  T^ h a rd  on g iv in g

a s h a rp  r i s e  o f  c u r r e n t  th ro u g h  th e  p r im ary  o f  th e  p u l s e  t r a n s f o r m e r

and f i r i n g  th e  t h y r i s t o r .  P o s i t i v e  feedback  was u sed  by add ing  a

t h i r d  w inding  to  th e  p u l s e  t r a n s f o r m e r  in  th e  b a se  lo a d  o f  T i n  o r d e r
^3

to  e x te n d  th e  p u l s e - w id th  from 40 ys to  70 ys so t h a t  l a t c h i n g  prob lem s
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a r e  a v o id e d .  F i r i n g  t im es  a r e  d i c t a t e d  by th e  r a t e  o f  ch a rg e  o f

C^. The t im in g  c i r c u i t  i s  shown i n  F ig .  ( 4 .1 9 b ) .  The e q u a t io n s  o f  th e

f i r s t  loop  o f  F ig .  (4 .19b) a r e  as  fo l lo w s ,

0 .

i l  d t  -  c (4 .1 5 )

-^DC = - C”  
o

h  " ^2*2 " C- i2  d t (4 .16 )

and 'c = CT ( i l  - ' 2 ) t  .
o o

(4 .17)

where i s  th e  module power su p p ly  v o l t a g e .

E q u a t io n s  ( 4 .1 5 ) ,  (4 .16 )  and (4 .1 7 )  combine to  g iv e  a s o l u t i o n  f o r  

o v e r  th e  i n t e r v a l  0 ^ t  ^ t ^ ,  shown in  F ig .  ( 4 .2 0 ) ,  f o r  which
o

th e  d io d e  c o n d u c ts ,  o f

^ r e f  “̂ 2 *  ^DC *̂ 1
(4 .18 )

where T = *1*2

*l+*2

F ig .  (4 .2 0 )  shows th e  waveform f o r  th e  v o l t a g e  a c ro s s  . C harg ing  

commences a t  th e  i n s t a n t  when th e  t im in g  waveform goes n e g a t iv e .

The f i r s t  t im e  c o n s t a n t ,  T = *1 *2

*1**2
, o p e r a t e s  u n t i l  th e  d iode  i s

r e v e r s e  b ia s e d  and s w itch ed  o f f .  Then th e  c i r c u i t  shown in  F ig .  (4 .1 9 )

s im ply  becomes a s i n g l e  loop  i n  which ch a rg es  th ro u g h  R2 . At

th e  i n s t a n t  o f  d io d e  s w i t c h - o f f ,  th e  v o l t a g e  a c r o s s  C ^ , , i s  g iv e n  by
0

a s o l u t i o n  o f  e q u a t io n  (4 .18 )  a t  t  = t ^ .  Then,

V  '  ^ 2 * 2  * TO
(4 .19 )



voltage across 
timing capacitor Co

timing voltage

gate pulse

V"

cot

FIGV,.20 TIMING OF FIRING PULSES-



63

E q u a t io n  (4 .17 )  has  th e  s o l u t i o n .

(4 .20)

p r o v id in g  t^  i s  sm a l l  and t  »  t ^ . T h is  assumes t h a t  th e  i n i t i a l

c h a rg in g  t im e ,  t ^ ,  i s  w i th i n  th e  l i n e a r  c h a rg in g  ra n g e  o f  C^. The P.U.T,

w i l l  conduc t  when r e a c h e s  t h e  r e q u i r e d  peak  v a lu e ,  V , where
^o ^

V, ( t , )  = V = [Voc -  V, (t^)] ( l . e
- t 2 /CoR 2

) . (4 .21 )
o o

I t  can be seen  from F ig .  (4 .19b )  t h a t  th e  d io d e  w i l l  s w i tc h  o f f  when

Vc = ^ r e f  hence  from e q u a t io n  (4 .1 8 )  , 
o

^ 1  ^ 2  

^ 1  " Rj+Rj (4 .2 2 )

and from e q u a t io n  (4 .2 1 )

'̂ DC ■ '^ref 
VoC-Vref-Vp

(4 .23 )

The f i r i n g  a n g le ,  8  ̂ = a + , i n  a 3 -p h a se  i n p u t  sy s tem , i s  th e n ,

9, = w ( t^ + t 2 )=
(jjR. R_

1 2
Co i nR .+ R . ̂ 1 2

^ re f* 2  ^ ^DC*1

^ ( ^ D C - ^ r e f )
+ o)R« C In 

2 0
^DC ■ ^ r e f

VoC-Vref-Vp

(4 .24 )

Any i n c r e a s e  in  th e  v a lu e  o f  d e la y s  t h e  d io d e  t u r n - o f f  tim e

c a u s in g  most o f  th e  c h a rg in g  to  o c c u r  a t  th e  i n i t i a l  f a s t e r  r a t e .

r e a c h e s  t h e  v a lu e  o f  V so o n e r  and th e  s m a l l e r  f i r i n g  an g le  shown in  
o ^

th e  low er d iagram  o f  F ig .  (4 .2 0 )  r e s u l t s .  F ig .  (4 .2 1 )  shows th e

v o l t a g e  a c ro s s  C^ o b ta in e d  e x p e r im e n ta l ly .
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The l i n e a r i t y  o f  th e  p u l s e  c i r c u i t  was th e n  i n v e s t i g a t e d .

F ig .  (4 .2 2 a )  compares th e  r e l a t i o n s h i p  betw een th e  f i r i n g  an g le  and 

th e  r e f e r e n c e  v o l t a g e  o b ta in e d  e x p e r im e n ta l ly  w i th  th e  computed r e s u l t s .  

The n o n - l i n e a r i t y  i s  more pronounced  a t  h ig h  f i r i n g  a n g le s  due to  th e  

lo n g e r  c h a rg in g  t im e  o f  C^. T h is  n o n - l i n e a r i t y  a f f e c t s  th e  c y c l o c o n v e r t e r  

as  shown i n  F ig s .  (4 .22b  and c ) , r e d u c in g  th e  r e g e n e r a t i v e  h a l f - c y c l e  

v o l t a g e  a m p li tu d e  t o  0 .85  x t h e  r e c t i f i e d  h a l f - c y c l e  p eak .

An i n s p e c t i o n  o f  F ig s .  ( 4 .3 a  and b) i n d i c a t e s  t h a t  th e  c y c lo 

c o n v e r t e r  w i l l  g iv e  ze ro  n e t  o u tp u t  u n d e r  c o n t in u o u s  c i r c u l a t i n g  

c u r r e n t  c o n d i t io n s  when th e  f i r i n g  an g le  0^ = 120°. Under t h i s  c o n d i t i o n  

equa l  amounts o f  power a re  t r a n s m i t t e d  from th e  so u rce  t o  th e  load  

( r e c t i f i c a t i o n )  and r e t a i n e d  from th e  so u rc e  to  th e  lo a d  ( r e g e n e r a t io n )  

and zero  n e t  o u tp u t  r e s u l t s .  The p u l s e - b o a r d s  need to  be o f f s e t  w ith  

a d . c .  v o l t a g e  to  g iv e  th e  a p p r o p r i a t e  zero  o u tp u t .  The r e f e r e n c e  

v o l t a g e  th e n  m odu la tes  t h e  g a te  s i g n a l s  90° on e i t h e r  s i d e  o f  th e  

q u ie s c e n t  c o n d i t io n  f o r  b a la n c e d  o p e r a t io n .  I d e a l l y ,  th e  r e g e n e r a t io n  

v o l t a g e  enve lope  sh o u ld  c o r re sp o n d  to  th e  r e c t i f i c a t i o n  v o l t a g e  en v e lo p e .  

Due to  th e  n o n - l i n e a r i t y  o f  th e  p u l s e - b o a r d s ,  th e  r e g e n e r a t i v e  peak i s  

o n ly  0 .85  o f  th e  r e c t i f i e d  peak as shown in  F ig .  (4 .22b  and c) .

Under t h e s e  c i rc u m s ta n c e s  e x a c t  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  o p e r a t io n  

would n o t  o c c u r  and com ple te  harm onic  c a n c e l l a t i o n  would n o t  be a c h ie v e d .  

T h is  can be com pensated f o r  by re d u c in g  th e  p o s i t i v e  r e f e r e n c e  s i g n a l  

am p li tu d es  to  0 .85 o f  th e  n e g a t iv e  r e f e r e n c e  s ig n a l  a m p l i tu d e s .

A f u r t h e r  d is a d v a n ta g e  compared w i th  c o s in e - c r o s s in g  t im in g  i s  t h a t  a 

r e d u c t io n  o f  r e f e r e n c e  a m p li tu d e  c r e a t e s  gaps betw een th e  p o s i t i v e  

and n e g a t iv e  t h y r i s t o r  group v o l t a g e  e n v e lo p e s ,  th u s  p r e v e n t in g  c o n t in u o u s  

c i r c u l a t i n g  c u r r e n t  o p e r a t io n  o v e r  th e  whole o u tp u t  c y c l e .  However, th e  

a d ju s tm e n t  o f  r e f e r e n c e  v o l t a g e  am p li tu d e s  and th e  m a in tenance  o f  a 

u n i t  r a t i o  o f  r e f e r e n c e  to  t im in g  v o l t a g e  am p li tu d e  gave s a t i s f a c t o r y
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o p e r a t i o n .  C i r c u l a t i n g  c u r r e n t  o p e r a t io n  c e a se s  when th e  c u r r e n t  

clamp o p e r a t e s  because  o f  r e f e r e n c e  am p litu d e  r e d u c t io n  by th e  clamp 

a m p l i f i e r .  Normal o p e r a t io n  i s  a l l  w i th in  th e  range  o f  th e  c u r r e n t  

l i m i t  and n o n - l i n e a r i t i e s  caused  by c u r r e n t  c lam ping  a r e  removed.

4 .1 0  I n t e r - g r o u p  r e a c ta n c e

I t  has  been  shown t h a t  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t

o p e r a t i o n  g iv e s  a p r e f e r r e d  o u tp u t  waveform and r e g u l a t i o n .  This

o p e r a t i o n ,  however r e q u i r e s  an i n t e r - g r o u p  r e a c t o r  c ap a b le  o f  c a r r y in g

th e  o u tp u t  lo a d  c u r r e n t .  The p r e c i s e  v a lu e  o f  th e  r e a c ta n c e  i s  n o t

c r i t i c a l  as long as  s u f f i c i e n t  energy  can be s to r e d  to  m a in ta in

c o n t in u o u s  c u r r e n t  d u r in g  th e  i n v e r s i o n  o r  r e g e n e r a t i o n  p e r i o d s .

However, t h e  r e a c t o r  a l s o  l i m i t s  th e  c i r c u l a t i n g  c u r r e n t  to  an

a c c e p ta b le  v a lu e .

The l a r g e s t  v o l t - s e c o n d  d i f f e r e n c e  betw een th e  p o s i t i v e  and

n e g a t iv e  t h y r i s t o r  g roups o cc u rs  when th e  f i r i n g  a n g le  a = t  •
P ^

T his  v o l t - s e c o n d  d i f f e r e n c e ,  AY, i s  th e n ,  

w/3 7t/ 3

;

AY = V cos wt . d wt - m c o s (w t-  | — ) •  d wt

co s (w t -  ^  d wt , (4 .25 )

tt/ 6

tt/ 6
+

 ̂o

as shown i n  F ig .  ( 4 .2 3 ) .  Thus,

/3  V
AT = - 2 ^-=- • (A.26)

I f  th e  i n t e r - g r o u p  r e a c t o r  has  n e g l i g i b l e  r e s i s t a n c e  and an in d u c ta n c e

2L, which i s  l a r g e  compared w i th  t h e  su p p ly  in p u t  in d u c ta n c e ,

AY = 2LI , where I i s  th e  maximum v a lu e  o f  t h e  c i r c u l a t i n g  c u r r e n t ,  cm cm *

Hence, /3  V
:cm = T iS IT  ' (4 .27 )
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The v a lu e  o f  th e  in d u c ta n c e  L i s  n o t  c r i t i c a l .  However, t h e  

r e a c t o r  must be s u f f i c i e n t l y  h ig h  to  e n ab le  th e  s to r e d  en e rg y  o f  th e  peak 

c i r c u l a t i n g  c u r r e n t ,  to  be t r a n s f e r r e d  from one t h y r i s t o r  group

1 2c i r c u i t  t o  th e  o th e r  w i th o u t  e x c e s s iv e  l o s s .  The peak  s t o r e d  en e rg y  = -i- I h ,
2  cm

and th e  r e q u i r e d  in d u c ta n c e ,  t ,  i s  seen  to  be a f u n c t io n  o f  th e  maximum 

p e r m i s s i b l e  c i r c u l a t i n g  c u r r e n t .  The c o n v e n t io n a l  a rrangem en t shown 

in  F ig .  ( 4 . 1 ) ,  g iv e s  a d . c .  p o l a r i s e d  r e a c t o r  and d . c .  s a t u r a t i o n  must 

be a v o id e d .  A lso o n ly  h a l f  o f  th e  r e a c t o r  c a r r i e s  lo ad  c u r r e n t  a t  any 

i n s t a n t .  T h is  g iv e s  t h e  u s e f u l  f e a t u r e  t h a t  t h e  in d u c ta n c e  o f f e r e d  to  

t h e  c i r c u l a t i n g  c u r r e n t  i s  fo u r  t im e s  t h a t  o f f e r e d  to  th e  lo a d  c u r r e n t  

as shown i n  e q u a t io n  ( 4 .2 5 ) .  The i n t e r - g r o u p  r e a c t o r  a c t s  as an 

in d u c t i v e  ene rgy  s t o r e  m a in ta in in g  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  f o r  th e  

whole o u tp u t  ran g e  o f  th e  c y c lo c o n v e r t e r .

4 .1 1  The use  o f  a machine s t a t o r  as a r e a c t o r  in  th e  c y c l o c o n v e r te r

in d u c t io n  m otor d r iv e

A s t a t i c  h ig h  Q c e n t r e - t a p p e d  r e a c t o r  c ap a b le  o f  h a n d l in g  b o th

th e  ene rgy  o s c i l l a t i n g  betw een t h y r i s t o r  g roups  due t o  c i r c u l a t i n g  c u r r e n t

and th e  o u tp u t  lo ad  c u r r e n t  w i l l  be c o s t l y  and b u lk y .  I f  th e  machine

w ind ings  can be made to  p e rfo rm  t h i s  f u n c t i o n ,  a c o n s id e r a b le  s a v in g

o f  hardw are  w i l l  be made. T h is  can e a s i l y  be a c h ie v e d  i n  a d o u b le - l a y e r

s t a t o r  i f  th e  l a y e r s  a r e  e l e c t r i c a l l y  s e p a r a t e d .  In  th e  e x p e r im e n ta l

(9)system  an e x p e r im e n ta l  in d u c t io n  m otor was u sed  w ith  each l a y e r  o f  

th e  s t a t o r  w ind ing  co n n ec ted  as a c o n v e n t io n a l  tw o -p o le  w ind ing .  The 

u p p e r  l a y e r ,  s t a r - c o n n e c t e d ,  was c o n n ec ted  betw een th e  p o s i t i v e  

t h y r i s t o r  groups and n e u t r a l ,  w h ile  th e  low er l a y e r ,  i d e n t i c a l l y  wound 

was c o n n ec ted  betw een th e  n e g a t iv e  t h y r i s t o r  groups and n e u t r a l  as shown 

i n  F ig .  ( 4 .2 4 ) .  In  t h i s  way each p h ase  o f  th e  system  r e p r e s e n t s  an 

e l e c t r i c a l l y  s e p a r a t e ,  m a g n e t i c a l l y  co u p led  c i r c u i t .  The w ind ing  a c t s  

as an impedance to  c i r c u l a t i n g  c u r r e n t s ,  w h i le  p ro v id in g  an a l t e r n a t i n g  

mmf as i n  a c o n v e n t io n a l  m achine.
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C i r c u l a t i n g - c u r r e n t  o p e r a t io n  may be c o n s id e re d  i f  one p h ase  

o f  t h e  system  as shown in  F ig .  (4 .2 5 a )  i s  r e p r e s e n t e d  by th e  e q u i v a l e n t  

c i r c u i t  o f  F ig .  ( 4 .2 5 b ) .  Here each  c y c lo c o n v e r t e r  group i s  r e p r e s e n t e d  

by a v o l t a g e  g e n e r a to r  i n  s e r i e s  w ith  a d io d e .  C ontinuous c i r c u l a t i n g  

c u r r e n t  o p e r a t i o n  r e q u i r e s  th e  s im u l ta n e o u s  c o n d u c t io n  o f  b o th  d io d e s .

The n e u t r a l  p o i n t ,  N, i s  a z e r o - p o t e n t i a l  p o in t  and c i r c u l a t i n g  c u r r e n t  

c an n o t be m a in ta in e d  on th e  p r i n c i p l e  o f  th e  i n t e r - g r o u p  r e a c t o r  a lo n e .  

However, i t  can be m a in ta in e d  by t r a n s f o r m e r  a c t i o n  betw een th e  w ind ings  

i f  th e  v o l t a g e  enve lope  o f  th e  r e g e n e r a t i v e  h a l f - c y c l e  exceeds  th e  s i z e  

o f  t h e  r e c t i f i c a t i o n  e n v e lo p e .  T h is  can  be ach iev ed  by a t t e n u a t i o n  o f  

th e  r e f e r e n c e  v o l t a g e  p o s i t i v e  h a l f - c y c l e s .  The i n s ta n ta n e o u s  m u tu a l ly  

in d u c ed  em f’ s w i l l  exceed  th e  g e n e r a to r  em f’s and co n t in u o u s  c i r c u l a t i n g  

c u r r e n t  o p e r a t io n  w i l l  be o b ta in e d .

The c o n t in u o u s  c u r r e n t  t h y r i s t o r  group v o l t a g e s  and o u tp u t  

c u r r e n t  and v o l t a g e  have a l r e a d y  been p r e s e n te d  e a r l i e r  i n  t h i s  c h a p t e r  

i n  F ig .  ( 4 . 9 ) .  T h is  shows t h a t  f o r  a r e l a t i v e l y  sm a l l  in p u t  to  o u tp u t  

f re q u e n c y  r a t i o  o f  6 , i . e .  w ith  an o u tp u t  f re q u e n c y  o f  6 6 . 6 Hz f o r  a 

400Hz i n p u t ,  t h a t  a s i n u s o i d a l  c u r r e n t  p r o f i l e  r e s u l t s .  F ig .  (4 .2 6 )  shows 

th e  m otor s t a t o r  s e a r c h  c o i l  v o l t a g e  o f  th e  d iv id e d  w inding  machine a t  

f r e q u e n c ie s  o f  25, 15 and lOHz.

4 .1 2  C o n c lu s io n s  from C h ap te r  4

I t  has  been  shown t h a t  i f  th e  minimum o u tp u t  harm onic  c o n te n t  i s  

to  be a c h ie v e d  i n  a c y c l o c o n v e r te r ,  th e n  th e  c y c l o c o n v e r t e r  must o p e r a t e  

w i th  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t .  The in t e r - g r o u p  r e a c t o r  needed  to  

m a in ta in  t h i s  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  has been r e p la c e d  by th e  

s t a t o r  o f  an in d u c t io n  m otor.  Two s t a t o r  l a y e r s  a re  wound i d e n t i c a l l y
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as b a la n c e d  3 -phase  w in d in g s .  They a r e  m a g n e t i c a l ly  c o u p le d ,  b u t  

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

m et, l i n e  t o  l i n e  s h o r t - c i r c u i t  f a u l t s  i n  th e  c y c lo c o n v e r t e r  a r e  

p r e v e n te d  and th e  u s u a l  t r a v e l l i n g  f i e l d  i s  s e t  up i n  th e  machine a i r - g a p .

An e x p e r im e n ta l  sy stem  has  been c o n s t r u c t e d  t o  v e r i f y  th e  

p r o p o s a l .  Two e l e c t r o n i c  feedback  s e rv o - lo o p s  have been  in c o r p o r a t e d  

f o r  speed  c o n t r o l  and c u r r e n t  c lam ping . The b e h a v io u r  and c h a r a c t e r i s t i c s  

o f  t h e  system  can now be s t u d i e d .  T h is  s tu d y  i s  d e s c r ib e d  i n  c h a p te r  5.
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CHAPTER 5

O p e ra t io n  o f  th e  c y c l o c o n v e r t e r - in d u c t i o n  m otor d r iv e

5 .1  INTRODUCTION

I t  has  been  shown i n  C h ap te r  4 t h a t  th e  i n t e r - g r o u p  r e a c t o r  n eeded  

to  m a in ta in  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  can be r e p la c e d  by th e  s t a t o r  o f  

an in d u c t io n  m oto r.  The e x p e r im e n ta l  m achine d e s c r ib e d  i n  t h i s  work i s  

s u p p l ie d  by a c y c l o c o n v e r t e r ,  th e  machine s t a t o r  h a v in g  i t s  w ind ing  d iv id e d  

in t o  two e l e c t r i c a l l y  s e p a r a t e ,  m a g n e t i c a l ly  coup led  c i r c u i t s .  To im prove 

th e  o v e r a l l  u t i l i t y  o f  th e  system , s t a n d a r d  in d u c t io n  m otors  have been  

co n n ec ted ,  e f f e c t i v e l y  i n  p a r a l l e l  w ith  th e  d iv id e d  w ind ing  machine r o t o r .

P o s s i b l e  a p p l i c a t i o n  o f  a c y c l o c o n v e r t e r - i n d u c t i o n  m otor d r iv e  

in c lu d e s  c ra n e  o r  h o i s t  d r i v e s ,  mine w inders  and l i f t s .  For th e s e  

o p e r a t io n s  e l e c t r i c a l  b r a k in g  i s  an e s s e n t i a l  f e a t u r e .  An i n v e s t i g a t i o n  

has  been c a r r i e d  o u t  t o  d e te rm in e  th e  p r e f e r r e d  form o f  b ra k in g  f o r  th e  

system . The s t a b i l i t y  o f  th e  c lo s e d - lo o p  system  has  been  i n v e s t i g a t e d  

u s in g  a s m a l l - s i g n a l  p e r t u r b a t i o n  model.

5 .2  S in g le  m achine o p e r a t io n

The mode o f  o p e r a t i o n  u s in g  a d iv id e d -w in d in g  machine w ith  e l e c t r i c a l l y  

s e p a r a t e ,  m a g n e t i c a l l y  coup led  s t a t o r  w ind ings  has been d i s c u s s e d  i n  

C hap te r  4.

I t  can  be seen  t h a t  t h i s  o p e r a t i o n  i n c r e a s e s  th e  s t a t o r  copper  

lo s s  and re d u c e s  th e  o v e r a l l  system  e f f i c i e n c y .  This  i s  b ecau se  th e  s t a t o r  

r e s i s t a n c e  i s  e f f e c t i v e l y  d o u b le d ,  g iv in g  in c r e a s e d  s t a t o r  v o l t a g e  r e g u l a t i o n  

and a red u ced  a i r - g a p  f l u x .  T h is  can be com pensated by i n c r e a s i n g  th e  

c y c lo c o n v e r te r  o u tp u t  v o l t a g e  in  th e  feedback  loop d e s c r ib e d  in  C h ap te r  4 .

The s t e a d y - s t a t e  o p e r a t io n  o f  th e  d iv id e d -w in d in g  machine i n  th e  

c y c lo c o n v e r te r  d r iv e  i s  s im ply  th e  p e rfo rm an ce  o f  a s ta n d a rd -w in d in g  machine
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o f  th e  same frame s i z e  and r o t o r ,  b u t  h av in g  tw ic e  th e  s t a t o r  r e s i s t a n c e .  

E qua tions  (3 .1 5 )  and (3 .19 )  th e n  en a b le  th e  perfo rm an ce  to  be p r e d i c t e d  i f  

i s  w r i t t e n  as  2R^. F ig u re  (5 .1 )  shows th e  s i n g l e  machine c h a r a c t e r i s t i c s  

in  open- and c lo s e d - lo o p  o p e r a t io n  o v e r  a f re q u e n c y  r a n g e ,  3 .76 < f^< 8 .7 5  Hz. 

This  shows t h a t  th e  machine o p e r a t e s  th ro u g h o u t  th e  lo a d  and speed  ra n g e  

a t  any f re q u e n c y  w i th i n  th e  ran g e  o f  th e  c y c lo c o n v e r te r .  C u r re n t  c lam ping  

in  th e  c y c lo c o n v e r t e r  r e s t r i c t s  th e  c u r r e n t  a t  h igh  s l i p s  and a s l i g h t  

f a l l  i n  a i r - g a p  mmf o f  th e  d iv id e d -w in d in g  machine was o b se rv ed .

C o n s ta n t - s p e e d  o p e r a t i o n  u n d e r  v a ry in g  lo a d  c o n d i t io n s  was o b ta in e d  

by a v e l o c i t y  feedback  from th e  d iv id e d -w in d in g  machine to  th e  c y c l o c o n v e r t e r  

r e f e r e n c e  g e n e r a t o r  g iv in g  th e  c h a r a c t e r i s t i c s  shown in  F ig .  ( 5 . 1 ) .  The 

in c r e a s e d  speed  to  com pensate f o r  a lo a d -d e p e n d e n t  f a l l  i s  p roduced  by a 

s im u ltan e o u s  i n c r e a s e  o f  s t a t o r  v o l t s  and f re q u e n c y .

5 .3  M ultim ach ine  o p e r a t io n

S ta n d a rd  s in g le - w in d in g  s q u i r r e l - c a g e  i n d u c t io n  m otors may be 

a d d i t i o n a l l y  in c o r p o r a t e d  i n t o  t h e  system  as i n  a c o n v e n t io n a l  c y c l o c o n v e r t e r  

d r iv e .  T h is  m otor was c o n n ec ted  as shown i n  F ig .  ( 5 . 2 a ) .  T h i s ,  i n  e f f e c t ,  

co n n ec ts  th e  s ta n d a r d  machine i n  p a r a l l e l  w ith  th e  d iv id e d -w in d in g  r o t o r .

An e q u i v a l e n t - c i r c u i t  r e p r e s e n t a t i o n  f o r  one p h ase  i s  g iv e n  i n  F ig .  ( 5 .2 b ) .

In  F ig .  ( 5 .2 b ) ,  th e  m a g n e t is in g  r e a c t a n c e  o f  th e  two m achines i s  

combined as a s i n g l e  te rm  The r e a c t a n c e  p a ra m e te rs  X2  x^ and

X^^ a re  a l l  f re q u e n c y  d ep e n d e n t ,  i s  th e  c y c lo c o n v e r t e r  fundam en ta l o u tp u t  

rms v o l t a g e  and V2  t h e  e f f e c t i v e  a i r - g a p  v o l t a g e  f o r  b o th  m achines .  Then 

i f  a r o t o r  and m a g n e t is in g  a d m it ta n c e  f u n c t i o n  i s  d e f in e d  a s .

Y (S ^ ,S 2 ) = (5 .1 )



Q .CL

T3
Gl CL

LO

8

M#

If)

C O 0

Ml

8
CNIT)

m

-8

cn CNin

CDc
' jz
oa
E

U )
c

TD
C

“O
CD

•D
>

(/) 
O 

-*—« 
m

CD -*—>
U
2
O

_c
u

<
CD

zi
CL
O

O) O
L_

-2o
E

8O

I_o
o
"Oca
c
8

o

m
ch
ill

CD
CL

âI
o
c
E
t _D

o



From
c y c lo c o n v e r te r  

phase 1

Standard
m achine

phase 2
phase 3

Divided-winding
m achine

F ig .5 2a  M achine sch em a tic

N

zR.

00 '

Divided winding 
s ta to r R o t o r

* i4 -* 2

S t a n d a r d
m a c h i n e

— 2

Fig. 5‘2b Equivalent  c i r cu i t  of  mach ine  comb ina t i on



72.

where + X2  , th e  system  p e rfo rm ance  e q u a t io n s  a r e ,

_ ( S j , S 2 )
r  [1 + (2Rj+jXp YCS^.Sg) ' I*' J

V2  = Vq - i^ (2 R j  + j x p  , V. (5 .3 )

V2

1 ,  = g  , A. ( 5 .4 )

i  = ------------------ —  , A.

(r-2 . g i ) . j x ^  (5-S)

m |i  p  . R-

T e l = - — S - - - -  '  '  ( S - 6 )

| i | ^  ^ 2

? e 2  =  s p r -  ’ • (5 -7 )

Computed and e x p e r im e n ta l  r e s u l t s  f o r  th e  two machine com bination  o f

F ig .  (5 .2 a )  a r e  g iv e n  i n  F ig s .  ( 5 . 3 ) ,  (5 .4 )  and ( 5 .5 a ) .

These r e s u l t s  show t h a t  e i t h e r  o r  b o th  o f  th e  m achines can o p e r a t e  

th ro u g h o u t  th e  lo a d  and speed  range  a t  any f re q u e n c y  w i th in  th e  range  o f  th e  

c y c lo c o n v e r te r .  I t  can be seen  t h a t  i n  a two machine system  where th e  

second machine has  a s t a n d a r d  c o n n e c t io n ,  th e  lo s s  o f  e f f i c i e n c y  can be 

h a lv e d  compared w i th  t h e  s i n g l e  d iv id e d -w in d in g  machine system . However, 

th e  lo s s  o f  system  e f f i c i e n c y  i s  more th a n  com pensated by th e  u se  o f  a 

s im p le  3 - t h y r i s t o r  group c y c lo c o n v e r te r  in  th e  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  

mode.

The most s a t i s f a c t o r y  form o f  c lo s e d - lo o p  c o n t r o l  was a c h iev ed  in  

th e  two-machine co m b in a tio n  by v e l o c i t y  feedback  from th e  d iv id e d -w in d in g  

m achine.

T his  machine was m a in ta in e d  a t  c o n s t a n t  speed  and th e  sp eed  

r e g u l a t i o n  o f  th e  s t a n d a r d  machine which was e f f e c t i v e l y  s u p p l ie d  by th e
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d iv id e d -w in d in g  machine a i r - g a p  v o l t a g e  was m inimal as  shown in  F ig .  ( 5 .5 b ) .  

Feedback c o n t r o l  from th e  s t a n d a r d  machine te n d ed  to  o v e r v o l t  t h e  d iv i d e d -  

w ind ing  m achine c a u s in g  s a t u r a t i o n .

5 .4  B rak ing

I n c re a s e d  o p e r a t i n g  speeds  i n  t r a n s p o r t  system s and r o t a t i n g  d r i v e s  

which have d u ty  c y c l e s  in v o lv in g  f r e q u e n t  a c c e l e r a t i o n  and r e t a r d a t i o n  

impose s e v e r e  r e s t r i c t i o n s  on th e  b r a k in g  system . To avo id  th e  f r e q u e n t  

re p la c e m e n t  o f  b ra k e  s h o e s ,  m echan ica l  b ra k in g  sh o u ld  be o n ly  an emergency 

s ta n d b y  in  c a se  o f  power f a i l u r e .  I t  i s  p r e f e r a b l e  to  b r in g  th e  system  

r a p i d l y  t o  r e s t  by an e l e c t r i c a l  means such as dynamic b r a k in g .

Dynamic b r a k in g  im p l ie s  t h a t  th e  k i n e t i c  en e rg y  o f  t h e  machine

i s  c o n v e r te d  to  e l e c t r i c a l  e n e rg y  and d i s s i p a t e d  as h e a t  i n  th e  machine o r

i t s  a s s o c i a t e d  equ ipm ent.  B rak ing  in  which th e  c o n v e r te d  k i n e t i c  e n e rg y  

i s  r e t u r n e d  to  th e  su p p ly  i s  known as r e g e n e r a t i v e  b r a k in g .  One o f  th e  

e a r l i e s t  forms o f  e l e c t r i c a l  b r a k in g  u sed  in  i n d u c t io n  m otor d r iv e s  i s  

" p lu g g in g " .  H ere a b r a k in g  to rq u e  i s  p roduced  by th e  r e v e r s a l  o f  th e  s t a t o r  

p h ase  r o t a t i o n .  "P lu g "  b r a k in g  n e c e s s i t a t e s  th e  u se  o f  in p u t  l i n e  c o n t a c t o r s  

U n less  th e  su p p ly  i s  th e n  removed, th e  m otor w i l l  ru n -u p  in  th e  o p p o s i te

d i r e c t i o n .  P lu g g in g  to rq u e s  r e q u i r e s  c u r r e n t s  g r e a t e r  th a n  th e  normal

s t a r t i n g  c u r r e n t s  and s t a t o r  v o l t a g e  r e d u c t io n  may be n e c e s s a r y .  In  a 

c y c l o c o n v e r t e r  d r i v e ,  th e  c u r r e n t  clamp in c o r p o r a te d  to  p r e v e n t  e x c e s s iv e  

c u r r e n t  damaging th e  d e v ic e s  r e s t r i c t s  th e  p lu g  b ra k in g  to r q u e  (°= I^ )  to  a 

low l e v e l .  P lug  b ra k in g  can t h e r e f o r e  be d is c o u n te d  i n  a c y c lo c o n v e r t e r  

d r i v e .

{'32')
D .c .  dynamic b r a k in g  i s  commonly used  i n  i n d u c t io n  m otor

d r iv e s  f o r  mine w inders  and w inches .  T h is  method o f  b ra k in g  e f f e c t i v e l y  

makes th e  machine o p e r a t e  as an a l t e r n a t o r  which d i s s i p a t e s  th e  k i n e t i c  

ene rgy  o f  th e  system  i n  th e  r o t o r .  D .c .dynam ic  b ra k in g  o f  th e  i n d u c t io n  

machine i s  o b ta in e d  by d i s c o n n e c t in g  th e  th r e e - p h a s e  a . c .  su p p ly  from th e
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s t a t o r  and r e p l a c i n g  i t  by a d . c .  su p p ly  as  shown in  F ig .  5 .6 a  o r ,  in  

t h e  c a se  o f  a c y c l o c o n v e r t e r ,  by s u p p re s s in g  h a l f  o f  th e  t h y r i s t o r  groups 

and d r i v i n g  th e  o t h e r s  i n t o  s a t u r a t i o n .  The d . c .  c u r r e n t  p ro d u ces  a 

s t a t i o n a r y  f i e l d  i n  t h e  a i r - g a p ,  g iv in g  a synchronous speed  o f  z e ro .  The 

r e s u l t i n g  in d u c ed  v o l t a g e s  and c u r r e n t s  caused  by movement o f  th e  r o t o r  

d i s s i p a t e  th e  k i n e t i c  e n e rg y  as h e a t  i n  th e  r o t o r ,  and a b r a k in g  to rq u e  

i s  p ro d u ced  which r e t a r d s  t h e  machine. The e q u i v a le n t  a . c .  c u r r e n t  t o  th e  

d . c .  i n p u t  c u r r e n t  i s  l y / 2  f o r  th e  c o n n e c t io n  u sed .

In  a  s q u i r r e l - c a g e  machine w ith  a low r o t o r  im pedance, th e  peak

b ra k in g  to rq u e  o b ta in e d  by d . c .  dynamic b ra k in g  w i l l  o c c u r  a t  v e ry  low

sp eed s  w h i le  t h e  b r a k in g  to r q u e  a t  h ig h  speeds  w i l l  be s m a l l .  T h is  i s

shown in  F i g . ( 5 . 6 b) f o r  two l e v e l s  o f  c o n s ta n t  c u r r e n t ,  th e  c a l c u l a t i o n s
('32')

b e in g  made from H a r r i s o n ' s  to rq u e  e q u a t io n  g iven  i n  r e f e r e n c e  . There 

a r e  many m ethods. Two such methods a re  by i n c r e a s i n g  th e  r o t o r  r e s i s t a n c e
('33')

and add ing  c a p a c i t a n c e  i n  th e  r o t o r  c i r c u i t .  T h is  i s  c l e a r l y

im p o s s ib le  i n  a s q u i r r e l - c a g e  machine and so d . c .  dynamic b r a k in g  i s  

i m p r a c t i c a l  f o r  a c y c l o c o n v e r t e r - s q u i r r e l - c a g e ,  in d u c t io n  m otor d r iv e .

5 .5  V a r ia b le - f r e q u e n c y  r e g e n e r a t i v e  b ra k in g

I f  th e  o v e r a l l  system  e f f i c i e n c y  i s  t o  be im proved in  a d r iv e  

w i th  f r e q u e n t  b r a k in g  in  i t s  d u ty  c y c l e ,  th e  k i n e t i c  energy  o f  th e  

machine must be c o n v e r te d  to  e l e c t r i c a l  e n e rg y  and r e tu r n e d  to  th e  su p p ly .  

T h is  imposes two c o n d i t io n s  on th e  sy s tem , i n d u c t io n  g e n e r a t io n  i n  th e  

r o t a t i n g  machine and r e v e r s i b i l i t y  in  th e  c y c l o c o n v e r te r .  Also th e  s t a t o r  

f re q u e n c y  must be s e l e c t e d  as  a f u n c t io n  o f  m otor speed  i f  peak to rq u e  

b r a k in g  i s  t o  be o b ta in e d  a t  a l l  sp eed s .

F ix e d - lo w -f re q u e n c y  su persynch ronous  b ra k in g  has been u sed  f o r
f 34')

mine w inders  and h o i s t s  . The aim o f  t h i s  k in d  o f  b r a k in g  system  i s  to

b ra k e  r a p i d l y  t o  a slow  c ra w lin g  speed  and th e n  to  move s lo w ly  to  th e  

f i n a l ,  r e q u i r e d  p o s i t i o n .



1 d.c.

Fig . 5 ’ 6 q . Stator connection for D. C. dynamic braking.
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Low -frequency a . c .  b ra k in g  may, a t  c e r t a i n  sp e e d s ,  be r e g e n e r a t i v e ,  

and some o f  t h e  k i n e t i c  en e rg y  o f  th e  r o t o r  and th e  lo ad  may be r e tu r n e d  

to  th e  su p p ly .  The ra n g e  o f  speed  o v e r  which r e g e n e r a t i o n  i s  p o s s i b l e  i s  

now i n v e s t i g a t e d .

I f  th e  e q u iv a le n t  c i r c u i t  shown i n  F ig .  (5 .7 )  i s  c o n s id e re d ,  i t  

can be seen  t h a t  two o p e r a t in g  c o n d i t io n s  can be o b ta in e d  f o r  n e g a t iv e  s l i p  

o p e r a t io n .  The v e c t o r  d iagram s o f  th e s e  two c o n d i t i o n s  a r e  shown in  

F ig s .  (5 .8 a )  and ( 5 .8 b ) .  In  F ig .  ( 5 .8 a ) ,  t h e  phase  an g le  betw een th e  s t a t o r  

v o l t a g e  and th e  s t a t o r  c u r r e n t  I^ i s  l e s s  th a n  90° . T h is  c o n d i t i o n  i s  a 

dynamic b r a k in g  c o n d i t i o n  where some e n e rg y  i s  ta k e n  from th e  su p p ly  and 

th e  r o t a t i o n a l  en e rg y  o f  th e  m otor i s  d i s s i p a t e d  as h e a t  i n  th e  r o t o r .

F ig .  ( 5 .8 b ) ,  shows an in p u t  p h ase  a n g le  g r e a t e r  th a n  90° . The 

machine i s  now an in d u c t io n  g e n e r a to r  and e n e rg y  i s  now r e t u r n e d  to  th e  

su p p ly .  L im its  f o r  each o p e r a t i n g  c o n d i t i o n  can be d e r iv e d  from th e  v e c t o r  

d iagram  o f  F ig  . ( 5 . 8 ) .  Here a  r e g e n e r a t i v e  c o n d i t i o n  i s  d e f in e d  when th e  

i n p u t  impedance has  a n e g a t iv e  r e a l  te rm . In  te rm s o f  s l i p  th e  r e g e n e r a t io n  

r e g io n  can be a p p ro x im a te ly  d e f in e d  by th e  s l i p  l i m i t s ,  0 > S > - —  .

The system  i s  n o n - r e g e n e r a t i v e  when S < -5 — .
^ 1

In  v a r i a b l e - f r e q u e n c y  r e g e n e r a t i v e  b r a k in g  th e  amount o f  ene rgy  

d i s s i p a t e d  as h e a t  and th e  amount r e tu r n e d  to  th e  su p p ly  depends on th e  

r e l a t i o n s h i p  o f  th e  a p p l i e d  f re q u e n c y  to  th e  m otor sp eed .  In  o r d e r  to  

r e c o v e r  a  maximum amount o f  k i n e t i c  ene rgy  th e  s t a t o r  f re q u e n c y  must th e n  

be v a r i e d  to  e n s u re  t h a t  t h e  m oto r  i s  r o t a t i n g  j u s t  above synchronous speed  

a t  a l l  p o i n t s  o f  i t s  run-down.

A com parison  o f  t h e  energy  d i s s i p a t i o n  i n  v a r io u s  forms o f  b r a k in g  

i s  u s e f u l  f o r  sy stem  e v a l u a t i o n .
2  ^ 2The o u tp u t  power o f  th e  m achine = 31^ ^  (1-S) = 2nnT, where n i s  th e

r o t o r  speed  in  r e v / s e c .
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FIG.5-7 Equivalent circuit of a .c . low-frequency broking.

(b) 0 > S > -  ^ 2

I |

FIG.5-8 . Induction motor vector diagrams
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Let U (t)  = Energy d i s s i p a t e d  as h e a t  i n  r o t o r  r e s i s t a n c e  i n  J o u l e s ,

U = K in e t i c  ene rgy  o f  r o t o r  a t  synchronous sp eed ,  and
w

2
J  = P o la r  moment o f  i n e r t i a  o f  lo ad  and r o t o r  i n  Kgm.m ,

th e n  = 3 1 ^  R2  , and

2 .„ T  = ( 1 ^  . ^ )  .
o a t

I f  t h e  m otor i s  ru n n in g  l i g h t  o r  b r a k in g  e l e c t r i c a l l y ,  

d(jÜ2

T = J  = 2ïïJ —  , where = Zirn , and

(5 .8 )

dU (t)  27rnS « _ dn
- d t —  = i r r s )  - d t  -

dn = n dS where n = ^  , and so s s Ztt '

2
dU (t)  = - (w ) . J  . SdS , which g iv e s  th e  energy  as

U (t)  = - w J s .  dS = -  ^  [S g -S i]  = - [S2 - S j ]  . (5 .9 )

I f  t h e  m otor a c c e l e r a t e s  from s t a n d s t i l l  to  f u l l - s p e e d  (assumed to  

be synchronous speed  f o r  s i m p l i c i t y )  on n o - lo a d ,  S^=l and S 2 =0 - By 

s u b s t i t u t i o n  in  e q u a t io n  ( 5 . 9 ) ,  th e  e n e rg y  i n  th e  r o t o r ,  U (t)  = J o u l e s ,  

i . e .  t h e  h e a t  g e n e r a te d  in  th e  r o t o r  c i r c u i t  when ru n n in g  up l i g h t ,  i s  

e q u a l  to  t h e  k i n e t i c  ene rgy  o f  th e  machine a t  synchronous sp e e d .  The r o t o r  

copper  lo s s  = S . ( r o t o r  in p u t)  which te n d s  to  ze ro  when th e  s l i p  approaches  

z e r o .

To c o n s id e r  th e  energy  r e tu r n e d  to  th e  su p p ly  in  lo w -f req u en cy  a . c .  

b r a k in g  a f i x e d  f re q u e n c y  has been chosen .  IVhen t h i s  f re q u e n c y  has  been f i x e d ,  

th e  l i m i t s  and S 2  may be p u t  i n t o  e q u a t io n  ( 5 .9 ) .  For exam ple, i f  th e  

f req u en cy  i s  25Hz and th e  r o t o r  i s  r e t a r d e d  from 3000 r e v /m in .  to  1500 r e v /m in . .
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f o r  a 2 -p o le  m a c h in e , th e n  = -1 ,  -  0 and th e  en e rg y  lo s s  U (t)  = .

The o r i g i n a l  speed  o f  th e  machine was 2w and hence i t s  k i n e t i c  ene rgy  

i s  4U . At w th e  r o t o r  s t i l l  has U J o u le s  o f  k i n e t i c  energy  and o n ly

J o u l e s  a r e  d i s s i p a t e d  as h e a t .  Thus (2U^ -  s t a t o r  copper lo s s )  J o u le s

a r e  r e tu r n e d  to  th e  s u p p ly .  T h is  i s  i l l u s t r a t e d  in  F ig .  ( 5 .9 a ) .

F ig u re  (S .9b) shows th e  e n e rg y  d i s s i p a t e d  i n  o r d e r  to  b r in g  th e  

m achine to  r e s t  by th e  method o f  " p lu g g in g " ,  t h i s  i s  o b ta in e d  from 

e q u a t io n  (5 .9 )  by s u b s t i t u t i n g  = 2, = 1, which g iv e s  U (t)  = 3U^ .

Thus t h e  en e rg y  w as ted  as h e a t  in  th e  r o t o r  r e s i s t a n c e  i s  t h r e e  t im es  as

b ig  as  th e  k i n e t i c  e n e rg y  o f  th e  machine b e f o r e  b ra k in g  and so t h i s  i s  a 

v e ry  w a s te f u l  method i n  which a l o t  o f  h e a t  w i l l  be g e n e r a te d .  F ig .  (5 .9 c )

shows th e  en e rg y  d i s s i p a t e d  in  d . c .  dynamic b r a k in g .  No power c r o s s e s  th e

a i r - g a p  and th e  energy  d i s s i p a t e d  i n  th e  r o t o r  i s  e x a c t l y  equa l  to  th e  

k i n e t i c  en e rg y  o f  th e  m achine. T h is  a n a l y s i s  and th e  energy  d iagram s o f  

F ig . (5 .9 )  shows t h a t  c o n t r o l l e d  r e g e n e r a t i v e  lo w -freq u en cy  a . c .  b r a k in g  i s  

p r e f e r a b l e  to  b o th  " p lu g g in g "  and d . c .  dynamic b r a k in g ,  on ene rgy  c o n s id e r a t io n .

5 .5 a  Peak to rq u e  re q u ire m e n ts  f o r  b ra k in g

F ixed  lo w -f req u en cy  b ra k in g  has  been used  i n  th e  p a s t  to  b ra k e  a 

s l i p - r i n g  ty p e  in d u c t io n  m otor, b ecau se  o f  th e  p o s s i b i l i t y  o f  c o n t r o l l i n g  

i t s  r o t o r  r e s i s t a n c e  by c o n n e c t in g  e x t e r n a l  r o t o r  r e s i s t a n c e  to  i n c r e a s e  

th e  to rq u e  a t  l a r g e  n e g a t iv e  s l i p s .  In  a s q u i r r e l - c a g e  in d u c t io n  m otor t h i s  

i s  im p o s s ib l e .  However, a r e l a t i o n s h i p  between f re q u e n c y  and speed  r e l a t e d  

to  peak to rq u e s  can be d e r iv e d  as fo l lo w s :

 . ,e

'  CXe)^

(5 .1 0 )

o)S
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Maximum to r q u e  o c c u rs  when ^  = 0 and t h i s  g iv e s  th e  r e l a t i o n s h i p

S = ± max 2 2 ^ 

+ %e)

(5 .11)

npS in ce  5 = 1 -  and = 2nfL^, a r e l a t i o n s h i p  between speed  and f req u en cy  

f o r  maximum to rq u e  can be d e r iv e d  a s .

n = J
R,

1 ±

(R^ + 4 - n ^ f ^ L p ^

(5 .12 )

For peak to rq u e  b r a k in g ,  th e  speed  n > — and so e q u a t io n  (5 .1 2 )  becomes.

1 +

(R^ + 47T^f^L|)^

(5 .13 )

F ig .  (5 .1 0 )  shows th e  change i n  th e  speed  a t  which peak to rq u e  

o cc u rs  on th e  e x p e r im e n ta l  machine f o r  o p e n - lo o p ,  f ix e d - f r e q u e n c y  o p e r a t i o n  

w ith  c y c lo c o n v e r t e r  e x c i t a t i o n .  I t  can  be seen  from F ig .  (5 .1 0 )  t h a t  peak 

to rq u e  o f  th e  c h a r a c t e r i s t i c s  i s  n o t  th e  same. T h is  i s  due to  s t a t o r  v o l t a g e  

r e g u l a t i o n  d e s c r ib e d  i n  s e c t i o n  (2 .3) a t  lo w - f r e q u e n c ie s .  To a c h ie v e  a 

c o n s ta n t  peak  to rq u e  a t  a l l  s p e e d s ,  a c lo s e d - lo o p  system  was d e s ig n e d  as 

shown i n  C h ap te r  4, where th e  s t a t o r  f re q u e n c y  can be a c o n t r o l l e d  f u n c t i o n  

o f  th e  r e g e n e r a t i v e  peak  sp eed .  I t  can be seen  from e q u a t io n  ( 5 .1 3 ) ,  t h a t  

th e  r e l a t i o n s h i p  betw een speed  and f re q u e n c y  f o r  maximum r e g e n e r a t i v e  b ra k in g  

to rq u e  i s  a q u a r t i c  e q u a t io n .

In  th e  e x p e r im e n ta l  system , a  l i n e a r i s e d  ap p ro x im a tio n  to  th e  q u a r t i c  

e q u a t io n  was made as shown i n  F ig .  ( 5 .1 1 ) .  T h is  a p p ro x im a tio n  i s  a l s o  u s e f u l  

i n  o b ta in in g  n e a r  peak to rq u e  a c c e l e r a t i o n .  The c lo s e d - lo o p  e x p e r im e n ta l  

system  would be a l s o  a p p l i c a b l e  to  c ra n e  and winch a p p l i c a t i o n s  where a 

p o t e n t i a l l y  o v e rh a u l in g  lo ad  needs to  be m a in ta in e d  a t  c o n s ta n t  sp eed .

F ig . (5 .12 )  shows m otor and b ra k in g  to rq u e s  o b ta in e d  a t  c o n s ta n t  sp e e d s .  The 

r e l a t i v e l y  sm all  b ra k in g  peak to rq u e  i s  due to  c u r r e n t  c lam ping  in  th e  c y c lo -



gz.



lî

CM

Œ

L .

in

Q . >



mT3

CL

n

o  c

O)

y ?
C7> O 

CL 
tOO)

O )

*D Ui

-8
*D

o -hd
CL

CN0 0

O '

P  Ë



79.

5 .5 b  In d u c t io n  g e n e ra t io n

Any r e g e n e r a t i v e  b r a k in g  in v o lv e s  t h e  o p e r a t io n  o f  an i n d u c t io n  

machine as  a g e n e r a to r  . The c o n d i t i o n  f o r  in d u c t io n  g e n e r a t io n  i s  t h a t  

th e  r e a c t i v e  power o f  th e  lo ad  ( in  t h i s  c a se  th e  r e a c t i v e  power demanded 

from th e  mains to  e n su re  g e n e ra t io n )  and t h e  r e a c t i v e  power o f  th e  in d u c t io n  

machine must be s u p p l i e d  e x t e r n a l l y  (3 6 ) , ( 3 7 )  p a s t  p r a c t i c e ,  c a p a c i t o r s

have been  c o n n ec ted  to  t h e  g e n e r a to r  t e r m in a l s  to  p ro v id e  r e a c t i v e  power, 

b u t  th e  r e q u i r e d  amount o f  c a p a c i t a n c e  v a r i e s  i n v e r s e l y  w ith  th e  su p p ly  

f req u en cy  and so c a p a c i t i v e  e x c i t a t i o n  has  wide a p p l i c a t i o n s  in  a i r c r a f t  

system s a t  400Hz, b u t  l i t t l e  a p p l i c a t i o n  a t  low er f r e q u e n c i e s .

I t  i s  p o s s i b l e  to  s e l f - e x c i t e  an in d u c t io n  g e n e r a to r  by a 

synchronous machine " f l o a t i n g "  on th e  o u tp u t  t e r m i n a l s ,  b u t  d i r e c t  f re q u e n c y  

c o n t r o l  i s  n o t  p o s s i b l e  i n  t h i s  c a s e ,  a l th o u g h  v o l t a g e  a m p li tu d e  may be 

c o n t r o l l e d  by synchronous machine e x c i t a t i o n  c ô n t r o l .  I f  th e  in d u c t io n  

g e n e r a to r  o u tp u t  f re q u e n c y  i s  to  be c o n t r o l l e d ' ,  th e  e x c i t a t i o n  so u rc e  must 

be c o n t r o l l a b l e  in  v o l t a g e  a m p li tu d e  and f r e q u e n c y .  T h is  can be ach iev ed  by an 

e x t e r n a l l y  d r iv e n  v a r i a b l e - s p e e d  synchronous machine w i th  v a r i a b l e  e x c i t a t i o n ,  

b u t  i t  i s  h a r d ly  an economic s o l u t i o n .  The i d e a l  e x c i t a t i o n  s o u rc e  i s  a 

v a r i a b l e - f r e q u e n c y  g e n e r a to r  o f  c o n t r o l l a b l e  am p li tu d e  i n  which th e  e x c i t e r  

c u r r e n t  le a d s  th e  v o l t a g e  by 90° a t  a l l  f r e q u e n c i e s .

An i n v e s t i g a t i o n  was c a r r i e d  o u t  to  d e te rm in e  th e  c y c lo c o n v e r t e r  

o u tp u t  r e q u i re m e n ts  n e c e s s a r y  to  meet th e  r e a c t i v e  power demand i n  in d u c t io n  

g e n e r a t io n  and b r a k in g .  The p o s s i b i l i t y  o f  e x c i t i n g  an e x t e r n a l l y  d r iv e n  

in d u c t io n  g e n e r a to r  by a c y c lo c o n v e r te r  as a means o f  low f re q u e n c y  power 

g e n e r a t io n  was a l s o  i n v e s t i g a t e d  and e a r l y  hopes were found to  be u n r e a l i s a b l e . 

I t  has been shown i n  s e c t i o n  (5 .5 )  t h a t  i n d u c t io n  g e n e r a t io n  can o n ly  o c c u r  

in  a l i m i t e d  s l i p  ran g e  when th e  s t a t o r  c u r r e n t  i s  more th a n  90° o u t o f  phase  

w ith  th e  a p p r o p r i a t e  s t a t o r  phase  v o l t a g e .  I f  t h e  i r o n  lo s s  component i s  

n e g le c te d ,  an ap p ro x im a tio n  o f  i n c r e a s i n g  v a l i d i t y  as th e  a p p l ie d  f re q u e n c y  

f a l l s ,  i t  can be shown t h a t  th e  s l i p  ran g e  o v e r  which g e n e r a t io n  can o ccu r
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^2i s  d e f in e d  by 0 > S > - ^  .
1

The a p p r o p r i a t e  p h a s o r  d iagram  i s  shown i n  F ig .  ( 5 .8 b ) .  I f  th e  

s l i p  i s  d e c re a s e d ,  g e n e r a t io n  c e a se s  and th e  m echan ica l  energy  a p p l i e d  t o  th e  

m achine i s  d i s s i p a t e d  w i th in  th e  m achine. F ig .  (5 .8 a )  i l l u s t r a t e s  t h i s  

c o n d i t i o n .  I f  th e  s l i p  i s  d e f in e d  as a f u n c t i o n  o f  speed  and f re q u e n c y  by,

s  = 1  -  ^  , (5 .1 4 )

th e  maximum a t t a i n a b l e  o p e r a t in g  ran g e s  may be s t a t e d  as fo l lo w s  u s in g  th e  

p r e v io u s l y  d e f in e d  app rox im ate  s l i p  l i m i t s ,

nPR
< f  < nP , (5 .1 5 )

f o r  c o n s t a n t  sp eed ,  n ,  and,

f  f  ^ ^ 1  ^ ^ 2 ^

f o r  c o n s ta n t  f re q u e n c y ,  f .

The p o s s i b l e  o p e r a t i n g  ra n g e  o f  speed w i l l  f a l l  w ith  f re q u e n c y .  I t  may be 

ex tended  a t  th e  expense o f  e f f i c i e n c y  i f  a h ig h  r e s i s t a n c e  r o t o r  i s  u se d .  

E qua t ions  (5 .15 )  and (5 .16 )  o n ly  d e f in e  p o s s i b l e  o p e r a t in g  r a n g e s .  I f  a 

p r a c t i c a l  system  i s  to  be im plem ented i t  i s  n e c e s s a r y  to  i n v e s t i g a t e  th e  

v a r i a t i o n  o f  th e  r e a c t i v e  power r e q u ire m e n t  o v e r  th e  p o s s i b l e  o p e r a t in g  

r a n g e .

5 .5 c  R e a c t iv e  power re q u ire m e n ts  f o r  i n d u c t io n  g e n e r a t io n

From a c o n s i d e r a t i o n  o f  F ig . ( 5 . 7 ) ,  th e  g e n e r a to r  im pedance,

Z = R + X may be e x p re s s e d  a s ,  
g g g ^

Zg = -  ( R j - j x p  -
î 2 1
T  *

+ j ( X 2  + X^) . (5 .1 7 )
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I f
(jXo)

i s  added to  th e  f i r s t  te rm  and s u b t r a c t e d  from th eZjCXg + X^)

second  te rm  i n  e q u a t io n  ( 5 .1 7 ) ,  a f t e r  s i m p l i f i c a t i o n .

Zg = -  Ri -  j (X,+X„) -
1  " o '  2 (X2 +X^)

(jX^)
2 ;  (Xq+Xj)

^o % 2

R z/g j(% 2 +Xo)
(5 .18 )

Z can  be e x p re s s e d  as R + X and X. + - — y ~ .̂s X_ and e q u a t io n  (5 .18 )  
S g g -L X>̂ +A_ o

2  o

s i m p l i f i e d  to  g iv e

2
= - j(X o+X i-X ,) * 2 /S - j ( % 2 +Xo)

R2/S+j(%2+Xo)
(5 .19 )

R a t i o n a l i s i n g  e q u a t io n  ( 5 .1 9 ) ,  e v a l u a t i n g  th e  m agn itudes  and com bining te rm s

r e s u l t s  i n  th e  e q u a t io n  o f  a  c i r c l e ,

(Rg+%l)^ + (Xg+Xl+%o) (Xg+Xj) = 0 (5 .20 )

I f  th e  r e a l  and r e a c t i v e  powers o f  t h e  i n d u c t io n  g e n e r a to r  a r e  e x p re s s e d  

as Pg and r e s p e c t i v e l y .

V
P .  + =

: *g - jXg
(5 .2 1 )

The co m b in a t io n  o f  e q u a t io n s  (5 .2 0 )  and (5 .2 1 )  (s e e  Appendix 3) show t h a t

th e  lo c u s  o f  power and v a r  o u tp u t s  o f  an i n d u c t io n  g e n e r a to r  i s  d e f in e d  as  a
R,

c i r c l e  w i th  c e n t r e  c o o r d in a t e s ,  -V
1 Ri + (X, + x^) X3

- V
2  ^o+Xi+Xg]

1 2[R^+(X^+XpX3]
and a r a d iu s

2[R2+(Xo+Xi)X3]

F ig u re  (5 .1 3 a )  shows th e  r e a c t i v e  power r e q u ire m e n t  f o r  power g e n e r a t io n  

a t  a c o n s t a n t  f re q u e n c y  o f  50Hz a t  v a r io u s  v o l t a g e s ,  w h ile  F ig .  (5 .13b )  

i l l u s t r a t e s  th e  re q u ire m e n t  f o r  a ran g e  o f  f i x e d  f r e q u e n c i e s .  The c a l c u l a t i o n s  

have been  made u s in g  th e  p a ra m e te rs  o f  th e  e x p e r im e n ta l  machine g iv e n  i n  

Appendix ( 1 ) .  In  each case  th e  upp er  i n t e r s e c t i o n  o f  th e  c i r c l e  and th e
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v e r t i c a l  o r d i n a t e  r e p r e s e n t s  synchronous speed  o p e r a t io n  and th e  low er 

i n t e r s e c t i o n  an ap p ro x im a te  s l i p  o f  The ran g e  o f  speed  o v er  which

g e n e r a t io n  i s  p o s s i b l e  can be in c r e a s e d  i f  t h e  s t a t o r  v o l t a g e  i s  i n c r e a s e d ,  

a l th o u g h  s a t u r a t i o n  may r e s u l t .  I t  can a l s o  be seen  from F ig .  (5 .13b )  

t h a t  t h i s  ran g e  d e c r e a s e s  w i th  f re q u e n c y .

From a p r a c t i c a l  p o i n t  o f  v iew , th e  r e a c t i v e  power needed  to  p e rm i t  

power g e n e r a t io n  a t  th e  h ig h  speed  end o f  t h e  g e n e r a t in g  ran g e  i s  p r o h i b i t i v e  

and a low er ran g e  l i m i t  i s  n e c e s s a r y .  I f  t h i s  l i m i t  i s  f i x e d  to  g iv e  maximum 

power a v a i l a b i l i t y ,  th e  r a d iu s  o f  t h e  s e m i c i r c l e  d e f in e s  b o th  th e  maximum 

a v a i l a b l e  power and th e  r e q u i r e d  r e a c t i v e  power f o r  u n i t y  power f a c t o r  

o p e r a t io n .  F ig .  (5 .14 )  shows t h i s  r e a c t i v e  power p l o t t e d  on a f re q u e n c y  b a s e  

t o g e t h e r  w i th  t h e  v a lu e  o f  c a p a c i t a n c e  needed f o r  c a p a c i t i v e  s e l f - e x c i t a t i o n .  

C le a r ly ,  as  i n d i c a t e d  i n  r e f e r e n c e  (3 6 ) ,  c a p a c i t i v e  s e l f - e x c i t a t i o n  i s  o n ly  

p r a c t i c a l  a t  h ig h  f r e q u e n c i e s ,  o f  which th e  400Hz a i r c r a f t  system  f re q u e n c y  

i s  i d e a l .  F ig u re s  (5 .1 3 )  and (5 .1 4 )  a r e  c o n d i t io n s  r e l a t i n g  to  a u n i t y  power 

f a c t o r  lo a d .  For a la g g in g  p o w e r - f a c to r  lo a d ,  a d d i t i o n a l  lo a d in g  r e a c t i v e  

power must be p r o v id e d .

5 .6  I n d u c t io n  g e n e r a t io n  in  th e  e x p e r im e n ta l  system

I t  has  been  seen  in  s e c t i o n  5 .5  t h a t  th e  r e a c t i v e  component o f  th e  

s t a t o r  c u r r e n t  i n  i n d u c t io n  g e n e r a t io n ,  I^ s i n  (p, can be l a r g e r  th a n  th e  i n -  

phase  component I^ cos cj). C le a r ly  a c y c l o c o n v e r t e r  e x c i t e d  in d u c t io n  

g e n e r a to r  system  i s  n o t  a p r a c t i c a l  p r o p o s i t i o n  because  th e  r e a c t i v e  power 

t r a n s m i t t e d  g iv e s  as l a r g e  a c u r r e n t  i n  th e  c y c l o c o n v e r te r  as  d i r e c t  f re q u e n c y  

c o n v e rs io n  and th e  c y c lo c o n v e r t e r  would be b e t t e r  u t i l i s e d  as  a d i r e c t  

f req u en cy  c o n v e r t e r .

However i n  a c y c l o c o n v e r t e r - i n d u c t i o n  m otor d r i v e ,  system  e f f i c i e n c i e s  

may be in c r e a s e d  c o n s id e r a b ly  by r e g e n e r a t i v e  b r a k in g .  A c o n t in u o u s  

c i r c u l a t i n g  c u r r e n t  c y c lo c o n v e r t e r  can o p e r a t e  w ith  any p hase  d is p la c e m e n t
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betw een o u tp u t  c u r r e n t  and v o l t a g e  fu n d am en ta ls  w i th o u t  g a te  p u l s e  sequence 

chan g in g ,  i f  th e  i n t e r - g r o u p  r e a c t o r  can p ro v id e  th e  energy  s t o r a g e  c a p a c i t y .  

F ig .  (5 .15 )  shows th e  m easured r e g e n e r a t i v e  powers i n  t h e  e x p e r im e n ta l  system  

a t  a s e r i e s  o f  f ix e d  speeds  w ith  v a r i a b l e  f re q u e n c y  c o n t r a s t e d  w ith  

computed r e s u l t s  o b ta in e d  from e q u a t io n  ( 5 .2 1 ) .  I t  can be s een  t h a t  th e  

range  o f  f r e q u e n c i e s  o v e r  which g e n e r a t io n  i s  p o s s i b l e  and th e  peak  

g e n e ra te d  power i n c r e a s e  w i th  m otor sp eed .  The m otor was d r iv e n  e x t e r n a l l y  

in  each c a s e .  F ig u re  (5 .1 6 )  shows s i m i l a r  r e s u l t s  f o r  f ix e d - f r e q u e n c y ,  

v a r i a b l e - s p e e d  o p e r a t io n  and F ig .  (5 .17 )  c o n t r a s t s  open- and c lo s e d - lo o p  

f ix e d  f re q u e n c y  r e s u l t s .

The e f f i c i e n c y  o f  an in d u c t io n  g e n e r a to r  can approach  90% a t  a 

speed  j u s t  above synchronous speed .  I f  s t a t o r  l o s s e s  a re  n e g l e c te d  and a l l  

power t r a n s f e r r e d  from th e  r o t o r  to  th e  s t a t o r  i s  assumed to  be a v a i l a b l e  

as o u tp u t  pow er, th e  g e n e r a to r  e f f i c i e n c y  w i l l  be ,

1 2

n = 2--------    . ( 5 . 22)
I 2  R2 ( 1 -S ) /S

and s in c e  th e  s l i p

S  ^ 0 ) - 0 ) 2

0)

0)

n = —  . (5 .23 )
^ 2

Thus th e  c lo s e d - lo o p  f re q u e n c y -s p e e d  r e l a t i o n s h i p  d e f in e d  in  

e q u a t io n  (5 .13 )  can g iv e  e f f i c i e n t  g e n e r a t io n  and th e  c y c lo c o n v e r t e r  

p ro v id e s  a r e v e r s i b l e  energy  flow f re q u e n c y  c o n v e r t e r .  I f  th e  l i m i t e d  

f req u en cy  ra n g e  o f  th e  c y c lo c o n v e r te r  can be a c c e p te d ,  a s i n g l e  e l e c t r o n i c  

f req u en cy  c o n v e r t e r  can be used  f o r  m o to r in g  and b r a k in g .  T h is  c o n t r a s t s  

fa v o u ra b ly  w i th  th e  u n i - d i r e c t i o n a l  power flow l i n k - i n v e r t e r  sy s tem . Here 

r e g e n e r a t i v e  b ra k in g  can o n ly  be ac h ie v e d  th ro u g h  a n o th e r  a n t i - p a r a l l e l  

i n v e r t e r .
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5 .7  S m a l l - s ig n a l  p e r t u r b a t i o n  model o f  th e  c lo s e d - lo o p  system

The f i n a l  s t a g e  o f  t h i s  work was t o  a t te m p t  to  i n v e s t i g a t e  th e  

s t a b i l i t y  o f  th e  c lo s e d - lo o p  e x p e r im e n ta l  system  by means o f  a s m a l l - s i g n a l  

p e r t u r b a t i o n  m odel. Such a model r e q u i r e s  a t r a n s f e r - f u n c t i o n  b lo c k

r s s ir e p r e s e n t a t i o n  o f  an i n d u c t i o n  m oto r.  De C a r l i  and Murgo have

r e p r e s e n t e d  t h e  in d u c t io n  m otor i n  th e  b lo c k  form o f  F ig .  ( 5 .1 8 ) .  Here 

to rq u e  v a r i a t i o n s  a r e  r e l a t e d  to  v a r i a t i o n s  o f  v o l t a g e ,  f re q u e n c y  and speed .

An o pen -loop  r e p r e s e n t a t i o n  i n c o r p o r a t in g  t h e  c y c lo c o n v e r te r  added to  th e  

in d u c t io n  m otor i s  shown in  F ig .  ( 5 .1 9 ) .  Here th e  t im e - c o n s t a n t s  o f  th e  

r e f e r e n c e  g e n e r a to r  f i e l d ,  ^ , and i n e r t i a ,  T^, a r e  th e  main cause  o f  tim e 

d e la y s  i n  th e  c y c lo c o n v e r te r  t r a n s f e r  f u n c t i o n .  The motor t r a n s f e r  

f u n c t i o n s ,  G^, G2  and G^ a r e  now r e p r e s e n t e d  i n  te rm s o f  th e  r o t o r - t i m e -  

c o n s ta n t ,  % 2  and th e  m otor p o l a r  moment o f  i n e r t i a ,  J  and f r i c t i o n a l  

c o n s ta n t ,  F^. Here th e  te rm , s ,  i s  th e  L ap lace  o p e r a t o r ,  and i s  th e  

a n g u la r  f re q u e n c y  o f  th e  s t a t o r  v o l t a g e  b e f o r e  d is p la c e m e n t .  I f  th e  s t a t o r  

v o l t a g e  can be c o n s id e re d  to  be p r o p o r t i o n a l  to  f re q u e n c y ,  th e  b lo c k  d iagram  

i s  g r e a t l y  s i m p l i f i e d .  Suppose a c o n t r o l  s i g n a l  AÜ i s  d e f in e d  so t h a t  as 

a r e s u l t  o f  a change in  v o l t s  p r o p o r t i o n a l  t o  f re q u e n c y ,  = K^AÜ and 

AV̂  = KgAÛ, th e  combined t r a n s f e r  f u n c t i o n  o f  Ĝ  and G2  i n  F ig .  (5 .1 8 )  can 

be d e f in e d  a s ,

1 ^ .  . (5 .24 )
e (s  + +(u^^) (s + T2 )

E qua tion  (5 .24) i s  th e  l i n e a r i s e d  t r a n s f e r - f u n c t i o n  o f  a const a n t - f l u x ,  

v a r i a b l e - s p e e d  in d u c t io n  m otor d r i v e  i n  which th e  s t a t o r  p a ra m e te r s  a r e  

n e g le c te d  and th e  s l i p  i s  n e g l i g i b l y  s m a l l ,  d e f in e d  by Rogers and P fa ff^^ ^^

C le a r ly  in  th e  c a se  o f  th e  d iv id e d -w in d in g  machine w ith  an e f f e c t i v e l y  doubled  

s t a t o r  r e s i s t a n c e ,  t h i s  i s  a d o u b t fu l  a s su m p tio n .  However th e  e x t r a  s t a t o r  

r e s i s t a n c e  may be assumed to  s im ply  a t t e n u a t e  th e  a i r - g a p  f lu x  o f  th e  motor 

w ith  no a d d i t i o n a l  phase  s h i f t .
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In  th e  e x p e r im e n ta l  sy stem , th e  c y c lo c o n v e r te r  tim e c o n s ta n t s  

a r e  n e g l i g i b l e  compared w i th  th e  i n e r t i a  c o n s ta n t  o f  th e  m o to r .  V e lo c i ty  

feedback  was im plem ented by a d . c .  ta c h o m e te r  o f  t r a n s f e r  f u n c t i o n

Aw

AV,
2 _= K2 . The ta c h o m e te r  o u tp u t  v o l t a g e  was fe d  i n t o  a feedback

CR,
a m p l i f i e r  o f  t r a n s f e r  f u n c t i o n T h is  c a p a c i t o r  C was

s + CR,

in t ro d u c e d  to  smooth o u t  th e  ta c h o m e te r  commutator r i p p l e .  Thus th e  

b lo ck  diagram  o f  th e  c lo s e d - lo o p  system  becomes t h a t  o f  F ig .  ( 5 .2 0 ) ,  

which f u r t h e r  s i m p l i f i e s  to  th e  form shown i n  F ig .  ( 5 .2 1 ) .  The p r a c t i c a l  

system  was as shown i n  F ig .  ( 5 .2 2 ) .  I t  can be seen  t h a t  i n  th e  form shown 

in  F ig .  ( 5 .2 1 ) ,  th e  l i n e a r i s e d  b lo c k  d iagram  r e p r e s e n t a t i o n  does n o t  in c lu d e  

th e  e x t e r n a l l y  co n n ec ted  s t a n d a r d  i n d u c t io n  motor o r  th e  c u r r e n t  clamp 

a m p l i f i e r .  C o n s id e r in g  th e  b lo c k  d iagram  o f  F ig .  ( 5 .2 1 ) ,  th e  o p en - lo o p  

t r a n s f e r - f u n c t i o n  can be seen  to  b e ,

% 2  c i r
G ( s ) .H ( s )  =.

p A '  + (s+Tj)
(5 .25 )

s + CR,

where i s  a c o n s t a n t ,  and th e  c l o s e d - lo o p  t r a n s f e r - f u n c t i o n  i s ,

1PA/w
A i
aO

0 0
s + CR,

K, (5 .26 )

s + CR, [PA' H s * T 2 ) ( s J * F J ]  .  P A ' w ^ ^ ^

which s i m p l i f i e s  to  th e  form o f .

PA" w
0 0 * CR.)

(5 .27 )

s + CR, + PA" w
0 0  CR,

R o o t- lo c u s  te c h n iq u e s  can be u sed  to  p ro v id e  an a c c u r a t e  s o l u t i o n  

o f  th e  system  p e rfo rm ance  and a l s o  have  th e  ad v an tag e  o f  showing th e  e x t e n t  

o f  th e  system  s t a b i l i t y .  In  th e  system  und er  c o n s i d e r a t i o n ,  th e  t r a n s i e n t
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re sp o n se  i s  o f  im p o r tan ce  r a t h e r  th a n  th e  f r e q u e n c y •r e s p o n s e ,  b eca u se  o f

th e  i n e r t i a  o f  th e  r o t o r  and th e  lo a d .

The r o o t - l o c u s  te c h n iq u e  i s  t h e r e f o r e  chosen  f o r  t h i s  a n a l y s i s .  

D e r iv a t io n  o f  th e  r o o t - l o c i  o f  th e  sy stem  i s  g iv e n  in  Appendix 4.

C o n s id e r  th e  o p en - lo o p  t r a n s f e r  f u n c t io n  o f  th e  system  g iv e n  i n

e q u a t io n  ( 5 .2 5 ) ,  r e a r r a n g e d  a s .

PA" w K
0 0  2 CR,

G (s ) .H (s )  =

J  s + CR,

(5 .2 7 )

C o n s ta n ts ,  a ,  b and d a re  now d e f in e d  as f o l lo w s .

a =
J

b =
F + A"?

2  m

and d = CR,

Then e q u a t io n  (5 .2 7 )  can be w r i t t e n  a s .

PA" Ü3 Koo 2 CR,
G (s ) .H (s )  =

A"P + J ( s  + d) [s + s a  + b]
(5 .28 )

F a c t o r i z a t i o n  o f  th e  second  te rm  i n  th e  d enom ina to r  g iv e s ,

PA' % o  ^ 2  c C

A"P + J ( s  + d) s + - a  + / ( a ^ -4 b ) s + -a  - / ( a ^ - 4 b )
(5 .2 9 )

In  th e  complex p la n e  t h i s  has th e  fo l lo w in g  p o l e s .

p o l e s ,  P^= - d , P 2 = - a  + /a ^ -4 b
' P 3  =

- a  - /a ^ -4 b
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The c lo s e d - lo o p  t r a n s f e r  f u n c t io n  o f  e q u a t io n  (5 .2 6 )  th e n  becomes, 

A9 PA' (s  + d)
(5 .30)

-  2 *
AÛ J ( s  + d) [s + s a  + b] + g

1  h
where d = ^  and S = PA' * * 0  CR[ '

To o b t a in  t h e  p o le s  and z e ro s ,  th e  den o m in a to r  o f  e q u a t io n  ( 5 .3 0 ) ,
2

J ( s + d ) ( s  +sa+b) + g = 0 ,

and so J [ s ^ + s ^ (a + d )  + s(b+da) + (db + y) ] = 0  . (5 .31 )

E q u a t io n  (5 .30).  can be e x p re s s e d  in  th e  form.

A8  PA'
J(s+ D )(s+A -jB )(s+ A + jB ) (5 .32 )

where A, B and D a r e  c o n s t a n t s . The r o o t s  o f  t h e  e q u a t io n  a r e  th e n  -D and 

-A ± jB .

The s o l u t i o n  o f  t h e  e q u a t io n  (5 .3 2 )  g iv e s  th e  v a r i a t i o n  in  speed ,  

r e l a t i v e  to  a s t e a d y - s t a t e  o p e r a t in g  p o i n t  f o r  a g iven  d i s tu r b a n c e  AÛ 

in  th e  system . F ig .  (5 .2 3 a )  shows th e  form o f  r o o t - l o c u s  f o r  e x p e r im e n ta l  

system  w ith  one i n d u c t io n  m achine. A f u l l  d e r i v a t i o n  o f  t h i s  r o o t - l o c u s  

i s  g iv en  i n  Appendix 4. T h is  system  i s  o n ly  c o n d i t i o n a l l y  s t a b l e  because  

th e  l o c i  approach  th e  im ag in a ry  a x i s  when th e  system  g a in ,  K, becomes l a r g e .

An i n h e r e n t l y  s t a b l e  system  co u ld  be formed by th e  a d d i t i o n  o f  an 

e x t r a  s te rm  i n  th e  n u m e ra to r  o f  th e  c lo s e d - lo o p  t r a n s f e r  f u n c t i o n  to  g iv e

AÜ J (s+ d ) ( s ^ + s a + b )  + g

The system  r o o t - l o c u s  w i l l  th e n  be as shown in  F ig .  (5 .23b )  w ith  a 

s t a b i l i t y  in d e p e n d e n t  o f  g a in .  However, a p r a c t i c a l  s o l u t i o n  to  th e  

problem  in v o lv e s  th e  f e e d in g  o f  th e  r e f e r e n c e  g e n e r a to r  o u tp u t  to  th e  c y c lo 

c o n v e r t e r  th ro u g h  a d i f f e r e n t i a t o r .  A p r a c t i c a l  d i f f e r e n t i a t o r  b u i l t  a round 

an o p e r a t i o n a l  a m p l i f i e r  must i n c o r p o r a t e  a ( 1 +s) te rm  in  th e  num era to r
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o f  e q u a t io n  ( 5 .3 2 ) ,  a l s o  i n c o r p o r a t i n g  a  p h a s e - s h i f t .  The p rob lem  i s  n o t  th e n  

th e  i n h e r e n t l y  s t a b l e  system  o f  F ig .  ( 5 . 23b ) .  A d i f f e r e n t i a t o r  o p e r a t in g  on 

d i g i t a l  p r i n c i p l e s  m igh t p r o v id e  a b e t t e r  s o l u t i o n .

In  p r a c t i c e ,  th e  c lo s e d - lo o p  system  o p e r a t e d  s t a b l y  w ith  medium 

to  low g a in .  In  p r a c t i c e ,  i t  i s  p r e f e r a b l e  to  o p e r a t e  w ith  a l a r g e  

g e n e r a te d  r e f e r e n c e  v o l t a g e  so t h a t  t h e  loop g a in  can be r e d u c e d .  T h is  

means o p e r a t i o n  a t  h ig h  r e f e r e n c e  g e n e r a to r  f i e l d  c u r r e n t s .

T h is  s m a l l - s i g n a l  p e r t u r b a t i o n  s tu d y  has shown t h a t  s t a b l e ,  

s m a l l - s l i p  o p e r a t i o n  i n  a system  h av in g  n e g l i g i b l e  s t a t o r  r e s i s t a n c e  i s  

p o s s i b l e .  Up to  now s i n g l e  machine o p e r a t io n  has  been  c o n s id e r e d ,  b u t  

i f  t h e  two c o n d i t io n s  can be s a t i s f i e d  f o r  th e  m u l t i -m a c h in e  sy s tem  o f  

F ig .  ( 5 .2 4 ) ,  m u l t i -m a c h in e  s t a b i l i t y  may be p o s s i b l e .  Here th e  second 

machine o p e r a t e s  a t  th e  v o l t a g e  n e c e s s a r y  to  m a in ta in  c o n s ta n t  a i r - g a p  

f l u x  in  th e  f i r s t  m achine. T h is  means t h a t  th e  r o t o r  o f  th e  d iv id e d  

w ind ing  m achine i s  n o t  a f f e c t e d  by th e  lo a d in g  o f  th e  s t a n d a r d  in d u c t io n  

m otor.  The s t a n d a r d  in d u c t io n  m otor i s  c o n s t r a i n e d  by th e  feedback  loop 

o f  th e  f i r s t  machine to  o p e r a t e  as i f  i t  were c o n n ec ted  to  a " h a rd "  

lo w -f re q u e n c y  su p p ly .  I t  th e n  o p e r a t e s  u n d e r  open - lo o p  c o n d i t io n s  

s u b j e c t  to  th e  s t a b i l i t y  c r i t e r i a  d i s c u s s e d  in  C h ap te r  2. To a c h ie v e  t h i s  

ty p e  o f  o p e r a t i o n  c o m p le te ly ,  th e  s t a t o r  o f  th e  d iv id e d -w in d in g ,  i n t e r 

group r e a c t o r  m achine m ight be o p e r a te d  u n d e r  c ry o g e n ic  c o n d i t i o n s .

5 . 8  C y c lo c o n v e r te r - d iv id e d  w ind ing  system  re sp o n se

The f u l l  p o t e n t i a l  o f  th e  d iv id e d  w inding  system  can be seen  

when i t s  p e rfo rm an ce  i s  c o n t r a s t e d  w ith  t h e  perfo rm an ce  o f  th e  same 

machine w ith  a s t a n d a r d  w inding  o p e r a t in g  w ith  th e  same c y c lo c o n v e r t e r  

i n  th e  c i r c u l a t i n g - c u r r e n t - f r e e  mode. F ig s .  (5 .25a )  and (5 .25b) c o n t r a s t  

th e  re sp o n se  in  each system  to  a s te a d y  i n c r e a s e  o f  to r q u e .  S t a b i l i t y  

can be a c h ie v e d  in  th e  d iv id e d  w ind ing  system  w ith  doub le  th e  r a t e  o f  

to rq u e  i n c r e a s e .
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F ig u re  (5 .2 6 a )  shows t h a t  a 100% s te p  to rq u e  i n c r e a s e  in  th e  

c i r c u l a t i n g  c u r r e n t  f r e e  system  cau ses  o s c i l l a t i o n  and e v e n tu a l  p u l l - o u t  

due to  a c u r r e n t  r e q u ire m e n t  i n  e x c e ss  o f  th e  clam ping  l e v e l ,  w h ile  

F ig .  ( 5 . 26b) shows t h a t  th e  d iv id e d  w ind ing  system  can a c c e p t  200% s te p  

to rq u e  i n c r e a s e s  and s t i l l  o p e r a t e  s t a b l y .

5. 9 C o n c lu s io n s  from C h ap te r  5

The p e rfo rm an ce  o f  a s i n g l e  and a two-machine system  has  been 

i n v e s t i g a t e d .  T h is  p e rfo rm ance  has  been a t t a i n e d  a t  th e  expense  o f  poor 

u t i l i s a t i o n  o f  co p p er  and lo s s  o f  system  e f f i c i e n c y  in  t h e  s in g le -m a c h in e  

system . An improvement in  u t i l i s a t i o n  and e f f i c i e n c y  can be seen  in  th e  

tw o-m achine sy s tem .

R e g e n e ra t iv e  b r a k in g  can be ac h ie v e d  w ith o u t  m o d i f i c a t io n  to  

th e  t h y r i s t o r  g a te  c i r c u i t s  b eca u se  th e  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  

c y c l o c o n v e r t e r  can o p e r a t e  w i th  n a t u r a l  commutation u n d e r  le a d in g  power 

f a c t o r  c o n d i t i o n s .

I t  has  been  shown t h a t  r e g e n e r a t i v e  b r a k in g  i s  t o  be p r e f e r r e d

i n  a sy stem  o p e r a t in g  w i th  a  r a p i d l y  r e p e a te d  d u ty  c y c le  such  as a c rane

o r  a h o i s t .  However, i n d u c t io n  g e n e r a t io n  imposes s e v e re  r e a c t i v e  power

demands on t h e  c y c lo c o n v e r t e r .  A lthough th e  c o n t i n u o u s - c i r c u l a t i n g  c u r r e n t  

c y c l o c o n v e r te r  i s  n a t u r a l l y  r e v e r s i b l e  in  energy  f low , sm a l l  s l i p  o p e r a t io n  

i s  v i t a l  i n  b r a k in g  i f  th e  r e a c t i v e  power demand i s  to  be t o l e r a b l e .  The 

c l o s e d - lo o p  system  meets t h i s  r e q u ire m e n t  i n  b ra k in g  as w e l l  as  a c c e l e r a t i o n  

A q u a l i t a t i v e  s t a b i l i t y  s tu d y  has  shown t h a t  th e  c lo s e d - lo o p  

system  can o p e r a t e  s t a b l y  i f  s m a l l - s l i p  o p e r a t io n  i s  m a in ta in e d  and th e  

s t a t o r  impedance i s  s m a l l .  I t  has  been shown t h a t  a d i f f e r e n t i a t o r  in  

th e  r e f e r e n c e  g e n e r a to r  c i r c u i t  may improve s t a b i l i t y .



90,

CHAPTER 6

G enera l C onc lu s io n s

I t  has  been  shown t h a t  an i n d u c t io n  m otor can o p e r a t e  s t a b l y  

on a s i n u s o i d a l  su p p ly  a t  f r e q u e n c ie s  l e s s  th a n  5Hz. A wide ra n g e  

o f  speeds  can t h e r e f o r e  be  in c o r p o r a te d  i n t o  an i n d u c t io n  motor 

d r iv e  w i th o u t  th e  need f o r  a r e d u c t io n  g e a r .  P a ram e te r  v a r i a t i o n  

w ith  f re q u e n c y  i s  i n s i g n i f i c a n t ,  b u t  th e  r e d u c t io n  in  a i r - g a p  f l u x  

due to  th e  s t a t o r  r e s i s t a n c e  i s  s i g n i f i c a n t  a t  low f r e q u e n c i e s .

C lo se d - lo o p  s t a t o r  v o l t a g e  c o n t r o l  t o  m a in ta in  c o n s t a n t  a i r - g a p  f lu x  

i s  d e s i r a b l e  in  a c o n s t a n t - t o r q u e ,  v a r i a b l e - s p e e d  d r i v e .  At low 

f r e q u e n c i e s ,  t h e  m a g n e t is in g  c u r r e n t  forms an i n c r e a s i n g  p a r t  o f  th e  

t o t a l  i n p u t  c u r r e n t  and th e  motor e f f i c i e n c y  i s  g r e a t l y  re d u c e d .  T h is  

has l i t t l e  e f f e c t  on o p en - lo o p  s t a b i l i t y .

The o p e r a t i o n  o f  an in d u c t io n  motor w ith  i t s  s t a t o r  t e r m in a l s  

connec ted  to  n o n - s in u s o id a l  su p p ly  has  been  i n v e s t i g a t e d .  I t  was found t h a t  

a  v a r i a b l e - f r e q u e n c y  so u rce  to  be u sed  i n  an in d u c t io n  m otor d r i v e  must 

be f r e e  o f  su b -ha rm on ic s  and t r i p l e n s  i f  "cogg ing"  i s  to  be a v o id e d .

The main e f f e c t  o f  h ig h e r  o r d e r  harm onics  i s  to  re d u c e  e f f i c i e n c y .

The i n t e r - g r o u p  r e a c t o r  needed to  m a in ta in  co n t in u o u s  c i r c u l a t i n g  

c u r r e n t  i n  a c y c lo c o n v e r te r  has  been  r e p la c e d  by th e  s t a t o r  o f  an 

in d u c t io n  m o to r .  T h is  m otor th e n  p ro d u ces  to rq u e  and m a in ta in s  c o n t in u o u s  

c i r c u l a t i n g  c u r r e n t  i n  th e  c y c lo c o n v e r t e r  g iv in g  a s i g n i f i c a n t  r e d u c t io n  

i n  harm onics  compared w ith  c o n v e n t io n a l  c i r c u l a t i n g - c u r r e n t - f r e e  o p e r a t io n .  

Two s t a t o r  l a y e r s  a r e  wound i d e n t i c a l l y  as  b a la n c e d  3 -p h ase  w in d in g s .

They a r e  m a g n e t i c a l l y  c o u p led ,  b u t  e l e c t r i c a l l y  s e p a r a t e .  Line to  l i n e  

s h o r t - c i r c u i t  f a u l t s  in  th e  c y c lo c o n v e r te r  a r e  p r e v e n te d  and th e  u s u a l  

r o t a t i n g  f i e l d  i s  s e t  up i n  th e  machine a i r - g a p .
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The most s i g n i f i c a n t  p a r t  o f  t h i s  work i s  th e  d e s ig n  

and c o n s t r u c t i o n  o f  an e x p e r im e n ta l  system  to  v e r i f y  th e  p r o p o s a l .

Two e l e c t r o n i c  feedback  s e rv o - lo o p s  have been  in c o r p o r a te d  f o r  speed  

c o n t r o l  and c u r r e n t  c lam ping .

A c o n t r o l  system  i n c o r p o r a t i n g  one d iv id e d -w in d in g  machine 

makes po o r  u s e  o f  t h e  copper  i n  th e  m achine, a l th o u g h  th e  o t h e r  

ad v an tag es  may be s i g n i f i c a n t .  In  th e  e x p e r im e n ta l  system , s t a n d a r d  

s q u i r r e l - c a g e  m achines have been  added to  p roduce  a m u l t i -m a c h in e  

d r i v e .  B e t t e r  u t i l i s a t i o n  and o v e r a l l  e f f i c i e n c y  r e s u l t .  The 

p e rfo rm ance  o f  s i n g l e  and two-m achine system s have been  i n v e s t i g a t e d .

R e g e n e ra t iv e  b r a k in g  can be a c h ie v e d  w ith o u t  m o d i f i c a t io n  

to  th e  t h y r i s t o r  g a t e  c i r c u i t s  b e c a u se  th e  c o n t i n u o u s - c i r c u l a t i n g - c u r r e n t  

c y c l o c o n v e r te r  can o p e r a t e  w ith  n a t u r a l  com mutation u n d e r  l e a d in g  power 

f a c t o r  c o n d i t i o n s .  A lthough t h e  c o n t i n u o u s - c i r c u l a t i n g - c u r r e n t  

c y c lo c o n v e r t e r  i s  n a t u r a l l y  r e v e r s i b l e  i n  energy  f low , sm all  s l i p  o p e r a t i o n  

i s  v i t a l  i n  b r a k in g  i f  th e  r e a c t i v e  power demand i s  to  be t o l e r a b l e .

The c lo s e d  loop  system  m eets  t h i s  re q u ire m e n t  i n  b r a k in g  as  w e ll  as 

a c c e l e r a t i o n .

The c lo s e d - lo o p  system  can o p e r a t e  s t a b l y  i f  s m a l l - s l i p  

o p e r a t io n  i s  m a in ta in e d  and th e  s t a t o r  impedance i s  s m a l l .  A d i f f e r e n t i a t o r  

in  th e  r e f e r e n c e  g e n e r a to r  c i r c u i t  may improve s t a b i l i t y .
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CHAPTER 7 

S u g g e s t io n s  f o r  F u tu re  Work

The ad v an tag es  o f  th e  c y c l o c o n v e r t e r - i n d u c t i o n  m otor d r iv e  

w i th  e l e c t r i c a l l y - s e p a r a t e ,  m a g n e t ic a l ly - c o u p le d  t h y r i s t o r  group 

c i r c u i t s  has  been  c l e a r l y  d e m o n s tra te d  i n  t h i s  work. To deve lop  t h i s  

system  i n t o  a  more econom ical i n d u s t r i a l  d r i v e ,  f u r t h e r  work to  

im prove i t s  p e rfo rm a n ce  and u t i l i t y  sh o u ld  be a t te m p te d .  S u g g e s t io n s  

t h a t  may a c h ie v e  t h i s  a r e  as  fo l lo w s

a) A p r e f e r r e d  machine c o m b in a tio n  may c o n s i s t  o f  th e  d iv id e d -  

w ind ing  m achine and th e  s t a n d a r d  machine o p e r a t in g  w ith  a common s h a f t .

In  t h i s  c a s e  t o r q u e - s h a r i n g  and c lo s e d - lo o p  c o n t r o l  a r e  a c h ie v e d  and s in c e  

b o th  m achines have s q u i r r e l - c a g e  r o t o r s ,  th e  co m b in a tio n  w i l l  be c h e a p e r  

th a n  a ca sca d ed  s l i p - r i n g  co m b in a tio n  o f  s i m i l a r  s i z e .

b) From th e  i n v e s t i g a t i o n s  c a r r i e d  o u t  i n  t h i s  work, i t  has  been  shown

t h a t  s t a t o r  r e s i s t a n c e  e f f e c t  becomes s i g n i f i c a n t  i n  u s in g  th e  d iv id e d -  

w inding  m achine as  i n t e r - g r o u p  r e a c t o r .  T h is  w i l l  i n c r e a s e  th e  o v e r a l l  

co p p e r  l o s s  and d i s s i p a t e  more h e a t  i n  th e  w ind ings  making e x t r a  c o o l in g  

n e c e s s a r y .  A m achine o p e r a t i n g  w ith  a c ry o g e n ic  s t a t o r  w ind ing  c o u ld  be 

u sed  i n  a l a r g e  d iv id e d -w in d in g  machine ( e . g .  1000 HP), s in c e  a t  c ry o g e n ic  

te m p e ra tu r e s  t h e r e  w i l l  be no s i g n i f i c a n t  s t a t o r  r e s i s t a n c e .

S e v e ra l  s ta n d a r d  machines can th e n  o p e r a t e  from t h i s  common

" r e a c t o r "  w i th  th e  c y c lo c o n v e r t e r  m a in ta in e d  i n  th e  c o n t in u o u s  c i r c u l a t i n g

c u r r e n t  mode o f  o p e r a t i o n .
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c) The e x p e r im e n ta l  l a b o r a t o r y  machine u sed  as a d iv id e d -w in d in g

m achine i s  i n e f f i c i e n t  due to  th e  ty p e  o f  gramm e-ring w inding  u s e d  which 

g iv e s  a l a r g e  copper  l o s s .  The n a t u r e  o f  th e  c o n s t r u c t i o n  u sed  l i m i t s  

th e  number o f  s t a t o r  s l o t s  which im p a ir s  th e  a i r - g a p  f l u x  waveform. 

B e t t e r  r e s u l t s  would be o b ta in e d  i f  a com mercial in d u c t io n  m otor 

s t a t o r  was m o d if ie d  to  a c t  as th e  r e a c t o r  m achine.
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CHAPTER 10

Appendix 1 

D e te rm in a t io n  o f  machine p a ra m e te rs

The machine p a ra m e te r s  were d e te rm in e d  from a s e r i e s  o f  lo c k e d -  

r o t o r  and r u n n i n g - l i g h t  t e s t s  c a r r i e d  o u t  o v e r  a ran g e  o f  f r e q u e n c ie s  from 

5 t o  50Hz. A v a r i a b l e - f r e q u e n c y  a l t e r n a t o r  d r iv e n  by  a d . c .  s h u n t  m o to r ,  

th e  speed  o f  which i s  c o n t r o l l e d  by h a l f - c o n t r o l l e d  t h y r i s t o r  b r id g e ,  shown 

in  F ig .  ( 2 . 5  ) p ro v id e d  th e  t h r e e - p h a s e  i n d u c t io n  m otor su p p ly .  The 

machine u s e d  as t h e  main e x p e r im e n ta l  in d u c t io n  m otor was a Mawdsley 

E d u c a t io n a l  I n d u c t io n  Motor w ith  a  2 -p o le  double  l a y e r  s t a t o r  w ind ing  and 

a s q u i r r e l - c a g e  r o t o r .  A f u r t h e r  4 - p o le ,  3 -phase  Y -co n n ec ted ,  3 h . p . ,

200V, 9.5A s q u i r r e l - c a g e  machine was u sed  f o r  th e  m u l t i -m a c h in e  system  

o f  C h a p te r  4.

F ig u re s  (2 .15 )  and (2 .1 2 )  shows th e  m easured v a lu e s  o b ta in e d

by a l o c k e d - r o t o r  t e s t  and a  r u n n i n g - l i g h t  t e s t ,  o f  t o t a l  e f f e c t i v e

w ind ing  r e s i s t a n c e ,  R^, t o t a l  e f f e c t i v e  r e a c t a n c e ,  X^, m a g n e t is in g  r e a c t a n c e ,

X , and i r o n  lo s s  r e s i s t a n c e ,  R , w i th  a l l  v a lu e s  r e f e r r e d  in  s t a t o r  te rm s ,  o o

The v a lu e  o f  s t a t o r  r e s i s t a n c e  was m easured on a W heatstone B r id g e .  The 

r o t o r  r e s i s t a n c e  p e r  phase  r e f e r r e d  in  s t a t o r  te rm s was th e n  o b ta in e d  as 

R2  = Rg -R^.

I t  was assumed t h a t  th e  v a lu e s  o f  s t a t o r  and r o t o r  le akage

r e a c t a n c e  r e f e r r e d  to  th e  s t a t o r  a r e  e q u a l .  In  a s q u i r r e l  cage m achine,

th e  s t a t o r  to  r o t o r  tu r n s  r a t i o  i s  an a r b i t r a r y  c o n s t a n t ,  ta k e n  f o r  co n v en ien ce  

as u n i t .

I t  can be s een  from F ig .  (2 .15 )  t h a t  th e  v a lu e  o f

v a r i e s  w i th  f re q u e n c y .  The s t a t o r  t o  r o t o r  m utual in d u c ta n c e
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L = _o_ , where X i s  th e  v a lu e  d e te rm in e d  by e x p e r im en t f o r  one phase
(i)

a t  50Hz. The s t a t o r  and r o t o r  le a k a g e  in d u c ta n c e s ,  = &2 " 2w * where 

X  ̂ i s  t h e  v a lu e  d e te rm in e d  by ex p e r im en t  f o r  one p h ase  a t  50Hz. The 50Hz

v a lu e s  f o r th e  two machines u sed a r e :

E d u c a t io n a l S ta n d a rd  s q u i r r e l -
I n d u c t io n  Machine cage Machine

0.55Ü
? 1

0 .5 8 0

R2 1 .070
^ 2

0.450

Xi = X2 0 .590 x,=x_ 0 . 1 2 0

4 = 4 O.IOIH 1  2

0

31 Ü 

0.988H 4 15 0

A ll v a lu e s  g iven  a r e  r e f e r r e d  to  th e  s t a t o r .

D iv ided  w ind ing  machine p a ra m e te r s  were o b ta in e d  by s i m i l a r  

t e s t s ,  b u t  t h e  s t a t o r  w ind ings  o f  th e  machine were s e p a r a t e d  e l e c t r i c a l l y  

and co u p led  m a g n e t i c a l ly  as shown in  F ig .  ( A . l ) .  The p a ra m e te r s  v a lu e s  

a t  50Hz a r e :

E l e c t r i c a l l y  s e p a r a t e  s t a t o r  
w in d in g s .  E d u c a t io n a l  Machine

4 1 . 1  0

4 1.07  0

X =x 0.59 0

4 = 4 O.IOIH

4 31 0
L 0.0988H

0
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Appendix 2

S t a b i l i t y  dependence on s l i p  a n a l y s i s

From th e  e q u iv a le n t  c i r c u i t  o f  F ig .  (2 .1 )  th e  im pedance p e r

p h ase  i s  g iv e n  by th e  e q u a t io n ,

Z = + jwL; + jwL, R V ( L
2  r  0  2

I ?  mPw
T = —  ------- î - ^ - = ------------ j  , m  . (A2.2)

'  [R; + jWrCLo + L , ) ]

The s te a d y  s t a t e  can be d e f in e d  as f o l lo w s ;

L et power P, = c o n s t a n t ,  where

P = VR^I , w a t t s  , (A2.3)

where V and I a r e  rms q u a n t i t i e s .  Then,

. ( . . . )
dV 2

Or, dV .  P o

E q u a t io n  (A2.4) r e p r e s e n t s  t h e  sm all  s i g n a l  in p h a se  a d m it ta n c e ,  and

ReldZl = â f p r f ï T  (A.25)

These e q u a t io n s  show t h a t  th e  s t e a d y - s t a t e  power, r e l a t i o n s h i p  r e q u i r e s  

th e  sm a l l  s i g n a l  in p h a se  a d m it ta n c e  o r  impedance o f  th e  machine to  be 

n e g a t i v e .
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E q u a t io n s  (A2.1) and k l . 2) were u sed  by Bowler to

p ro v id e  th e  s t e a d y - s t a t e  s t a b i l i t y  c r i t e r i o n  which was a c h ie v e d  as 

f o l lo w s ;

S in ce  th e  v o l t a g e  to  c u r r e n t  r e l a t i o n  in  e q u a t io n  (A2.1) i s  a f u n c t i o n  

o f  t h r e e  v a r i a b l e s ,

dV = d l  + do) + dw , V . (A2.6)di dw r  dwr
gV

Z = a t  any o p e r a t in g  p o i n t  and f o r  sm all  changes o f  s l i p .

3V = 8 IZ . Then,

dV = Zdl + I - I ? -  dw. + I -P- dw, V . (A2.7)
0Ü) i  oiùr

S im i l a r l y ,
3T 3T

^ 4  = a f  * s i r  • (* 2 . 8 )
r

Now c o n s id e r in g  w to  be c o n s t a n t ,

dV = Ir 41 + V -
r

At t h i s  s t e a d y - s t a t e  o p e r a t in g  p o i n t  th e  to rq u e  v a r i a t i o n  was assumed to  be 

zero as to rq u e  v a r i a t i o n  i s  one o f  th e  two v a r i a b l e s  which d e te rm in e s  th e  

s t e a d y - s t a t e .  The second te rm  in  e q u a t io n  (A 2 .8 ) ,  th e  sp eed ,  must th e n  

con firm  to  th e  bound o f  s t a b i l i t y  a c c o rd in g  to  th e  s ig n  o f  R |̂dz|. Thus 

w ith  dT = 0 we have from e q u a t io n  (A 2 .8 ) ,

3T 3T
dair = - d l  g f  • 3 ^  , r a d / s e c .

r

S o lv in g  e q u a t io n s  (A2.7) and (A2.8) r e s u l t s  i n .

3T^ 3T^
 ̂ ITT aT TIT ' " • (*2.10)

r  r
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From e q u a t io n s  (A2.1) and (A2.2) th e  p a r t i a l  d e r i v a t i o n  i s ,  

3Z
(Rg+jw AL^)2

4where A = 1 + -z—
o

2
3T 2ImPü) L R.,
W  = L  ' . 2  > (A2 . 1 1 )

(R2 +jw^ALo)

3T 9T e e
n   ̂ T~ (A2.12)

3T 3T R_-jw AL
37 = - = ‘ 1 7 5 ^ -  (*2 .13 )

r  2  r  o

S u b s t i t u t i n g  e q u a t io n s  (A 2 .11 ) ,  (A2.12) and (A2.13) i n  (A2.10) g iv e s ,

dZ = R l  * i w L l  * R, * 5  j w ' ( L  + L , )  ' "  ■ ( * 2 - 1 4 )
2   ̂ r  0  2 '

I n v e r t i n g  e q u a t io n  (A2.14) g iv e s  th e  sm a l l  s i g n a l  a d m it ta n c e ,

R2  - jw^AL^ ^
" ( R j - j o i / y  CRj+jioL^) + jwL^CRz-jw L^) • (A2.15)

The r e a l  p a r t  o f  t h i s  e q u a t io n  i s  :

R,R2+R,(fl2sL (AL.+L.) - SA(R,B-R,SA)

4  = — - Y 2------- T 2 --------^ - V  .[R^Rg+w SL^CAL +L2)] + w irCRgB-R SA)

4
where B = 1 + ;— .

o
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Appendix 5

D e r iv a t io n  o f  th e  c e n t r e  c o - o r d in a t e s  and r a d iu s  o f  th e  power and v a r

l i m i t  c i r c l e

The in d u c t io n  g e n e r a to r  l i m i t  c i r c l e  i s  d e f in e d  i n  e q u a t io n  (5 .20 )

a s .

(Rg+Ri) + 1  • (5 . 20)

(X + X, + X )
The a d d i t i o n  o f  —  ------- ;-----------

te rm s g iv e s .

g 2

to  b o th  s id e s  w ith  a  t r a n s p o s i t i o n  o f

2x,+x^+x_
= V V  '  — — (A3.1)

A c i r c u l a r  impedance lo c u s  can now be d e f in e d  w ith  c e n t r e  c o - o r d i n a t e s ,

(4 *4 *4 ) . (4 *4 - 4 )
- R ^ ; ---------- 2 -----  and r a d iu s   2 ---- •

E q u a t io n  (A3.1) can now be used  t o  in t r o d u c e  power and v a r  te rm s as 

V?

4  " 14  " Rg-jXg '

and th e n ,  ^

(A3.2)

(A3.2)

and X = 
g

(A3.3)

I f  e q u a t io n s  (A3.2) and (A3.3) a r e  s u b s t i t u t e d  i n t o  e q u a t io n  (A 3 .1 ) ,  th e  

l i m i t  c i r c l e  e q u a t io n  becomes.
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—12

4 * 4 = 0 (A3.4)

Equation (A3.4) expands to give.

g g g g g g

(A3.5)

2 2The terms o f equation (A3.5) are m ultiplied by and divided by

+ (X̂  + X̂ ) X̂ , giving.

p .  ' k
2

q  , '^^4*4*4> '"î [4*4 -4 ]'
g R2+(X;+X,)X3 8 2 { r2. (X^.X^)X3) 4 [ r2+CX^+X^)X3]2

(A3.6)

Hence from equation (A3.6) the lim it c ir c le  has centre co-ordinates.

v 2 Ri 4  [4 *4 *4 ]

4 *  (4 *4 ) 4 2 [Ri + (Xo+X;)X3 ]
and a radius. 4  [4 *4 - 4 ]

2 [R^-CX^*XpX 3 ]
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Appendix 4 

D e r iv a t io n  o f  th e  system  r o o t - l o c i

The r o o t  lo c u s  i s  a g raph  o f  th e  r o o t s  o f  th e  c h a r a c t e r i s t i c

e q u a t io n  o f  a  c lo s e d - lo o p  system  as a f u n c t i o n  o f  th e  g a i n .  I t  i s  a r e l a t i v e l y  

easy  method o f  d e te rm in in g  g r a p h i c a l l y  th e  e f f e c t  o f  loop  g a in  a d ju s tm e n t  

in  th e  system .

Suppose a s im p le  c l o s e d - lo o p  c o n t r o l  system  has  a  fo rw ard

t r a n s f e r  f u n c t i o n ,  G (s ) ,  and a feedback  t r a n s f e r  f u n c t i o n ,  H ( s ) . For

n o n -u n i ty  fe e d b a c k ,  th e  open- and c lo s e d - lo o p  t r a n s f e r  f u n c t i o n s  o f  th e  system

G fs')
w i l l  be g iven  by G (s )H (s ) ,  and i ' + G (s)H (s) * r e s p e c t i v e l y .  The system

re s p o n s e  i s  d e te rm in e d  by th e  r o o t s  o f  th e  c h a r a c t e r i s t i c  e q u a t io n ,

1 + G(s)HCs) = 0. The r o o t - l o c u s  te c h n iq u e  i s  b ased  on t h e  f a c t  t h a t  th e

p o le s  ( th e  r o o t s  o f  t h e  c h a r a c t e r i s t i c  e q u a t io n )  o f  th e  c l o s e d - lo o p

t r a n s f e r - f u n c t i o n  a re  r e l a t e d  to  th e  p o le s  and ze ros  o f  t h e  o p e n - lo o p  

t r a n s f e r - f u n c t i o n  and th e  g a in .

C o n s id e r  th e  o p en - lo o p  t r a n s f e r  f u n c t i o n  o f  th e  c y c l o c o n v e r t e r -  

in d u c t io n  motor d r iv e  r e p r e s e n t e d  by F ig .  ( 5 .1 8 ) ,  th e n

PA'’ i)„„K, ; 4 -
GCs)H(s) = ---------------------------------------------------------  (A4.1)

J ( s + d ) [ s  +sa+b]

The f a c t o r i s a t i o n  o f  th e  second te rm  in  th e  denom ina to r  g iv e s ,

à r
G (s)H (s) = ------------------------------------- -------------------------------------------- . (A4.2)

J (s+ d ) -a + /a ^ -4 b  - a - / a ^ - 4 b

In  th e  complex p l a n e ,  e q u a t io n  (A4.2) has th e  fo l lo w in g  p o le s  and z e ro s ;

. j  - a ± /a ^ -4 bp o le s ;  s = -d  ; s = -------=-------

ze ro s ;  s = 0 .
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These p o le s  and ze ro s  a r e  shown on th e  a rg an d  d iagram  o f  F ig .  ( 5 .2 3 ) .

They d e te rm in e  th e  r o o t s  o f  th e  c h a r a c t e r i s t i c  e q u a t io n  and o f  th e

c lo s e d - lo o p  system  d e f in e d  by 1 + G (s)H (s)  = 0 . The lo c u s  t h a t

d e s c r ib e s  th e  r o o t s  o f  th e  c lo s e d - lo o p  c h a r a c t e r i s t i c  e q u a t io n  can

be o b ta in e d  by any one o f  a number o f  m ethods. In  t h i s  work th e  g e n e ra l

(42)n a t u r e  o f  th e  lo c u s  has  been  d e te rm in e d  by a s t a n d a r d  t e x t  method .

The r u l e s  o f  th e  method a r e  as fo l lo w s ;

(a) The number o f  b ra n c h e s  o f  th e  r o o t - l o c u s  i s  e q u a l  to  th e

number o f  p o le s  o f  t h e  o p en - lo o p  t r a n s f e r - f u n c t i o n .  T h is  system  has

t h r e e  b r a n c h e s .

(b) A p o i n t  on t h e  r e a l  a x i s  l i e s  on th e  lo cu s  i f  t h e  t o t a l  

number o f  p o le s  and ze ro s  to  th e  r i g h t  o f  th e  p o i n t  on th e  r e a l  a x i s  i s  

odd. There i s  a r e a l  a x i s  lo c u s  betw een th e  r e a l  p o le  a n d - th e  r e a l  z e ro .

(c) The lo c u s  s t a r t i n g  p o i n t s  a t  a g a in  o f  0 a re  a t  th e  open-

loop p o le s  and th e  lo c u s  en d in g  p o i n t s  a t  a g a in  o f  « a r e  a t  th e  o p en - lo o p

ze ro  and i n f i n i t y .  T h is  c o m p le te ly  d e te rm in e s  th e  r e a l  a x i s  b ran ch  o f  t h e  

lo c u s .  S in ce  t h e r e  i s  o n ly  one z e ro ,  th e  lo c u s  end p o i n t s  f o r  th e  b ranch  

which s t a r t  a t  th e  complex p o le s  must be a t  i n f i n i t y .

(d) The a n g le  which th e  a sym pto tes  o f  th e  r o o t  lo c u s  make 

w i th  th e  r e a l  a x i s  i s  g iv e n  by;

( 1 + 2 K) 180°
X = number o f  p o le s  o f  G (s)H (s) - number o f  ze ro s  o f  G (s)H (s)

(A4.3)

For th e  system  un d er  c o n s i d e r a t i o n

X = = (1+2K) 90° .

Hence, f o r  K = 0, X = + 90°

K = ± 1, X = + 270°, -90°

K = ± 2, X = + 450°, -2 7 0 ° ,  and

th e  asym pto tes  make an an g le  o f  ±90° w i th  th e  r e a l  a x i s .
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(e) The r e a l  a x i s  i n t e r c e p t  o f  th e  asym pto tes  i s  g iv e n  by.

(Turn o f  the real part si |Ti
[of a l l  poles _J [joj

sum o f  the real parts 
o f  a l l  zeros

e ~ [number o f  p o le s ]  - [number o f  ze ro s ]

f o r  th e  system  u n d e r  c o n s i d e r a t i o n ,

4 '  '  d . a
4 =  — --------------   •

( f )  The a n g le s  by which th e  lo c u s  d e p a r t s  from th e  complex 

p o le s  and ze ros  i s  g iv e n  by,

ĝQO _[a11 the angles o f  the vectors from a l l  the other!
" [p o le s  and ze ro s  t o  th e  p o le  o r  ze ro  in  q u e s t i o n  |

In  th e  system  u n d e r  c o n s i d e r a t i o n  th e  app rox im ate  a n g le  o f  

d e p a r tu r e  i s  i n d i c a t e d .  T h is  i s  s u f f i c i e n t  to  o b t a i n  th e  r o o t - l o c u s  

s k e tc h e s  g iv e n  i n  F ig .  ( 5 .2 3 ) .  The e x a c t  l o c a t i o n  o f  th e  lo c u s  would 

have to  be o b ta in e d  by a n u m e rica l  s o l u t i o n .  However, th e  r o o t - l o c u s  

s k e tc h e s  g iv e  a u s e f u l  q u a l i t a t i v e  a n a l y s i s  o f  th e  system .



110.

Appendix 5

Fig. A.2 Side view of cycloconverter and machines

Left to figh t torque and speed recording pen recorder, 

divided winding machine coupled to d.c.  load machine (under bench), 

cycloconverter (at rear), torque transducer (on bench), Ward-Leonard 

loading machine, standard induction machine (rear fro n t).
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ABSTRACT

The c y c l o c o n v e r t e r  as  a d i r e c t  f re q u e n c y  c o n v e r t e r  w i th o u t  a 

l i n k  i s  w e ll  known as  a  power a m p l i f i e r  i n  low speed  a . c .  d r i v e s .

I f  c o n t in u o u s  c i r c u l a t i n g  c u r r e n t  o p e r a t io n  can be m a in ta in e d ,  r e v e r s i b l e  

ene rgy  f low  and r e g e n e r a t i v e  b r a k in g  can be a c h ie v e d  in  an in d u c t io n  

m otor d r iv e  w i th o u t  a  change i n  t h e  g a t e  p u l s e  seq u en ce .  C ontinuous 

c i r c u l a t i n g  c u r r e n t  o p e r a t io n  a l s o  re d u c e s  t h e  o u tp u t  harm onic  c o n te n t  

o f  th e  c y c lo c o n v e r t e r  and i n c r e a s e s  t h e  speed  range  o f  t h e  d r i v e .

T h is  d i s s e r t a t i o n  d e s c r ib e s  t h e  u se  o f  an i n d u c t io n  m otor 

s t a t o r  as  an i n t e r - g r o u p  r e a c t o r  m a in ta in in g  c o n t in u o u s  c i r c u l a t i n g  

c u r r e n t  i n  th e  c y c l o c o n v e r t e r .  The same s t a t o r  w ind ing  s e t s  up th e  

c o n v e n t io n a l  r o t a t i n g  a i r  g a p - f lu x  and th e  r e a c t o r  machine has  s t a n d a r d  

to rq u e - s p e e d  c h a r a c t e r i s t i c s .

In  th e  m u l t i -m a c h in e  d r iv e  d e s ig n e d  and c o n s t r u c t e d  i n  t h i s  

work, one m a c h in e ^ e q u i r e s  a s p e c i a l  s t a t o r  w in d in g .  C o n v en t io n a l  

s q u i r r e l - c a g e  m achines can  th e n  be added f o r  tandem speed  c o n t r o l  and 

th e  u t i l i s a t i o n  o f  copper im proved. C lo s e d - lo o p  speed  c o n t r o l  and a i r  

gap f l u x  c o n t r o l  a r e  i n c o r p o r a te d  on th e  r e a c t o r  m achine. The s t a n d a r d  

in d u c t io n  m otors  added i n  a d d i t i o n  t o  th e  r e a c t o r  machine a r e  shown 

t o  be e s s e n t i a l l y  o p e r a t i n g  u n d e r  o p e n - lo o p  c o n d i t io n s  b u t  a 

" h a rd  s u p p ly "  i s  m a in ta in e d  by c lo s e d - lo o p  c o n t r o l .


