
DIGITAL METHODS IE DYNAMIC RESPONSE 
ANALYSES QE TURBO -  ALTERNATOR UNITS

A T h e s is  s u b m it te d  

to

The V i c t o r i a  U n i v e r s i t y  o f  M an ch es te r

f o r

The D ecree  o f  D oc to r  o f  X^hilosoohv

TARAK NATH SAHA



ProQuest Number: 10997136

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10997136

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



j  ^  tT'/Ssy ft

1 £jfej sr.-tf ';<:A\7mI



PREFACE

The a u th o r  g ra d u a te d  i n  E l e c t r i c a l  E n g in e e r in g  from  t h e  

J a d a v p u r  U n i v e r s i t y ,  C a l c u t t a ,  In d ia ^ w i th  a  F i r s t  C la ss  d e g re e  

i n  1959* H aving com ple ted  h i s  g ra d u a te  a p p r e n t i c e s h i p  w i th  

th e  Ca l c u t t a  E l e c t r i c  S upply  C o rp o ra t io n ,  he worked i n  

i n d u s t r y ,  b o th  i n  I n d i a  and i n  th e  U n ite d  Kingdom. He 

jo in e d  th e  M anches te r  C o lle g e  o f  S c ie n c e  and Technology i n  

O c to b e r  1962 and o b ta in e d  th e  d eg ree  o f  M.Sc. Tech. i n  

December 1963# S ince , th e n  he has  been  engaged i n  r e s e a r c h  

w ork, th e  m a jo r  p a r t  o f  w hich i s  th e  c o n te n t  o f  th e  p r e s e n t  

t h e s i s .
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SUMMARY

The p r e d e t e r m in a t io n  o f  t h e  p e rfo rm an ce  o f  sy n ch ro n o u s  

g e n e r a t o r s ,  f o r  th e  w ide ra n g e  o f  c o n d i t i o n s  u n d e r  w hich  t h e y  

o p e r a te  i n  power s u p p ly  s y s te m s , assum es a  m ajo r im p o rtan ce  

i n  p r e s e n t - d a y  po w er-system  e n g in e e r in g  p r a c t i c e .  F o r a l l  

h u t  th e  s im p le s t  c a s e s ,  a  fo rm a l lo n g -h a n d  a n a l y s i s  i s  u s u a l l y  

an  i n t r a c t a b l e  t a s k ,  and some form  o f  com puting  a i d  i s  

r e q u i r e d  f o r  a c c u r a t e  and r e l i a b l e  s t u d i e s .

The p r e s e n t  t h e s i s  h a s  b ee n  d ev o ted  to  an i n v e s t i g a t i o n  

o f  d i g i t a l  t e c h n iq u e s  o f  a n a l y s i s  w i th  p a r t i c u l a r  r e f e r e n c e  

to  th e  t r a n s i e n t  c o n d i t io n s  t h a t  f r e q u e n t l y  g iv e  r i s e  t o  th e  

main o p e r a t i o n a l  l i m i t a t i o n s .  A com prehensive  m a th e m a tic a l  

model f o r  a  com p le te  t u r b o - a l t e r n a t o r  u n i t ,  i n c lu d in g  th e  

v o l t a g e  r e g u l a t o r  and g o v e rn in g  sy s tem , i s  p r e s e n te d  i n  a  form  

i n  w hich  i t s  e q u a t io n s  a r e  am enable t o  s o l u t i o n  by a u to m a t ic  

c a l c u l a t o r .  I n  t h i s  way, a more d e t a i l e d  and a c c u r a t e  

r e p r e s e n t a t i o n  th a n  h i t h e r t o  a p p e a rs  t o  hav e  been  a v a i l a b l e
i

h as  been  d ev e lo p ed  and i n  w hich  p a r t i c u l a r  em phasis h as  b een  

p la c e d  u io n  th e  r e p r e s e n t a t i o n  o f  th e  complex d i s t r i b u t i o n
'Y

o f  e d d y c u r r e n t s  i n  th e  s o l i d  r o t o r  o f  round  r o t o r  m ach ines .

The v a l i d i t y  o f  th e  d i f f e r e n t  models I n v e s t i g a t e d  h a s  

checked  by com paring  t h e  r e s u l t s  o f  e x t e n s iv e  com puter a n a l y s i s  

w i th  t h o s e  o b ta in e d  from  in s t ru m e n te d  s i t e  t e s t s  on a  30 MW s e t  

a t  G-oldington Power S t a t i o n ,  and a  120 MW s e t  a t  B e lv e d e re  Power 

 :    '
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S t a t i o n .  Having i n  t h i s  way confirm ed  t h e  a c c u ra c y  w i th  

w hich p r a c t i c a l  o p e r a t i n g  and d i s t u r b a n c e  c o n d i t i o n s  may be 

r e p r e s e n t e d ,  t h e  d i g i t a l  m ethods d ev e lo p e d  have been a p p l i e d  

to  d e t a i l e d  a p p r a i s a l s  o f  r o t o r  o v e r - v o l t a g e s  i n  a . c .  e x c i t e d  

g e n e r a t o r s ,  s h o r t  p e r io d s  o f  asyn ch ro nou s  r u n n in g ,  and  

c o n t r o l l e d  s y n c h r o n is in g  and sp o n tan eo u s  r e s y n c h r o n i s in g  

c o n d i t i o n s .  F i n a l l y ,  th e  m ethods have  been  a p p l ie d  t o  lo n g -  

ra n g e  p r e d i c t i o n s  i n  e x p e r im e n ta l  a n a ly s e s  o f  th e  d e t a i l e d  

p e rfo rm an ce  o f  l a r g e  power g e n e r a t in g  u n i t s  o f  c a p a c i t y  u p to  

660 MW.
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CHAPTER .1 

INTRODUCTION.

(1 .1 ) PROBLEMS OP MODERN POWER SYSTEM OPERATION

With t h e  r a p id  changes i n  th e  p r e s e n t - d a y  poorer sy s tem  

d e v e lo p m e n t , th e  a n a l y s i s  o f  power system s and sy nch ronous 

m achines  h as  assumed a  m a jo r  im p o rtan ce  i n  r e c e n t  y e a rs*

The c o n t in u e d  t r e n d  to w ard s  l a r g e r  i n d i v i d u a l  g e n e r a t in g  

u n i t s  due to  economic r e a s o n s  and th e  t r a n s p o r t  o f  h u lk  power 

o v e r  lo n g  d i s t a n c e  t r a n s m is s io n  l i n e  a t  e x t r a  h ig h  v o l t a g e  

due to  t h e  g e o g r a p h ic a l  s e p a r a t i o n  o f  lo a d  a r e a s  from  th e  

g e n e r a t i n g  s t a t i o n s ,  h as  r e s u l t e d  i n  compliqafef/wiof sy s tem  

o p e ra t io n *  Depending on th e  s e v e r i t y  o f  t h e  d i s t u r b a n c e ,  

r o t a t i n g  p l a n t  may, a t  t im e s ,  be p r o j e c t e d  i n t o  r e g io n s  from  

w hich i t  may n o t  s p o n ta n e o u s ly  r e c o v e r  th e r e b y  c a u s in g  u 

d i s r u p t i o n  o r  d e t e r i o r a t i o n  i n  supply*  A utom atic  c o n t r o l l i n g  

d e v ic e s  a r e ,  t h e r e f o r e ,  b e in g  i n c r e a s i n g l y  u sed  i n  o r d e r  t o  

a s s i s t  t h e  sy s tem  o r  th e  co n n ec ted  m aohines t o  r i d e  th ro u g h  

a d i s t u r b a n c e  o r  re sp o n d  s p o n ta n e o u s ly  t o  v a r y in g  sy s tem  

o p e r a t in g  c o n d i t io n s *  The d e s i r a b i l i t y  o f  i n c r e a s i n g  th e  

e f f i c i e n c y  o f  a  sy s tem  h as  r e s u l t e d  i n  t h e  ten d en cy  o f  

o p e r a t in g  th e  system, and th e  g e n e r a t o r s  w i t h i n  a narrow  m arg in  

o f  t h e  ‘s t a b i l i t y  l im i t#

. ■ While r e c o g n i s in g  th e  v a r io u s  im provem ents t h a t  have  

■been a c h ie v e d  from  th e  modern t r e n d  i n  power sys tem  p la n n in g ,



d e s ig n  and e f f i c i e n t  o p e r a t io n ,  i t  i s  a c c e p te d  t h a t ,  i n  r e c e n t  

y e a r s ,  a number o f  s p e c i f i c  problem s h a v in g  i n c r e a s i n g  

i n f l u e n c e  on t h e  sy s tem  perfo rm ance  have emerged*

(a )  The s p e c i a l  f e a t u r e s  o f  t h e  modern d e s ig n  o f

a  syn chronous g e n e r a to r  a r e s

( i )  I n c r e a s i n g  g e n e r a to r  r a t i n g  
( i i )  lo w er  i n e r t i a  

( i i i )  Lower s h o r t - c i r c u i t  r a t i o  
( i v )  High r e a c t a n c e

(b ) In  c a s e  o f  an  i n t e r c o n n e c te d  n e tw o rk  w i th

i n c r e a s i n g  t r a n s m i s s i o n  sy s tem  v o l t a g e ,  t h e  t e o h n io a l

p roblem s c o n f r o n t in g  th e  o p e r a t io n  o f t h e  sy s tem  a re s

( i )  I n s u l a t i o n  o o - o r d in a t io n  
( i i )  P r o t e c t i o n  o f  in t e r o o n n e o te d  ne tw o rk

( i i i )  V o ltag e  s t a b i l i t y  and r e g u l a t i o n  f o r  a  
lo n g  d i s t a n c e  t r a n s m i s s i o n  l i n e  

( i v )  R e a c t iv e  power co m p en sa tio n  
(v ) R ecovery  o f  norm al o p e r a t io n  a f t e r  a  system, 

d i s t u r b a n c e ,  p a r t i c u l a r l y  w^ien s i n g l e  c i r c u i t  
l i n e s  a r e  used*

<

A l l  th e s e  f a o t o r s ,  t h e r e f o r e ,  em phasise  th e  im p o rtan ce  

o f  a n  a n a l y t i c a l  t e c h n iq u e  f o r  th e  r e l i a b l e  p re ^ d e te rm in & tio n  

o f  th e  s t e a d y  s t a t e ,  and t r a n s i e n t  pe rfo rm an ce  o f  

sy n ch ro n o u s  sys tem s and machines#

( 1 .2 )  MTHEMATICAX REPRESENTATION APPROPRIATE TO DIFFERENT 
STUDIES

Wien a s s e s s i n g  th e  t r a n s i e n t  re s p o n s e  o f  an  i n t e g r a t e d  

sy s tem  i t  seems re w a rd in g  to  r e c o g n is e  a d i v i s i o n  p f  i n t e r e s t  

be tw een  s t u d i e s  o f  i n t e r c o n n e c t e d  n e tw ork  sy s te m , on t h e .o n e .  

han d , and th o s e  co n c e rn ed  more w i th  th e  re s p o n s e  o f  i n d i v i d u a l



g e n e r a t o r s  on th e  o th e r*  In  th e  fo rm e r ,  t h e  com ple te  sy s tem  

a n a ly s e s ,  i t  i s  u s u a l  to  c a r r y  ou t checks p f  t h e  s te a d y  s t a t e  

and t r a n s i e n t  s t a b i l i t y  l i m i t s  when d e s ig n in g  new system s o r  

r e i n f o r c i n g  th e  e x i s t i n g  ones# The e s s e n t i a l  r e q u ir e m e n t  

i n  t h e s e  i s  t h a t  o f  a d e q u a te ly  r e p r e s e n t i n g  an  i n t e g r a t e d  

sy s tem  o f  g e n e r a t o r s ,  t r a n s m is s io n  and d i s t r i b u t i o n  o i r o u i t s  

and l o a d s .  I t  i s  a l s o  n e c e s s a ry  t o  p o s t u l a t e  from  a v e r y  

wide ra n g e  o f  p o s s i b i l i t i e s  th e  c o m b in a t io n  o f  c o n d i t io n s  

f o r  w hich  t h e  a n a ly s e s  a r e  t o  be c a r r i e d  o u t ,  s in o e  i t  may 

n o t  be p o s s i b l e ,  i t  may n e i t h e r  be n e o e s s a ry  to  d e s ig n  a  sy s tem  

t o  c a t e r  f o r  a l l  p o s s i b l e  c o n d i t io n s  o f  o p e r a t i o n s .

Much o f  th e  s u c o e ss  o f  suoh a n a ly s e s  w hich  a r e  i n v a r i a b l y  

o f  a  l a r g e  s o a l e  n a t u r e ,  r e s t s  on r e d u o in g  t h e  sy s tem  

r e p r e s e n t a t i o n  t o  th e  s im p le s t  form  w h i l s t ,  a t  th e  same t im e ,  

p r e s e r v in g  i t s  e s s e n t i a l  p h y s io a l  p r o p e r t i e s .  Sometimes a 

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

be n e c e s s a r y  d ep en d in g  on th e  l o c a t i o n  o f  th e  p o in t  o f  

d i s t u r b a n c e .

In  r e l a t i n g  th e  sy s tem  r e d u c t io n  t o  t h e  s p e c i f i c  

r e q u i r e m e n ts  o f  a  s tu d y  i t  sh o u ld  a l s o  be c o n s i s t e n t  w i th  t h e  

t o l e r a n o e  to  be a l lo w e d  on problem  d a t a ,  t h e  g ro u p in g  o f  

g e n e r a t o r s  w i t h in  a power s t a t i o n  f o r  r e p r e s e n t a t i o n  as  a  

s i n g l e  e q u iv a l e n t  g e n e r a t in g  u n i t  and th e  p r o b a b i l i t y  o f  th e  

c o n d i t i o n s  ad o p ted  f o r  a n a l y s i s  o c c u r r in g  i n  p r a c t i c e  i n  t h e  

p o s t u l a t i n g  c o m b in a t io n .  The r e a l  n a t u r e  o f  t h e s e  a n a ly s e s



i s  i n  many c a s e s  l e s s  co n ce rn ed  w i th  t h e  s o l u t i o n  o f  th e  

sy s tem  e q u a t io n s  and more w i th  th e  t r e n d  o f  th e s e  s o l u t i o n s  . 

f o r  a  ra n g e  o f  d i f f e r e n t  c o n d i t i o n s  o f  i n t e r c o n n e c t io n s *

I t  t h e r e f o r e  f r e q u e n t ly  fo l lo w s  t h a t ,  i n  l a r g e  s c a l e  

sjsbem s t a b i l i t y  a n a ly s e s ,  t h e  em phasis i s  u s u a l l y  much l e s s  

on th e  a c c u ra c y  w i th  which th e  sy s tem  i s  r e p r e s e n t e d  and more 

on g iv i n g  c o n s i d e r a t i o n  to  a s  wide a  ra n g e  o f  sys tem  c o n d i t i o n s  

a s  p o s s i b l e .  S p e c i f i c  c o n d i t io n s  may, how ever, sometime 

p e r f o r c e  a  s a t i s f a c t o r y  r e p r e s e n t a t i o n  o f  a  p a r t  o f  th e  

i n t e g r a t e d  n e tw o rk . A naly ses  o f v o l t a g e  s e n s i t i v e  lo a d s  may 

be c o n s id e r e d  a s  an exam ple .

Coming t o  th e  s p e c i f i o  a n a ly s e s  o f  i n d i v i d u a l  g e n e r a t i n g  

u n i t s  a  muoh more com prehensive  m a th e m a tic a l  f o r m u la t io n  o f  

g e n e r a t o r  e le c t ro d y n a m ic s  becomes n e c e s s a r y .  Such re q u ir e m e n ts  

a r e  u s u a l l y  n e c e s s a ry  f o r  a s s e s s i n g  th e  p e rfo rm an ce  o f  a  

g e n e r a t o r  when new d e s ig n  f e a t u r e s  a r e  in c o r p o r a te d  and f o r  

d e v e lo p in g  new c o n t r o l l i n g  te c h n iq u e s  r e l a t i n g  t h e i r  

a p p l i c a t i o n s  t o  t h e  synchronous  m ach ine . fh e  deve lopm en t o f  

new components su ch  a s  e x c i t a t i o n  sy s tem , a u to m a t ic  v o l t a g e  

r e g u l a t o r  o r  g o v e rn in g  mechanisms a r e  more c o n d i t io n e d  by 

th e  c h a r a c t e r i s t i c s  o f  ind iv idxi& l g e n e r a t i n g  u n i t e  t o  whioh 

su ch  components a r e . a t t a c h e d  th a n  by t h e  i n t e g r a t e d  system *

Here a g a i n ,  th e  d e g re e  p f  r e p r e s e n t a t i o n  o f  t h e  d i f f e r e n t  

p a r t s  o f  t h e  com ple te  u n i t  sho u ld  be c o m p a t ib le  a s  an 

in s x x f f i c i e n t  r e p r e s e n t a t i o n  o f  one p a r t  m ight w e l l  i n v a l i d a t e



op i n f l u e n c e  th e  c o r r e c t  c o n t r i b u t i o n  o f  -o th e r s  th ja t 

th e m se lv e s  a r e  a d e q u a te ly  r e p re s e n te d , ,  The r e l a t i o n s h i p  

among t h e  r e p r e s e n t a t i o n  o f  th e  v a r io u s  e le m e n ts  o f  th e  

co m ple te  u n i t  i s  t h e n  an  e s s e n t i a l  c o n s i d e r a t i o n  i n  th e  

d e t a i l e d  a n a ly s e s  o f  th e  t r a n s i e n t  p e rfo rm an ce  o f  a g e n e r a t i n g  

u n i t .  •

( 1 #3 ) THE IMPORTANCE OF FULL SCALE TESTS

The r e s u l t s  o b ta in e d  from  th e  p u r e ly  t h e o r e t i o a l  s tu d y

ha&ebeen a c c e p te d ,  i n  t h e  p a s t ,  a s  a d e q u a te .  With t h e

c o n t in u e d  t r e n d  tow ards  o p e r a t in g  a sy s tem  o r  a  g e n e r a t o r

w i th in  t h e  na rro w  s t a b i l i t y  m arg in  a d o u b t i s  o a s t  a s  t o  th e

m a in ten an ce  o f  th e  w e l l - e s t a b l i s h e d  a n a l y t i c a l  te o h n iq u e  b a se d

on a p p ro x im a te  m ethods. W ith in  th e  l a s t  d ecade  o r  so an

i n c r e a s i n g  em phasis h as  been  g iv e n  to  t h e  e x p e r im e n ta l

v e r i f i c a t i o n  o f  t h e  v a l i d i t y  o f  th e  p u r e ly  m a th e m a tic a l
a

a n a l y s i s .  The i n t e r e s t  f o r  s u c h / s e a r c h in g  s tu d y  h a s  a r i s e n

from  two main r e a s o n s :
IT

(a )  I t  i s  n o t  o n ly  t h a t  th e  e x p e r im e n ta l  r e s u l t s  

check  t h e  a c c u ra c y  o f  t h e  co m p u ta tio n s  and  g iv e  o o n f id e n o e  

i n  t h e  t h e o r y ,  b u t ,  more im p o r ta n t ,  an e x p e r im e n ta l  program  

p ro v id e s  p o i n t e r s  t o  th e  way i n  whioh t h e  t h e o r y i;n eed s  to  be 

d e v e lo p e d .  The f o r m u la t io n  o f  th e  t h e o r y  i s  more l i k e l y  to  

i n t r o d u c e  e r r o r s  t h a n  t h e  c o m p u ta t io n .

(b ) Onoe th e  c o n f id e n c e  on t h e  v a l i d i t y  o f  t h e



t h e o r e t i c a l  work i s  g a in e d  by e x p e r im e n ta l  v e r i f i c a t i o n  and
ij1
§hus a d d in g  r e f in e m e n t  to  th e  th e o r y ,  th e  d e g re e  o f
iL'.£»J*

E x t r a p o l a t i o n  r e q u i r e d  t o  p r e d i c t  a d e q u a te ly  th e  b e h a v io u r s
M

I  o f  a  l a r g e r  machine o r  a  system  of new d e s ig n  may be r e l i a b l y  

;f m in im ised .

I n  t h e  U n ite d  Kingdom s e v e r a l  f u l l - s c a l e  t e s t e  have been

c a r r i e d  ou t w i th  v a r io u s  s i z e s  o f  g e n e r a t in g  u n i t s  and
27-29d i f f e r e n t  d eg ree  o f  ne tw ork  i n t e r c o n n e c t i o n .  While i n  s e v e r a l  

i n s t a n c e s  th e  p u rp o se  o f  th e  t e s t s  was t o  I n v e s t i g a t e  th e  

dynamic p e rfo rm an ce  o f  a g e n e r a to r  co n n e c ted  to  a l a r g e  

sy s tem  and s u b j e c t e d  t o  d i s t u r b a n c e s  o f  v a r y in g  s e v e r i t y ,  

th e  a s s e s s m e n t  o f  th e  c o n t r i b u t i o n  o f  f a s t  a c t i n g  v o l t a g e  

r e g u l a t o r s  and o t h e r  c o n t r o l l i n g  d e v ic e s  h as  form ed th e  m ain 

p u rp o se  o f  s e v e r a l  o t h e r  t e s t s .

( 1 .4 )  PURPOSE OF THE PRESENT INVESTIGATION

In  t h e  p r e s e n t  i n v e s t i g a t i o n  a m a th e m a t ic a l  model o f  a  

synchronous machine i n  te rm s o f  th e  dqo r e f e r e n c e  fram e was 

d ev e lo p ed  in c lu d in g  th e  q u a n t i t i e s  t h a t  a r e  u s u a l l y  n e g le o te d  

i n  c o n v e n t io n a l  m achine a n a ly s e s .  I n  f u r t h e r  d e v e lo p in g  th e  

a n a l y t i c a l  te c h n iq u e  to  e s t a b l i s h  a g e n e r a l  m odel, i t  was 

r e q u i r e d  t o  c o l l e c t  t o g e t h e r  th e  e q u a t io n s  o f  t y p i o a l  

e x c i t a t i o n  system s a n d ,  a s  f a r  a s  p o s s i b l e ,  t h e  e q u a t io n s  o f  

a s team  t u r b in e  and i t s  a s s o c i a t e d  g o v e rn in g  system *

An im p o r ta n t  p a r t  o f  t h e  com ple te  i n v e s t i g a t i o n  h as  been



th e  v e r i f i c a t i o n  o f  t h e  m a th e m a tic a l  r e p r e s e n t a t i o n s  by- 

com paring th e  r e s u l t s  o b ta in e d  from  com puter a n a ly s e s  w i th  

th o s e  o b ta in e d  from  t e s t s  c a r r i e d  ou t i n  G o ld in g to n  and 

B e lv e d e re  power s t a t i o n s .  To i n c o r p o r a t e  im provem ents i n t o  th e  

m a th e m a t ic a l  model i t  was r e q u i r e d  to  d e v e lo p  a method by 

which th e  e f f e c t s  o f  m agn e tic  s a t u r a t i o n  a r e  r e p r e s e n t e d  

th ro u g h o u t  a  com plete  t r a n s i e n t  s tu d y .  An e s s e n t i a l  p a r t  o f  

t h e  p r e s e n t  r e s e a r c h  h as  been  d ev o ted  t o  fo rm u la te  im proved 

m ethods f o r  r e p r e s e n t i n g  th e  c o m p lic a te d  d i s t r i b u t i o n  o f  

e d d y - c u r r e n t s  i n  s o l i d  r o t o r  u n d e r  t r a n s i e n t  c o n d i t io n s #

The model was a l s o  p u t  t o  t h e  t e s t  o f  e x p e r im e n ta l  

a n a ly s e s  o f p o l e - s l i p p i n g  c o n d i t io n s  i n  o r d e r  t o , a s s e s s  t h e  

peak  in d u ced  r o t o r  v o l t a g e s  i n  an  a . c .  e x o l t e d  g e n e r a to r  u n d e r  

c o n d i t io n s  o f  o p e r a t io n  i n  w h ich , owing to  th e  v o l t a g e  

r e g u l a t o r  a o t i o n ,  t h e  mmf b a la n c e  betw een th e  s t a t o r  and th e  

r o t o r  i s  l o s t ,  t h e r e b y  g iv in g  r i s e  to  a r a p id  v a r i a t i o n  i n  

r o t o r  f l u x - l i n k a g e  and an a t t e n d e d  h ig h  in d u ced  v o l t a g e  to  

w hich th e  r e c t i f i e r s  a r e  s u b j e c t e d .

A f l e x i b l e  d i g i t a l  com puter program  was d ev e lo p ed  so 
t h a t ,  a p a r t  from  s tu d y in g  th e  v a r io u s  a s p e c t s  o f  a  s i n g l e  

m achine sy s te m , i t  can be ex tend ed  t o  s tu d y  a  sy s tem  where 

more th a n  one machine i s  p r e s e n t .



CHAPTER I I

(2) MATHEMATICAL MODEL OP A TURBO-ALTERNATOR UNIT 

( 2 .1 )  THE SYNCHRONOUS GENERATOR 

The l a y o u t  o f  t h e  w indings o f  a  2 -p o le  3 -p h a se  

syn ch ro n o u s  g e n e r a t o r  i s  shown i n  F i g .1 .  The f i e l d  and th e  

a rm a tu re  w in d in g s  a r e  r e p r e s e n te d  by f , a , b  and c r e s p e c t i v e l y .  

The a x i s  o f  t h e  f i e l d  w ind ing  l i e s  a lo n g  th e  m ag ne tic  a x i s  

o f  t h e  r o t o r .  The r o t o r  body o f  a  t u r b o - a l t e r n a t o r  i s  

u s u a l l y  fo rg e d  from  s o l i d  i r o n  and s o ,  u n d e r  any t r a n s i e n t  

o p e r a t in g  c o n d i t i o n s ,  e d d y - c u r r e n ts  a r e  in d u ced  i n  t h e  r o t o r  

due t o  v a r i a t i o n  o f  f l u x  l i n k i n g  w i th  i t  • The e d d y - c u r r e n t  

p a th s  a r e  n o t  e a s i l y  d e f in a b le  and i n i t i a l l y  th e y  a r e  

r e p r e s e n t e d  by two s h o r t - c i r c u i t e d  c o i l s ,  k^ and k ^ ,  one o f  

w hich l i e s  a lo n g  th e  m ag n e tic  a x i s  o f  t h e  r o t o r  and th e  

o t h e r  i s  e l e c t r i c a l l y  a t  q u a d r a tu r e  t o  i t .  The d i r e c t i o n  

o f  r o t a t i o n  o f  t h e  r o t o r  i s  ta k e n  t o  be a n t i - c l o c k w i s e .

( 2 .1 .1 )  THE BASIC EQUATIONS 

Based on t h e  above a r ra n g e m e n t ,  t h e  f o l lo w in g  b a s i c  

e q u a t io n s  may be w r i t t e n  i n  g e n e r a l i s e d  M.K.S. - u n i t s .  For 

power f r e q u e n c y  o p e r a t i o n ,  any c a p a c i t i v e  e f f e c t  i s  s m a l l  

compared w i th  r e s i s t a n c e s  and r e a c t a n c e s  and i s  n e g l e c t e d .

(a )  I n s t a n ta n e o u s  v o l t a g e  e q u a t io n s

( i ) S t a t o r :
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a
v.

v -  P t
( i i )  R o to r

b b
R_i_ c c

(2 . 1 )

v f d  = * *fd  + Ef d ;Lfd
0

0

kd + Ekdi kd (2 . 2 )

■, + R, i-.kq kq kq

^ a k a  a

^ b = +1b a i a

'Po = +1c a i c

= P'f;

= P0]

(b )  I n s t a n ta n e o u s  f l u x - l i n k a g e  e q u a t io n s  

( i )  S t a t o r :

abHi + 1a c i c + Pa f d 4fd  + 1akd i kd + I akq i kq 

b b H  + 1b c i c + 1b fd i fd  + 1bkdi kd + H k c ^ k q  ( 2 .3 )

( i i )  R o to r :

^ f d  ~ “ 1f a d i a “  1fb d i b “ 1f c d i c + 1f f d i fd  + 1fk d i kd + 1fk q J"kq

' h d  ~ _1k ad i a  ~ 1kbdi b “  1k cd i c + 1k f d i fd  + 1kkdi kd + 1kdqi kq ^2 *4  ̂

^ k q  = ^ k a q ^ a  “  ^ k b q H  “  ^kcq^c + 1k fq 4fd  + 1kqdi kd + Pkkq^kq

( g ) E l e c t r i c a l  p o w er. o u tp u t  a t  th e  t e r m i n a l

Pe = V a  + W  ( 2 *5)
( d ) Electro»»dynamic e q u a t io n  o f  m o tio n

P = Mp26 + Pe + Px -  pQ (2 . 6 )

( 2 .1 .2 )  PHB BASIC ASSUMPTIONS 

Ih e  e q u a t io n s  (2*1) t o  (2 ,4 )  c a n n o t be so lv e d  s in c e  

t h e  i n s t a n t a n e o u s  v a lu e s  o f  th e  in d u c ta n c e  c o e f f i c i e n t s . g iv e n  

above a r e  n o t  y e t  known, I t  i s ,  t h e r e f o r e ,  n e c e s s a r y  t o
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d e f in e  t h e  i n s t a n t a n e o u s  v a lu e s  o f  th e s e  c o e f f i c i e n t s  

ao t h a t  th e  e q u a t io n s  become amenable to  s o l u t i o n „ To 

do so  t h e  f o l lo w in g  a ssu m p tio n s  a r e  necessary* ,

( i )  So f a r  a s  t h e  m u tu a l e f f e c t s  w i th  th e  r o t o r  

a r e  co n c e rn ed  t h e  s t a t o r  w in d in g s  a r e  s i n u s o i d a l l y  

d i s t r i b u t e d  a lo n g  t h e  a ir-gap* ,

( i i )  The r e l u c t a n c e  o f th e  a i r  gap v a r i e s  

s i n u s o i d a l l y  round t h e  r o t o r  p e r ip h e r y .

( i i i )  Harm onics a r e  n e g le c te d .„

( i v )  H y s t e r e s i s  i s  n e g le c te d .

Prom th e  c o n s t r u c t i o n a l  p o in t  o f  v ie w , e v e ry  a t t e m p t  

i s  made to  s a t i s f y  th e  f i r s t  two a s su m p tio n s  and any 

im p e r fe c t io n s w h ic h  may c r e a t e  harm onics  a r e  n e g l i g i b l y  

s m a l l .  The im p o r tan ce  o f  h y s t e r e s i s  w i l l  be d i s c u s s e d  l a t e r ,  

b u t  f o r  t h e  p r e s e n t  p u rp o se  i t  i s  n e g l e c t e d ,  o th e rw is e  th e  

e q u a t io n s  become c o m p lic a te d  because  o f  th e  d i f f i c u l t y  o f  

m a th e m a t ic a l  r e p r e s e n t a t i o n  o f  th e  h y s t e r e s i s  lo o p .

On t h e  b a s i s  o f  th e s e  a s su m p tio n s ,  t h e  in d u c ta n c e  

c o e f f i c i e n t s  can  be e x p re s s e d  i n  th e  f o l lo w in g  way;1 F o r an  

i n s t a n t a n e o u s  a n g le  Q be tw een  th e  f i e l d - w i n d i n g  a x i s  and th e  

a x i s  o f  th e  phase  *a* as  shown i n  F ig .  1,

The s t a t o r  s e l f  in d u c ta n c e s

Xa a = L -Vaao Ila a 2 cos 2©

1bb aao + La a 2 cos 2 (9  -  120°) ( 2 .7 )

"^cc = 1aao + I a a 2 C0S 2(© -  240°)



The s t a t o r m u tu a l  in d u c ta n c e s

■Lab = H a Labo + La a 2 G0S 2(© + 30°)

H o H b  “ Labo + La a 2 ° os 2(© -  90°)

H a H e Labo + Laa 2 cos 2(© + 150°)

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

f f d
—

Lf f d

1kkd =s Lkkd

H k q
= H k q

The r o t o r  m u tu a l  in d u c ta n c e s

-'-fkd — H f d “  H k d

k fq = 1fk q = 1 = 1  -  0 kqd kdq u

CD s t a t o r to r o t o r m u tu a l  in d u c ta n c e s

^ a fd = 1fa d "  La f d cos ®

1akd
— 1kad = Lakdcos Q

1akq = 1
kaq = ~Lakqs i n  ®

H f d ss 1fbd -  La f d c o s (© - 120°)

H k d s= 1kbd = Lakdc o s (0  “ 120°)

H k q
—

H b d = ~Lakqs i n ( e  " 120°)

H f d
= H o d = La f d cos(© - 240°)

H k d = H o d = Lakdc o s (e  " 240°)

1ckq — kcq = " Lakqs i n ( e  " 240°)

(2 . 8 )

( 2 .9 )

(2 . 1 0 )

( 2 .11  )

S u b s t i t u t i n g  th e s e  in d u c ta n c e s  i n t o  e q u a t io n s  ( 2 .3 )  and ( 2 .4 )

a  new f l u x  l in k a g e  r e l a t i o n s h i p  i s  o b ta in e d  as  shiown i n  

m a t r ix  form  i n  F i g 02 e
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(2*2) MATHEMATICAL MODEL IN d -q -0  REFERENCE FRAME 

She f l u x - l i n k a g e  r e l a t i o n s  t h a t  a r e  g iv e n  i n  F i g .2  

a r e  c o m p lic a te d  f o r  s o l u t i o n  b ecau se  t h e  in s t a n t a n e o u s  v a lu e  

o f  th e  in d u c ta n c e  c o e f f i c i e n t s  depends on t h e  p o s i t i o n  o f  

th e  -jfrotor a x i s  a t  e v e ry  i n s t a n t ,  and some s i m p l i f i c a t i o n  o f  

th e  e q u a t io n s  i s  d e s i r a b l e .  M a th e m a t ic a l ly ,  t h e r e  a r e  

d i f f e r e n t  ways o f  t r a n s f o rm in g  t h e  same e q u a t io n s  i n t o  

d i f f e r e n t  fram es  o f  r e f e r e n c e .  In  f a c t  K roif has  b ro a d ly  

c l a s s i f i e d  th e  v a r io u s  r e f e r e n c e - f r a m e s  i n t o  w hich e l e c t r o n  

dynamic e q u a t io n s  o f  m achine a n a l y s i s  can  be  t r a n s f o rm e d .

The c h o ic e  o f  any o f t h e s e  fram es depends on th e  ty p e  o f  

prob lem  u n d e r  i n v e s t i g a t i o n  a s  a l l  o f  them  a r e  n o t  e q u a l ly  

s u i t a b l e  f o r  a p a r t i c u l a r  p rob lem . As Krori^ a s s e r t s ,  i n  

e le c t r o d y n a m ic s ,  f o r  each  ty p e  o f  phenomena t h e r e  e x i s t s
(A. O'yv sz a a . £rj- vLcfU-*-'tUv 't tu O  £\A u &J-a s y \\£-A>

a  most s im p le  and p r a c t i c a l  form . i n  power sy s tem  a n a ly s e s

th e  dqo fram e o f  r e f e r e n c e  i s  most w id e ly  u s e d .  B lo n d e l^ ,
5 6 l a t e r  D oh er ty  and Nieifele and s u b s e q u e n t ly  P ark  u sed  t h i s  \

t r a n s f o r m a t io n  which l e a d s  t o  what i s  commonly known a s  s
i

“Two R e a c t io n  T heory11. I n  t h i s  fram e o f  r e p r e s e n t a t i o n  ; 

b o th  th e  r o t o r  and th e  s t a t o r  w ind ings a r e  r e g a rd e d  a s  b e in g -
i

r i g i d l y  co n n ec ted  to  th e  r o t o r  o r  th e  f i e l d  s t r u c t u r e .  The
\ ■ ■

t r a n s f o r m a t io n  r e s o l v e s  th e  t im e - v a r y in g  in d u c ta n c e s  i n t o  

two f i x e d  com ponents a lo n g  two axes  -  one a lo n g  th e  p o l a r  I 

a x i s  o f  th e  r o t o r ,  c a l l e d  th e  d i r e c t  a x i s ,  and  t h e  o t h e r
i

a lo n g  th e  i n t e r p o l a r  a x i s ,  c a l l e d  th e  q u a d r a tu r e  a x i s .  The';



p h y s i c a l  s i g n i f i c a n c e  o f  P a r k 's  t r a n s f o r m a t io n  i s  t h a t

th e  3 -p h a se  a . c .  machine i s  r e p la c e d  by an  e q u i v a l e n t  2 -p h a se

g e n e r a t o r  w i th  b ru s h e s  on th e  d i r e c t  and q u a d r a tu r e  a x e s .

( 2 .2 . 1 )  PARK'S TRANSFORMATION 

The p ro c e s s  o f  t r a n s f o r m a t io n  o f  t h e  3 -p h a se  v a r i a b l e s  

t o  dqo fram e o f  r e f e r e n c e  i s  a c h ie v e d  i n  t h e  fo l lo w in g ,  way. 

W r i t in g  [ s ]  f o r  P a r k 's  t r a n s f o r m a t io n  m a t r ix

cos(© ) cos(© - 1 2 0 ° ) cos(©  -  240°)

- s in (© ) - s in (©  -  120°) - s in ( ©  -  240°)

* £ *

and [p ]~^ f o r  th e  m a t r ix  f o r  in v e r s e  t r a n s f o r m a t io n  w hich  i s

cos © -s in (© ) 1

c o s (© -  120°) - s in (©  -  120°) 1

oos(© -  240°) - s in (©  -  .240°) 1

t h e  r e l a t i o n s  betw een th e  3 -p h ase  and dqo v a r i a b l e s  a r e  g iv e ni s  '■ >
i n  th e  fo l lo w in g  way;

[dqo] = [p] [abcj ( 2 .1 4 )

and f ^ 0]  ~  M [ dcl0l  ( 2 . 15 )

where [a b c j  and [dqo] d e s ig n a te  t h e  v a r i a b l e s  o f  t h e  3 -p h a se  

m achine and th o s e  o f  th e  q u a s i -n o n h o lo n o n ic  r e f e r e n c e  fram e 

r e s p e c t i v e l y .

A more d e t a i l e d  d e s c r i p t i o n  o f  th e  p ro c e s s  o f  P a r k ' s  

t r a n s f o r m a t io n  i s  g iv e n  i n  Appendix A,, i n c lu d in g  th e  d i f f e r e n t
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s ta g e s  t h a t  ar© in v o lv e d  i n  th e  t r a n s fo rm a tio n ,,  I t  may be 

co n c lu d ed  from  w hat i s  d e s c r ib e d  i n  A ppendix A t h a t  th e  

a n a ly s i s  o f  a  3-p h a se  m achine f o r  b a la n c e d  and sy m m e tric a l 

o p e r a t io n  i s  c a r r i e d  o u t by ta k in g  o n ly  phase  fla* i n to  

c o n s id e r a t io n *  The e f f e c t  o f o th e r  two p h ase s  I s  e l im in a te d  

d u r in g  th e  p ro c e s s  o f t r a n s f o r m a t io n  V a l i d i t y  o f  su ch  

a n a ly s e s  i s  m a in ta in e d  due to  th e  f a c t  t h a t  f o r  sy m m e tric a l 

o p e r a t io n ,  w h e th e r 'under s t e a d y - s t a t e  o r t r a n s i e n t  o p e r a t io n ,  

th e  e f f e c t s  i n  a l l  th e  p h ase s  a r e  i d e n t i c a l  e x c e p t 120°

p h a s e - d i f f e r e n c e s *  T h is  h a s  been  v e r i f i e d  d u r in g  f u l l - s c a l e
7s i t e - t e s t s *

A pp ly ing  th e  t r a n s f o r m a t io n  to  th e  phase  v a r i a b l e s  

o f  a  3-p h a se  m achine th e  fo l lo w in g  e x p re s s io n s  f o r  f l u x  

l in k a g e s  and v o l ta g e s  a r e  o b ta in e d  in  th e  dqo fram e o f  

r e fe re n c e *

F lu x - l in k a g e  e q u a tio n s

= Lafd i fa  + Lakdi kd “ Ld1d

= Lakqi kq “ 'V q

= ~ V o  (2 .1 6 )

*hd “ Lf f d 1fd + Lfkdi kd ~ l^ a fd ^

^kd = Lfkdi fd + Lkkdi kd “ 2I’akd:Lkd

^kq -  ^kkq^kq “ 2^akq^kq



w here

T o I ta g e e q u a tio n s

va =5 P^d “ ¥ a  “ 1V e
\

=r " V q  + !̂dp©

v 0 'as P+o -  V o

vfd p t f d  + Rf d 1fd

0 =s p \ d  + W
0 ss P^kq + ^kq^kq.

Ld sr I. 4 - 1 4 *aao abo
2jj
2 aa2

Lq
— 1 4* I i - «•aao  abo

2.jj
2 aa2

Lo as Ii 4“ 21 aao  abo

( 2 .2 .2 ) EQUATIONS IN HER-

(2 .1 7 )

(2 . 1 8)

Among th e  v a r io u s  p e r - u n i t  sy stem s w hich p ro v id e  a 

p ro c e d u re  f o r  n o n d im e n s io n a liz in g  th e  d i f f e r e n t  v a r i a b l e s  

o f  a  m ach in e , th e  r e c i p r o c a l  sy stem  i s  found  most a t t r a c t i v e  

i n  c a s e  o f  a  m achine h av in g  damper, w in d in g s . A p p l ic a t io n  

o f  t h i s  p e r - u n i t  sy stem  makes th e  m u tu a l in d u c ta n c e s  among 

th e  d i f f e r e n t  w in d in g s  a lo n g  each  a x is  assum e a  f ix e d  v a lu e .  

The m ethod o f  d e v e lo p in g  th e  r e c ip r o c a l  p e r - u n i t  sy s tem  i s  

i l l u s t r a t e d  i n  A ppendix B fo llo w in g  th e  a p p ro a c h  s u g g e s te d  

by W hite & Woodson^ and in  reference (21)

The g e n e r a to r  e q u a tio n s  when c o n v e r te d  i n to  r e c i p r o c a l  

p e r - u n i t  sy s tem  a re s
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D irect a x is  s

♦ a  -
L  i  

a d 1 * !!

^ f d  = ■ ^ f f d ^ f d

' h d  =  * L a d i f d

1!>

P f d

v f d  " P V  +  :

0 P ^ k d  +  :

+ Lad1kd " Ld1d 

+ Ilad1kd “ Ilad:Ld ( 2 . 1 9 )

+ Lkkdi kd " Ladi d

(2 . 2 2 )

d d Tq
Rfd i fd (2 .20)

^cd^-kd
Q u a d ra tu re  a x i s  2

“ I'aqi kq " Lq1q -  (2,21 )

Ĥ kq ~ Lkkqi kq “  1aqi q

Vq * “ V q  + V ®

0 = PV  + Rkqi kq

The above eq u ation s d e sc r ib e  th e  e lec trod yn am ics o f  a 3“Phase

sy n ch ronous g e n e r a to r  u n d e r sy m m e tric a l and b a la n c e d

c o n d i t io n s  e x c e p t f o r  tiie  f a c t  t h a t . t h e  a x is  c u r r e n t s 9 i ^  and

i  , depend on th e  e x t e r n a l  machine c o n n e c tio n s  * O th erw ise  9 
Q.

xtfith two ’e q u iv a le n t  s h o r t - c i r c u i t e d  c o i l s  t o  r e p r e s e n t  ed d y -

c u r r e n t  phenom ena, e q u a tio n s  (2*19) t o  ( 2 *2 2 ) r e p r e s e n t  th e

com ple te  p ro c e s s  o f e le c t r o - m e c h a n ic a l  en e rg y  c o n v e rs io n  i n

a  sy n ch ro n o u s m achine * In  ft c o n v e n tio n a l  synch ronous

g e n e r a to r  a n a ly s e s  w ith  netw ork  a n a ly s e r  o r; 'an a lo g u e - .com puter
10many assu m p tio n s  a r e  made to  s im p li fy  th e  above e q u a tio n s*  

Some o f th e  ustxal ones sires

(a )  The s t a t o r  v o l ta g e s  in d u ced  by r a t e  o f change o f



flux-X±nkag@  (± ee a and p*l> ) a re  assum ed n e g lig ib le ®

(b ) The sp eed -o h an g e  d u r in g  a  t r a n s i e n t  i s .  assum ed 

t o  be n e g l i g i b l e  ( i 4e . ApO “ 0 )*
. * \ i  .* ’’ ' *

(c) S u b t r a n s ie n t  e f f e c t s  a r e  n e g le c te d  and th u s  th e  

e d d y - c u r r e n t  phenomena a r e  ig n o re d  an d , i n s t e a d ,  th e  to rq u e  

due to  eddy c u r r e n t  and m ech an ica l f r i c t i o n  i s  r e p r e s e n te d  by 

a  s in g l e  to rq u e  w hich  i s  p r o p o r t io n a l  to  th e  in s ta n ta n e o u s  

d e p a r tu r e  o f  th e  r o t o r  speed  from  fu n d a m e n ta l frequency®

(d ) S a tu r a t io n  i s  neg lec ted®

(e )  T ra n s ie n t  and s u b t r a n s i e n t  s a l ie n c y a * * n e g le c te d ®  

The q u a n t i t a t i v e  e f f e c t  o f  m aking some o f  th e  above

m en tio n ed  .assum p tions a r e  d is c u s s e d  la te r®
• /

To com plete  th e  m a th e m a tic a l m odel th e  o th e r , e q u a tio n s  

t h a t  a r e  r e q u ir e d  a r e s  

 ̂ O utpu t power

~ Vri1* + - (2 o 23 }e a cl q q . ' . .
T e rm in a l v o l ta g e

%  ■ ■ <2 - 24)
Dynamic e q u a tio n  o f m otion

= Mp26 + P@ + P1 + ka p© (2 .2 5 )

(R .B .)  The e q u a tio n s  r e l a t i n g  to  ;th e  o u tp u t c u r r e n t s  o f  

th e  m achine have been  o m itte d  a t  - t h i s  s ta g e  a s  tb e y  depend 

on th e  n a tu r e  o f / e x t e r n a l  c o n n e c tio n  an d , a s  su c h , no g e n e ra l  

e x p r e s s io n  can  be w r i t t e n  down a t  t h i s  stage®



18.

( 2 .3 )  THE TRANSMISSION SYSTEM EQUATIONS 
1

A t u r b o - a l t e r n a t o r  i s  u s u a l ly  c o n n e c te d  to  sy s tem  

b u sb a r  th ro u g h  a u n i t  t r a n s f o rm e r  and a s h o r t  l e n g th  o f  

c a b le  o r t r a n s m is s io n  l in e *  Ih e  b u sb a r  and  th e  sy stem  to  

w hich  th e  m achine i s  c o n n e c ted  may be co n s id e red ^  f o r  a  s p e c i f i c  

prob lem  o f  a n a ly s in g  a  s in g l e  m achine sy s te m , to  be a  v o l ta g e  

so u rc e  o f  c o n s ta n t  a m p litu d e  and f re q u e n c y  and rem a in f 

u n a f f e c te d  d u r in g  any  t r a n s i e n t  t h a t  may a r i s e  i n  th e  

m achine* The m a g n e tis in g  c u r r e n t  and th e  p h a s e - s h i f t  caused  

by i t  i n  the-, u n i t  t r a n s f o rm e r  i s  n e g l i g i b ly  sm all*  Lumped 

s e r i e s  in d u c ta n c e  and r e s i s t a n c e  a r e  u sed  to  r e p r e s e n t  th e  

t r a n s f o r m e r  and th e  t r a n s m is s io n  c i r c u i t  and c a p a c i ta n c e s  o f  

any k in d  a r e  n e g le c te d  f o r  power fre q u e n c y  o p e ra tio n *  The 

e f f e c t  o f  t r a n s fo rm e r  ta p  p o s i t io n  may be ta k e n  in to  c o n s id e r ­

a t i o n  by  knowing th e  tu r n s  r a t i o  o f  each  ta p  p o s i t io n *

By u s in g  P a rk fs t r a n s f o r m a t io n  th e  t r a n s m is s io n  sy stem  

e q u a tio n s  may th e n  be r e s o lv e d  in to  th e  g e n e r a to r  d i r e c t  and 

q u a d ra tu re  ax es  and th e  fo llo w in g  r e l a t i o n s  a r e  o b ta in ed *
Y

( 2 *2 6 )

w here v d -  v ^ s in  6 

v q -  vb cos 6
(2*27)

Av*
ci



( 2 o4) AUTOMATIC VOLTAGE REGULATOR AMD EXCITATION SYSTEM

The e f f e c t i v e  c o n t r ib u t io n  o f  a  f a s t - a c t i h g  a u to m a tic

v o l ta g e  r e g u la to r  to w ard s  a c c u ra te  c o n t r o l  o f  t e r m in a l  v o l ta g e

and in c r e a s in g  th e  dynam ic s t a b i l i t y  l i m i t  o f  synch ronous
11m ach ines i s  w e l l  e s t a b l i s h e d  * The a c t i o n  o f  a c o n t r o l l e d

e x c i t a t i o n  sy stem  in  g e n e ra t in g  p o s i t i v e  dam ping d u r in g

t r a n s i e n t s  i n  an a l t e r n a t o r  h as  been  e x p e r im e n ta l ly  v e r i f i e d  •
\2  ••• 1 *3i n  p re v io u s  a n a l y t i c a l  s tu d ie s  . P r d p d s a ls N  have been  made 

i n  r e c e n t  y e a r s  f o r  th e  developm ent o f  a d d i t i o n a l  s u b s id ia r y  

fe e d b a c k  s ig n a l s  from  v a r io u s  s t r a t e g i c  s o u rc e s  i n  th e  m achine 

so  t h a t  th e  a c t io n ,  o f  su ch  r e g u la t i n g  sy s tem s m o m en ta rily  

o v e r - r id e s  o r  su p p lem en ts  th e  m ain t e r m in a l  v o l ta g e  s i g n a l s  i n  

o rd e r  to  s t a b i l i s e  th e  o p e r a t io n  o f  th e  g e n e r a to r s  when t h e i r  

c o n d i t io n s  d e v ia te ;  from  th o s e  o f  norm al power g e n e ra tio n *

A p a r t  o f  th e  a u t h o r ’s M .Sc. w o rk ^ ,3was co n cern ed  w ith  

th e  i n v e s t i g a t i o n  b f  th e  p o s s ib le  ways o f  o p t im is in g  th e  

o p e r a t io n  o f  a  modern v o l ta g e  r e g u la to r  when co n n e c ted  to  a 

p a r t i c u l a r  m ach ine . A' s e a rc h in g , s tu d y  was a l s o  made to  f in d  

o u t th e  p o s s ib le  c o n t r ib u t io n  t h a t  can  be d e r iv e d  from  

s u b s id ia r y  fe e d b a c k  s i g n a l s  depen d in g  on v a r io u s  f u n c t io n s  o f  

r o t o r - a n g l e ,

A t y p i c a l  e x c i t a t i o n  sy stem  in c lu d in g  an  a u to m a tic  

v o l ta g e  r e g u la to r  i s  shown in  th e  form  o f  a  b lo c k  d iag ram  i n  

P i g , 3 , The m ain fo rw a rd  lo o p  c o n s i s t s  o f  f a  e r r o r - s e n s in g  

e le m e n t, th e  o u tp u t o f  w hich d r iv e s  two s ta g e s  o f  m ag n e tic
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a m p l i f i e r s .  The o u tp u t o f th e  second  a m p l i f i e r  c o n t r o l s  

th e  f i e l d  o f  th e  m ain e x c i t e r .  The s a t u r a t i o n  l i m i t s  o f  th e  

m ag n e tic  a m p l i f i e r s  and th e  m ain e x c i t e r  a r e  c o n s id e re d  by 

l i n e a r  a p p ro x im a tio n  a s  shown i n  F i g .4 . Among th e  v a r io u s  

p o s s ib le  d e r iv a t io n s  o f  s t a b i l i s i n g  lo o p s ,  two o f  them  a r e  

sh o rn  i n  th e  b lo c k  d iag ra m  o f  F i g . 3 .

The re sp o n s e  c h a r a c t e r i s t i c s  o f  th e  a u to m a tic  v o l ta g e  

r e g u la to r  and  th e  e x G ite r  a re  b ased  on th e  fo l lo w in g  

a ssu m p tio n s  o

(a )  The t r a n s f e r  c h a r a c t e r i s t i c s  o f  th e  o o n t r o l  and 

m ain e x c i t e r s  may be r e p r e s e n te d  by s t r a i g h t  l i n e  seg m en ts .

(b ) The p a ra m e te rs  o f  th e  r e g u la to r  re m a in  c o n s ta n t  

th ro u g h o u t any t r a n s i e n t 0

(c )  The c h a r a c t e r i s t i c s  o f  th e  r e c t i f i e r  i n  an  a .o .
iM ■

e x c i t a t i o n  sy stem  may be r e p r e s e n te d  by e o n s t r a in in g ^ r o to r  

c u r r e n t  to  h av e  one p o l a r i t y  o n ly .

(d ) O p e ra tio n  o f  th e  v a r  l i m i t e r  i s  assum ed to  be a b s e n t .

The e q u a tio n s  a r e  th e n :

C om parato r:

v  “  k o<Ta - V  ( 2 *28)
M agnetic  a m p l i f i e r  ( 1 ) :

v1 = -  vq1 - vq2) * CL) (2.29)
1

f o r  v^m in ^  v^max
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Magnetic amplifier (2):

v 2 -  T T %  + °2  ( 2 - 30>

f o r  Vgffiin < Vg ~  v^max

The m ain e x c i t e r :
4' ' k  *■

Tf d - T # p  + Cle < * •* >e
S t a b i l i s i n g  s i g n a l  from  m ag n e tic  a m p l i f i e r  ( 2 ) :  

k~ % pv0
v  -  IX, J.— i. (2 .3 2 )
v s i  1 + r 4p

S t a b i l i s i n g  s i g n a l  from  th e  m ain e x c i t e r :  
k /ri.pv .p j

v  -A -5--- ££, (2e33)
y s2 1 + TgP

( 2 .5 )  PRIME MOVER AND GOVERNOR

The g o v e rn o r^ c o n s id e re d  h e r e ^ is  a s ta n d a rd  o i l - s e r v o  

type#  The power a d m itte d  to  th e  t u r b in e  th ro u g h  

th e  s to p - v a lv e  and p i l o t  v a lv e s  i s  c o n t r o l l e d  i n  a c co rd an c e  

w ith  th e  m ain s h a f ts p e e d  w hich o p e ra te s  th e  c e n t r i f u g a l  

g o v e rn o r . A s im p l i f i e d  r e p r e s e n t a t i o n  o f  th e  p h y s ic a l  sy s tem  

i s  shown in  P i g . 5 and a r e  ‘..based on a s su m p tio n s , th e  m ost 

s i g n i f i c a n t  o f  w hich a re s

(a )  The d e la y s  i n  th e  p rim e-m over, g o v e rn o r v a lv e  and 

p i l o t  v a lv e  a r e  r e p r e s e n te d  by s in g le  t im e - c o n s ta n t s .

(b ) The d e la y s  in  th e  c e n t r i f u g a l  g o v e rn o r  and r e l a y  

m echanism  a r e  n e g le c te d .

(c )  B o i le r  c o n t r o l  a r e  assumed to  be in o p e r a t iv e
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d u r in g  th e  t r a n s i e n t  p e r io d  and so th e  power in p u t  to  th e  

s to p - v a lv e  i s  c o n s ta n t .

(d ) The g o v e rn o r s le e v e  movement re sp o n d s  i n s t a n t l y  to  

changes i n  th e  g e n e r a to r  s h a f t  sp e e d .

Then s le e v e  movement o f  th e  c e n t r i f u g a l  g o v ern o r*

u  = U0 -  G^pS (2 .34)

f o r  0 < u  < 1

i n  w hich UQ i s  d e te rm in e d  by th e  sp e e d e r~ g e a r  s e t t i n g .

The g o v e rn o r  v a lv e  p o s i t io n  s

GpU
U 1 = '('TTr7'pT(l"+r8pT + uk (2*55)
f o r  0 < u^ <  1

The p o s i t i o n  o f  th e  s to p -v a lv e  i s  ta k e n  to  e x e r t  a  l i n e a r  

c o n t r o l  on th e  power a d m itte d  to  th e  p rim e-m o v er, and so  th e  

s team  power a t  th e  s to p  v a lv e  i s

PB = G jn, (2 .3 6 )

F i n a l l y  power in p u t  t o  th e  t u r b i n e :

%  -  l - T ^ 5  <*•” >



CHAPTER I I I

SOLUTION OF THE EQUATIONS OF THE 
TURBO-ALTERNATOR MODEL

(3.1  ) GENERAL

The e q u a tio n s  o f  th e  t u r b o - a l t e r n a t o r  m odel in c lu d in g  

e x c i t a t i o n  and g o v e rn in g  sy stem s a s  d ev e lo p e d  i n  C h ap te r I I  

a r e  in h e r e n t ly  n o n l in e a r  in v o lv in g  m u l t i - o r d e r  d i f f e r e n t i a l  

e q u a tio n s  h a v in g  v a r i a b le  c o e f f i c i e n t s .  The in c lu s io n  o f  

th e  n o n l i n e a r i t i e s  a r i s i n g  from  m ag n e tic  c i r c u i t  s a t u r a t i o n  

i n  th e  g e n e r a to r  and in  t h e - e x c i t a t i o n  c o n t r o l  sy s tem , 

in c r e a s e s  th e  d i f f i c u l t y  in  a c h ie v in g  a s o lu t io n *  A 

s i m p l i f i e d  l i n e a r  fo rm  o f  a n a ly s i s  may be p re s e rv e d  w here th e  

s t u d i e s  may be c o n f in e d  to  s m a ll  p e r tu r b a t io n s  o f  th e  sy stem  

v a r i a b l e s  a b o u t a  nom inal o p e r a t in g  p o i n t ,  i f  th e  p a ra m e te rs  

a p p r o p r ia te  to  t h i s  p o in t  a r e  known. S m all o s c i l l a t i o n  

s t u d i e s  o f  t h i s  form  have been  u s e d , i n  th e  p a s t ,  i n  s p e c i f i c  

i n v e s t i g a t i o n s o f  th e  p erfo rm ance  o f  e x c i t a t i o n  c o n t r o l
1 E

sy s tem s ♦ I t  i s ,  how ever, i n v a r i a b ly  n e c e s s a ry  to  fo llo w
)

t h i s  by l a r g e - d i s tu r b a n c e  s tu d ie s  to  i n d i c a t e  th e  a d d i t i o n a l  

e f f e c t s  caused  by l i m i t i n g  some o f  th e  sy s tem  v a r i a b le s  due 

to  s a t i i r a t i o n  and o th e r  c o n s t r a in t s  su ch  a s  governo r, v a lv e  

l i m i t s .  A l i n e a r i s e d  form  o f  s o l u t io n  i s  o f  l im i t e d  v a lu e  

and o f t e n  d o u b tfu l  i n  th e  i n v e s t i g a t io n  o f  t r a n s i e n t  

phenomena su ch  a s  o p e r a t io n  o f  a  m achine fo l lo w in g  a 

d i s tu r b a n c e  i n  th e  s t a t o r  c i r c u i t ,  lo a d  r e j e c t i o n  and



asy n ch ro n o u s ru n n in g *  f o r  th e s e  g iv e  r i s e  to  c o n d i t io n s  t h a t  

d e p a r t  s u b s t a n t i a l l y  from  th o s e  on w hich  s m a ll  o s c i l l a t i o n  

s t u d i e s  a r e  b a se d . A r e a l i s t i c  a p p r a i s a l  o f. th e  d i f f e r e n t
h&cLmodes o f  g e n e r a to r  o p e r a t io n s  re q u ire s  a d e t a i l /  i n c lu s io n  o f  

a l l  th e  n o n l i n e a r i t i e s .

At th e  same t im e , i t  i s  a p p a re n t  t h a t  t h e r e  i s  m e r i t  

i n  a g e n e r a l  m a th e m a tic a l fo rm u la t io n  o f  th e  m achine e q u a tio n s  

so  t h a t  th e y  a r e  am enable to  u se  f o r  d i f f e r e n t  k in d s  o f  s tu d i e s  

in c lu d in g  th o s e  i n  w hich i t  i s  r e q u ir e d  to  r e p r e s e n t  more th a n  

one m ach ine . The m ethod o f  d i g i t a l  s o l u t io n  g iv e n  h e re  stem s 

from  th e  p ro p o s a l  f o r  f l e x i b i l i t y  and g e n e r a l i t y  in  th e  . 

a n a l y t i c a l  a p p ro a c h , i t  a l s o  p ro v id e s  th e  e s s e n t i a l  b a se s  

f o r  s m a ll  o s c i l l a t i o n  o r  la r g e  d is tu r b a n c e  a n a ly s i s  o r  m u l t i - ,  

m achine a s s e s s m e n t s .a l ik e ,  w ith o u t th e  need  f o r  re a rra n g e m e n t 

o f  th e  b a s ic  m ethod o f  s o l u t io n .

In  th e  p r e s e n t  i n v e s t i g a t i o n ,  th e  s o lu t io n  i s  c o n f in e d  

to  th e  s tu d y  o f  a s in g le  synchronous g e n e ra to r*  b u t th e  

e x te n s io n  o f  th e  m ethod to  a n a ly s e  a  sy stem  h a v in g  two o r  

more m achines i s  d e s c r ib e d  l a t e r .

( 3 .2 )  SOLUTION OF THE DIFFERENTIAL EQUATIONS

The fo l lo w in g  d i f f e r e n t i a l  e q u a tio n s  a r e  o b ta in e d  when 

e q u a tio n s  (2 .1 9 )  to  (2 .2 1 )  a r e  r e a r r a n g e d .

D ir e c t  a x i s :



Q u a d ra tu re  a x i s :
1 + T-’p ̂ ; ( 3 - 5)

o i
(3 .6 )* "(*1 + Ti-,. " p F  * r

w here th e  tim e  c o n s ta n ts  a s  d e f in e d  i n  th e  l i s t  o f  sym bols 

u re  c a lc u la te d  from  th e  fo l lo w in g  e x p r e s s io n s :



The d i f f e r e n t i a l  e q u a tio n s  g iv e n  ab o v e , a s  w e l l  a s  th o s e  f o r
» r

an  a u to m a tic  v o l ta g e  r e g u l a t o r ,  e x c i t a t i o n  sy s te m , tu r b in e  

and g o v e rn in g  sy stem  a r e  n o t d i r e c t l y  am enable to  s o l u t io n  

by s t e p - b y - s t e p  fo rw ard  i n t e g r a t i o n  m ethods i n  a  d i g i t a l  

co m p u ter. To u se  su ch  m ethods i t  i s  r e q u i r e d  to  d e r iv e  a  : 

seq u en ce  c o n ta in in g  n o n - d i f f e r e n t i a l  te rm s w hich d e f in e  th e  

f i r s t  o rd e r  d e r iv a t i v e  o f  each  o f  th e  in t e g r a b l e  v a r i a b l e s .  

F o r su c h  r e d u c t io n ,  th e  i n t r o d u c t io n  o f  a u x i l i a r y  v a r i a b l e s  

may be n e c e s s a r y .  The s o lu t io n  d u r in g  an  i n t e r v a l  i s  

a c h ie v e d  on th e  b a s i s  o f  th e  n o n - d i f f d r e n t i a l  v a r i a b le s  t h a t  

a r e  c a lc u la te d  from  th e  l i n e a r  a lg e b r a ic  eq u a tio n s ,, re m a in in g  

c o n s ta n t  enuring th e  s t e p  i n t e r v a l ,  and th e  d i f f e r e n t i a l  

v a r i a b l e s  h a v in g  a c o n s ta n t  r a t e  o f  change a s  c a lc u la te d



a t  th e  b e g in n in g  o f  th e  in te rv a ls .  At th e  end o f  th e  s t e p ,  

when th e  f i n a l  v a lu e s  o f  t h e .in t e g r a b l e  q u a n t i t i e s  a r e  known, 

th e  a lg e b r a ic  e q u a tio n s  a r e  th e n  s o lv e d  to  o b ta in  t h e i r  new 

v a lu e s  and th e  p ro c e s s  i s  th u s  r e p e a te d  f o r  e v e ry  s t e p  

le n g th *  The co m ple te  re a rra n g e m e n t o f  th e  e q u a tio n s  and 

an  a n a ly s i s  o f  th e  p ro c e s s  o f  s o lu t io n  i s  g iv e n  i n  A ppendix 0 .

( 3 .3 )  SOLUTION OF THE ALGEBRAIC EQUATIONS

As m en tioned  i n  S e c t io n  (2 *2*2 )J i n  C h a p te r  I I ,  th e  power 

o u tp u t ,  and henoe th e  s t a t o r  c u r r e n t  depends on th e  way i n  

w hich th e  m achine i s  e x t e r n a l ly  connec ted*  To d e r iv e  an  

e x p r e s s io n  f o r  s t a t o r  c u r r e n t ,  a  s im p le  c o n f ig u r a t io n  o f  sy stem  

c o n n e c tio n  a s  shown i n  F ig *6 i s  c o n s id e re d *  The synch ro n o u s 

m achine w ith  i t s  e x c i t a t i o n  sy stem  and tu r b in e  and g o v e rn in g  

sy s tem  i s  c o n n e c te d , th ro u g h  a u n i t  t r a n s f o rm e r  and a  s h o r t  

l e n g th  o f  t r a n s m is s io n  l i n e ,  t o  a  l a r g e  sy s tem  w hich may be 

c o n s id e re d  to  rem a in  u n a f f e c te d  by any change in  th e  m achine 

o p e r a t in g  c o n d it io n 's .  The v e c to r  d iagram , f o r  s te a d y  s t a t e  

o p e r a t io n  o f  a  lo a d e d  m achine f o r  su ch  in te r c o n n e c t io n  i s  

shown i n  Fig*7* The s t a t o r  c u r r e n t s  i n  th e  two ax es can  

now be c a lc u la te d  from  th e  fo l lo w in g  e x p re s s io n s  n e g le c t in g  

th e  e f f e c t  o f  f l u x  change in  th e  t r a n s m is s io n  l in e *

v ^  -  Y^cos $

(3 .1 6 )
V. s i n  6 -
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ih& se e x p r e s s io n s  $ira n o t ,  how ever, a p p l ic a b le  d u r in g  th e  

t r a n s i e n t  o p e r a t in g  c o n d i t io n s  o f  a m ach in e . F or exam ple , 

d u r in g  a 3 -p h a se  s h o r t  c i r c u i t  a t  th e  m a c h in e - te rm in a l  

when

v q = v a = \  = x t  = Rt  = 0
th e  s t a t o r  c u r r e n t  can n o t be c a lc u la te d  from  e q u a tio n  (3 * 1 6 ).

( 3 .3 .1 )  CONCEPT OP SUBTRANSIENT QUANTITIES
1 6The c o n s ta n t  f lu x  l in k a g e  theo rem  due to  D oherty  

s t a t e s  t h a t  i n  any c lo s e d  e l e c t r i c  c i r c u i t  h av in g  no 

r e s i s t a n c e  th e  f lu x  l in k a g e s  ■yrill re m a in  c o n s ta n t  im m e d ia te ly  

a f t e r  any change i n  th e  c u r r e n t ,  v o l ta g e  o r  p o s i t i o n  o f  th e  

o th e r  c i r c u i t s  t o  w hich i t  i s  m a g n e t ic a l ly  c o u p l ie d .  I n  

p r a c t i c a l  c a s e s ,  where r e s i s t a n c e  i s  p r e s e n t ,  th e  f lu x  l in k a g e s  

ca n n o t re m a in  c o n s ta n t ,  b u t th e  r a t e  o f  change depends on th e  

e q u iv a le n t  tim e  c o n s ta n t  o f  th e  c i r c u i t .  S im i la r ly ,  i n  

m achine o p e r a t io n  th e  te r m in a l  q u a n t i t i e s  su ch  a s  v o l t a g e ,  

c u r r e n t  and pow er, may be s u b je c te d  to  an  a b ru p t  change due 

to  a  d i s c o n t i n u i t y ,  b u t  some o f  th e  i n t e r n a l  q u a n t i t i e s  su ch  

a s  f l u x  l in k a g e s  fo l lo w  th e  change a t  a  much s lo w e r r a t e .

F o r th e  c a l c u l a t i o n  o f  r a p id  t r a n s i e n t s  i n  sy n ch ronous 

m ach ines i t  i s ,  t h e r e f o r e ,  th e  u s u a l  p r a c t i c e  to  assume 

t h a t  s lo w ly  v a ry in g  q u a n t i t i e s  rem a in  unchanged d u r in g  a 

s m a ll  i n t e r v a l  o f  tim e  when th e  i n t e r v a l  i s  sm a ll  compared 

w ith  th e  t o t a l  tim e  c o n s ta n t  o f th e  v a ry in g  q u a n t i t i e s .

W ith an  a m o r t is s e u r  w in d in g  op each  a x i s ,  th e  f lu x  l in k a g e



t h a t  w i l l  ta k e  th e  lo n g e s t  tim e  to  change i s  t h a t  w hich e x i s t s  

b eh in d  th e  s u b t r a n s i e n t  in d u c tan ce*

I n  c a l c u l a t i n g  th e  te r m in a l  v a r i a b l e s  d u r in g  t r a n s i e n t  

o p e r a t io n s  th e  s u b t r a n s i e n t  v o l ta g e s  c a lc u la te d  from  th e  

s u b t r a n s i e n t  f l u x  l in k a g e s  a r e  co n s id e re d *  When m o d if ie d , 

th e  e q u a t io n  (3 .1 6 )  w i l l  be

v "  -  Vv cos <5 = Rj.1^ + — (X*. + X " ) ^
(3 .1 7 )

— V, C O S  v  =  I t , 1  -T 77—V A , f  A t  J 1 ,^ t q  x t  a '  d

V*» 6 - Td - “Ma + +
w here v j  = * itjpo  (5  13)

. - *»d - Vd - 1?*
The d e r iv a t i o n  o f  e x p re s s io n s -  f o r  ¥  £ a n d ¥ “ h a s  b een  shown 

i n  A ppendix 0 .

C o n s id e r in g  th e  exam ple o f  a 3 -p h a se  s h o r t  c i r c u i t ,  i t  

i s  now p o s s ib le * to  c a l c u l a t e  th e  f a u l t  c u r r e n t s  fhom 

e q u a tio n  (3*17) w hich  g iv e s

and

v 11
It q__
a -M - y »

cu Ad 
0

H
v*11d

■q , y i i

“ o 1

(3 .1 9 )

D u rin g  th e  re a rra n g e m e n t o f  th e  d i f f e r e n t i a l  e q u a t io n s ,  an  

a t te m p t was made t o  g e t  ^  e x p re s s io n  o f  a s u b t r a n s i e n t  te rm  

w henever p o s s ib le  and th u s  to  m a in ta in  th e  h ig h e s t  a c c u ra c y  

from  th e  s te p « b y ~ s te p  method o f s o lu t io n .



(3 .3 * 2 )  THE ALGEBRAIC EQUATIONS

The n e c e s s a ry  a lg e b r a ic  e q u a tio n s  t h a t  a r e  to  be so lv e d  

a lo n g  w ith  th e  d i f f e r e n t i a l  e q u a tio n s  a r e :

^ d S5 4'i -  L !!i, ^d  d d (3 .2 0 )

^ f d
= tb 11 L " i  vfd  ^ fd 1! (3 .2 1 )

— ih" + Ll!i
^q. ■ qi q.

(3 .2 2 )

vd p+d -  V d  -
^p© ^ = ^ - R a l ^ t . 0 (3 .2 3 )

Pe V d  + V * (3 .2 4 )

s v  i ,  -  v . iq d d q t (3 .2 5 )

vm = H  + ^ (3 .2 6 )

p© — a) + p6 0 ■ * (3 .2 7 )

■ f̂d i fd  “  V d (3 .2 8 )

Yn
= {$1  + (3 .2 9 )

P1
= (3 .3 0 )

T here a r e  s e v e r a l  o th e r  q u a n t i t i e s  w hich r e q u i r e  e s t im a t io n  

b u t p r e c i s e  m a th e m a tic a l e x p re s s io n s  a r e  n o t a v a i l a b l e  f o r  

them . ‘ These a r e  th e  r a t e s  o f  change o f  some o f  th e  m achine 

v a r i a b l e s  su ch  as  p i^*  They a r e  c a lc u la te d  by s t r a i g h t - l i n e  

a p p ro x im a tio n  and th e  method i s  i l l u s t r a t e d  i n  F i g .8 0 O th e r 

m ethods have b een  t r i e d  by ta k in g  in to  a c c o u n t o f  th e  v a lu e s  

o f  th e  v a r i a b l e  f o r  one o r  two s te p s  p re c e d in g  th e  s t e p  f o r  

w hich  th e  r a t e  o f  change i s  re q u ire d , b u t  f o r  a  sm a ll  s t e p  

le n g th  a  s i n g l e - s t e p  a p p ro x im a tio n  h as  b een  found to  be 

ad eq u a te*  The q u a n t i t i e s  t h a t  a r e  c a lc u la te d  i n  t h i s  way 

f o r  th e  n t h .  s te p  a r e :



n

pYn+1 ( Tn ”  Y(n-1

P IG .8 SOLUTION OP EQUATIONS BY
STRAIGHT LINE APPROXIMATION
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p i d (n )  = K ( n )  -  ^ ( n - l  )5 / h  ( 5 ‘ 31}

p i q (n )  = {Aq (n )  "  V n - D ^  A  (3 *?2)

**d(n> "  f e n )  "  ( 5 *33)

f e n )  = f e n )  “  ^ q ( n - 1 ) } / h  (3 .3 4 )

pVlfd (n )  ~ l^fcL(n) “  ^ fd (n -1  )jf (3 .3 5 )

( 3 .4 )  APPLICATION OF DIGITAL QOMPUTER FOR SOLUTION OF 
EQUATIONS

Of a l l  th e  v a r io u s  c o m p u ta tio n a l a id s  f o r  pow er^system

a n a ly s e s , th e  a p p l i c a t i o n  o f  d i g i t a l  com pu ters  h a s  found  th e

g r e a t e s t  a t t r a c t i o n  i n  r e c e n t  y ea rs*  The a d v a n ta g e s  and

d is a d v a n ta g e s  o f  d i g i t a l  a n a ly s i s ,  com pared w ith  a l t e r n a t i v e
17*18

m ethods, have been  d is c u s s e d  on s e v e r a l  o c c a s io n s  . , and th e  

g e n e r a l  outcom e a p p e a rs  to  have b een  a s u b s t a n t i a l  and 

a p p a r e n t ly  in c r e a s in g  p re fe re n c e  f o r  th e  u se  o f  d i g i t a l  

m ethods*

In  th e  p r e s e n t  i n v e s t i g a t io n  a  d i g i t a l  com puter 

s o l u t io n  h as  been  ch o sen  b ecau se  o f  i t s  a l l  round  a n a l y t i c a l  

power i n  t h i s  work and a l s o  i n  a  w id e r  p a t t e r n  o f  power sy s tem  

r e s e a r c h  o f  w hich th e  p r e s e n t  p r o je c t  i s  a  p a r t*  F u r th e rm o re , 

th e  esuse w ith  w hich a  program  once d ev e lo p e d  may,' a t  s h o r t  

n o t i c e ,  be u sed  i s  i n  many ways a  m ost s i g n i f i c a n t  a d v a n ta g e , 

p a r t i c u l a r l y  i n  p ro m o tin g  a c o n t in u i ty  o f w ork i n  lo n g  te rm  

i n v e s t i g a t i o n a l  p r o j e c t s .
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(3 o 4 e l)  INTEGRATION OP THE DIFFERENTIAL EQUATIONS

The i n t e g r a t i o n  o f  th e  d i f f e r e n t i a l  e q u a tio n s  i s  

a c h ie v e d  by a  s t e p - b y - s t e p  m ethod. S e v e r a l  n u m e ric a l  

te c h n iq u e s  a r e  a v a i l a b l e  f o r  such  fo rw ard  s t e p  s o l u t i o n s ,  b u t  

o f  th e s e  th e  m ost w id e ly  u sed  and p ro b a b ly  th e  s im p le s t  o n e , 

i s  th e  E u n g e-K u tta  m ethod, o r  i t s  r e c e n t  m o d ifie d  v e r s i o n ,  

c a l l e d  th e  K u tta -M erso n  m ethod. The u se  o f  s e v e r a l  o th e r
1 Q

te c h n iq u e s  h as  b een  p ro p o sed  ^ e m p h as is in g  th e  a d v a n ta g e  o f  

lo n g e r  s t e p - l e n g th s  t h a t  can  be u sed  f o r  d i f f e r e n t  P r e d i c t o r -  

O o r r e c to r  m ethods f o r  th e  same a c c u ra c y . In  th e  p r e s e n t  c a se  

how ever, th e  r e t e n t i o n  o f  a c o m p a ra tiv e ly  s m a ll  s t e p  i n t e r v a l  

i s  fa v o u re d  i n  o rd e r  to  c a l c u la t e  a c c u r a t e ly ,  th e  s e v e r a l  

q u a n t i t i e s  su ch  a s  p i ^ ,  by a s t r a i g h t - l i n e  a p p ro x im a tio n . 

U sing  th e  K u tta -M erso n  n u m e ric a l r o u t i n e ,  a  s t e p  le n g th  o f  5 

m i l l i s e c o n d  has  been  found s a t i s f a c t o r y  from  a  s e r i e s  o f  

s t u d i e s  u s in g  d i f f e r e n t  s t e p - l e n g t h s .

( 3 .4 .2 )  VALIDITY OP RE ARRAN GEMOT OP DIPPERENTIAL 
EQUATIONS

T here a r e  s e v e r a l  ways i n  w hich th e  re a rra n g e m e n t o f  th e  

d i f f e r e n t i a l  e q u a tio n s  i n  S e c t io n  (3 .2 )  may be c a r r i e d  o u t .

The m ethod ch o sen  and i t s  v a l i d i t y  have b een  checked  by 

t a k in g  th e  fo l lo w in g  sy s tem  o f  e q u a t io n s .

f  (y ) x
1 + (a-kbJp '

f ( y ) x (3*36)'T P n jT T T T B p J



Computed by L ap lac e  T ransfo rm  

Computed by s t e p - b y - s t e p  method

JL)

FIG . 9 SOLUTION OP DIFFERENTIAL EQUATIONS BY THE TWO
METHODS MENTIONED IN CHAPTER I I I



These f o u r  e q u a tio n s  were f i r s t  s o lv e d  by a p p ly in g  

L ap lac e  T ran sfo rm  and th e n  by th e  same p ro c e s s  o f  r e a r r a n g e ­

ment a s  h a s  been  ad o p ted  in  th e  ca se  o f  th e  t u r b o - a l t e r n a t o r  

m odel. The r e s u l t  i s  shown in  P ig .9 .  Assum ing t h a t  th e  

a p p l i c a t i o n  o f  L ap lace  T ransfo rm  y i e ld s  th e  m ost e x a c t 

s o l u t io n  f o r  su c h  d i f f e r e n t i a l  e q u a t io n s ,  i t  i s  found  from  

F i g .9 t h a t  th e  r e s u l t s  o b ta in e d  by th e s e  two m ethods a r e  . 

a lm o s t i d e n t i c a l  f o r  a  s t e p  le n g th  dtf 5 m ill is e c o n d *

(3*4*3) SOLUTION OF THE ALGEBRAIC EQUATIONS

The a lg e b r a ic  e q u a tio n s  g iv e n  i n  e q u a tio n s  (3*20) t o  

(3*35) oan  be in c lu d e d  w i th in  th e  i n t e g r a t i o n  r o u t i n e ,  o r  

ex c lu d e d  from  i t ,  t o  s o lv e  them  a t  th e  end o f  e a c h  s te p  

i n t e r v a l .  W ith a  s t e p - l e n g th  o f 5 m i l l i s e c o n d ,  th e  a c c u ra c y  

g a in e d  by in c lu d in g  them  w ith in  th e  r o u t in e  i s  n e g l i g ib ly  

s m a l l .  The maximum e r r o r  t h a t  h as  b een  found to  o cc u r was 

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

p ro c e s s  o f  s o l u t io n .  T h is  e r r o r  i s  e l im in a te d  d u r in g  th e  

su b se q u e n t s t e p s  w ith o u t a d d in g  a n y /a d v e rs e  e f f e c t  to  th e  

re m a in d e r  o f  th e  s o l u t io n  s in c e  th e  t r a n s i e n t  s o lu t io n  i s  

more c o n d i t io n e d  by th e  d i f f e r e n t i a l  e q u a tio n s  th a n  by th e  

a lg e b r a ic  e q u a t io n s .  The d i f f e r e n t i a l  e q u a tio n s  a r e  n o t 

v u ln e r a b le  to  any s h a rp  change due to , th e  p re se n c e ' o f  t im e -  

c o n s t a n t s .



(3o5) COMPARISON OF COMPUTED AND TEST RESULTS

A d i g i t a l  com puter program  was d ev e lo p e d  in  E x tended  

M ercury A uto -code f o r  th e  n u m e ric a l s o l u t io n  o f  th e  e q u a tio n s  

o f  th e  t u r b o - a l t e r n a t o r  m odel and to  a s s e s s  th e  a c c u ra c y  o f  

th e  m odel by com paring  th e  computed r e s u l t s  w ith  th o s e  

o b ta in e d  from  in s tru m e n te d  s i t e  t e s t s .  The p h y s ic a l  sy s tem  

c o n s id e re d  f o r  th e  p u rp o se  o f com parison  i s  t h a t  o f  th e  t e s t -

a rran g em en t f o r  th e  s i t e - t e s t s  co n d u c ted  a t  G o ld in g to n  Power
20 21S t a t io n  r . The sy s tem  c o n n e c tio n s  f o r  th e  t e s t s  a r e  s i m i l a r  

t o  t h a t  shown i n  F i g .6 . The a u to m a tic  v o l ta g e  r e g u l a t o r ,  

e x c i t a t i o n  sy s tem  and prim e-m over g o v e rn in g  sy stem  a t ta c h e d  

t o  th e  t e s t  m achine a r e  a l s o  s i m i l a r  to  th o s e  shown i n  b lo c k  

sc h e m a tic  form  i n  F ig s .  3 and 5 .  The r a t i n g  o f  th e  m achine 

and o th e r  n e c e s s a ry  p a ra m e te rs  f o r  th e  m odel o b ta in e d  from  

th e  m a n u fa c tu re rs  and from  d i f f e r e n t  t e s t  r e s u l t s  a r e  g iv e n  

i n  T ab les I-E ltS o m e th e  p a ra m e te rs  w ere a d ju s te d  fo l lo w in g  

th e  s u g g e s t io n s  made by S h a e k s h a f t ^ .  The t e s t  m achine was 

f i t t e d  w ith  a  s t a t i c  ty p e  a . c ,  e x c i t a t i o n  sy s te m , and so  lo n g  

a s  th e  f i e l d  c u r r e n t  does n o t  a t te m p t to  r e v e r s e  i t s  p o l a r i t y ,  

th e  r e c t i f i e r s  do n o t  m odify th e  e x c i t a t i o n  c h a r a c t e r i s t i c s ,  

and c o n s e q u e n tly  no e x t r a  c o n s t r a in t s  a r e  n e c e s s a ry  to  

r e p r e s e n t  th e  r e c t i f i e r - c h a r a c t e r i s t i c s .

( 3 .5 .1 )  SYMMETRICAL-3-PHASE FAULT AT THE BUSBAR

The sy m m e tr ic a l 3 -p h a se  f a u l t  i s  th e  m ost s e v e re  

d i s tu r b a n c e  c o n d i t io n  o f  a l l  th e  t e s t s  m en tioned  i n  R e fe re n c e



TABLE 1

P a ra m e te rs V alues s u p p l ie d
' Vi

V alues com puted 
a t  1 .0  p .u .  

t e r m in a l  v o l ta g e

M achine
r a t i n g

37 o 5 MVA , 1 1 . 8  RV 
0*8 p . f * ( l a g )  3000 RcP.M*

' >

mm

x d 2 c00 ( u n s a tu r a te d ) 1.816
X

<1
ten 1,816

Xad 1*86 ( u n s a tu r a te d ) 1.676

Xaq 1*86 ( u n s a tu r a te d ) 1.676

Xf f d 2 .0 0  (u n s a tu r a te d ) 1.816

Xa 0 .1 4  ( u n s a tu r a te d ) 0.14

XKd 0 .0 4  (u n s a tu r a te d ) 0.04

XKq 0 .0 4  ( u n s a tu r a te d ) 0,04

V 0 .232  ( a t  1 p .u .  v o l ta g e ) 0.249
V !»

d 0 .143  ( a t  1 p .u*  v o l ta g e ) 0.141-
Y HV - 0,169
G «w 1738,3

Gkd “ 584.5

Gkq 584.5

Rfd 0.00107 «

%
(wll

0 .002 mm

R'Kd 0.00318 mm

l.'i'C n*»a* A*fUî f-.ni w**

0 .00318 am



TABIiB 1 ( c o n t in u e  d )

P a ra m e te rs V alues s u p p l ie d V alues com puted 
a t  1 ,0  p .u .  

t e r m in a l  v o l ta g e

r , !do 5 e95 s e c . 5.403 B ee.

r  ” do 0 ,1 6 9  s e e .

r d* 0 ,7 5 3  s e c , ( l  p .u ,  v o l ta g e ) 0.801 see.V 0 ,0 2 9  sec* 0.107 see.
r  "^qo - 1,818 seo.
r  "

q.
(W 0.169 seo.

r kdo - 1,718 seo.

r kd - 0.04 see.
H 5*3 kW seo/kVA -

d - 0 .0022

0)~0 100 %r a d / s e o . -

M 0.0337 -

x t 0 .1802 ' . .V

Rt o.o.



TAB1E II

K n
0

= 1 , 0
^ l

as 0 . 0 4 4 s e o .

= 5 0 . 0
T 2

=  ' 0 , 1 0 s e c .

XT
2

= 11 . 0 r e s 0 . 2 0 s e c .

K e
3

=

3 . 0 5

0 . 0 1 2

r 3

r 4
a

0 . 1 0

0 . 1 0

s e c .

s e o .

K 4
s 0 . 0 1 4

^ 5
= 2 . 0 s e o *

= 6 4 * 2  v o l t s
r 6

2 . 0 s e c *

° 2
55 - 1 2 9 * 9  v o l t s v ^ n i i n = 3 . 5 v o l t s

° e
55 - 1 5 * 0  v o l t s v ^ m a x as - 5 3 , .  6 v o l t s

V g m i n = 0 v o l t s

Vgri ia-x —2 2 7 v o l t s

(PA B 1E r u

1 ' .

=5 1 . 0 8  x  1 0 " 3 SB 0 . 1 0 s e o *

&2 as 1 . 3 5 Y 8
QS 0 . 1 8 8 s e o *

" k
as - 0 . 2 6 7

T g
m 0 . 4 9 s e o *

G *
„ _ 2

as 1 . 4 2 ■



( 2 0 ) a C o n se q u e n tly , t h i s  was c o n s id e re d  f o r  an  a p p r a i s a l  o f  

th e  v a l i d i t y  o f  th e ' m a th e m a tic a l model* The f a u l t  was a p p l ie d  

a t  th e  t e r m in a ls  o f  th e  u n i t  t r a n s fo rm e r  f o r  a  d u r a t io n  o f  

0*38 seco n d s  w ith  th e  g e n e r a to r  i n i t i a l l y  d e l i v e r i n g  f u l l  lo a d  

a t  r a t e d  power f a c to r , ,  S u b se q u e n tly  th e  f a u l t  was c le a r e d  and 

th e  m achine r e s to r e d  to  no rm al o p e ra tio n *  The computed and 

t e s t  r e s u l t s  f o r  s e v e r a l  m achine v a r i a b l e s  a r e  shown i n  P igs*
ls\j c<xn/is<- 00

10,11 and 12Aand th e  s te a d y  s t a t e  v a lu e s  o f  th e  same v a r i a b l e s  

b e fo re  and. a f t e r  th e  f a u l t  i s  g iv e n  i n  T a b le d  0

( 3 .5 .2 )  DISCUSSION.OP RESULTS

D u rin g  th e  f a u l t  p e r io d  th e  f i e l d  and s t a t o r  c u r r e n t s  a r e  

l e s s  th a n  what was o b ta in e d ^  and c o n s e q u e n tly  th e  te r m in a l  

v o l ta g e  i s  c o m p a ra tiv e ly  h ig h  , r e s u l t i n g  in  a l a r g e r  s t a t o r

c u r r e n t  a s  soon  a s  th e  f a u l t  i s  c le a re d *  The com puted f i e l d

v o l ta g e  i s  a l s o  h ig h e r  compared w ith  th e  t e s t  f ig u re s *  The

re a s o n s  f o r  th e s e  d i s c r e p a n c ie s  a re s

(a )  S a tu r a t io n

The s e l f  and m u tu a l in d u c ta n c e s  on b o th  d i r e c t  and 

q u a d ra tu re  ax es  depend on th e  f lu x e s  i n  th e  m achine and v a ry  

a c c o rd in g  t o  th e  d e g re e  o f  s a tu r a t io n *  Use o f  th e  

u n s a tu r a te d  in d u c ta n c e  f o r  th e  com plete  ra n g e  o f  m achine 

o p e r a t io n  i s ,  t h e r e f o r e ,  u n r e a l i s t i c *

(b ) A m o rtis se u r  W inding P a ra m e te rs

I t  i s  w e l l  known t h a t  th e  r e s i s t a n c e s  and r e a c ta n c e s  

o f  t h e  eddy c u r r e n t  p a th  d o -n o t re m a in  c o n s ta n t  d u r in g
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3Co

t r a n s i e n t  o p e r a t io n s  o f  a  machine* T h e ir  co m p u ta tio n  d u r in g  

a sy n ch ro n o u s o p e r a t io n  has  been  c o n s id e re d  r e c e n t ly *  b u t  no 

in fo rm a t io n  i s  a v a i l a b l e  f o r  m o d u la tin g  th e s e  p a ra m e te rs  d u r in g  

m achine o p e r a t io n s  when th e  f lu x  v a r i a t i o n  i s  n o t s i n u s o i d a l ,  

(o ) E x c i t e r  C h a r a c t e r i s t i c s

The s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  th e  m ain e x c i t e r  and 

m ag n e tic  a m p l i f ie r s h a v e  b een  c o n s id e re d  by s t r a i g h t  l i n e  . 

a p p ro x im a tio n s*  In  a c t u a l  c a se s  t h e s e ,  o f  c o u rs e , d i f f e r  

from  th e  i d e a l i s e d  c o n d it io n *  M oreover, i t  was n o t p o s s ib le  

to  r e p r e s e n t  th e  o u tp u t im pedance o f  th e  e x c i t e r  f o r  w h ich , 

a s  a  r e s u l t ,  th e  f i e l d  v o l ta g e  o b ta in e d  from  co m p u ta tio n  i s  

h ig h e r .  The g a in s  f o r  th e  d i f f e r e n t  s t a g e s  o f  th e  

e x c i t a t i o n  sy stem  c o rre sp o n d  to  th e  open c i r c u i t  r a t i o s  o f  

th e  in p u t  and o u tp u t q u a n t i t i e s .

(d ) S a l ie n c y

S in ce  no in fo rm a tio n  was a v a i l a b l e  ab o u t th e  s a l i e n c y  

o f  th e  tu rb o  g e n e r a to r ,  th e  q u a d ra tu re  a x is  synch ronous 

r e a c ta n c e  was assum ed to  be e q u a l to  t h a t  o f  th e  d i r e c t  

a x i s .  I t  h a s  been  co n firm ed  from  t e s t s  t h a t  th e  tu rb o  

g e n e r a to r s  a l s o  have an  a p p r e c ia b le  s a l i e n c y ,  hence su ch  

a ssu m p tio n  i s  bound to  in c lu d e  e r r o r s  i n  th e  computed jresu l* ts- 

s in c e  d u r in g  le a d in g  power f a c t o r  r e g io n ,  s a l i e n c y  a f f e c t s  

s u b s t a n t i a l l y  th e  s te a d y  s t a t e  o p e r a t in g  c o n d i t io n s  o f  th e  

g e n e r a to r .
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CHAPTER IV 

VARIABLE PARAMETER MODEL

( 4 .1 )  BASIS OP VARYING- PARAMETERS

The a p p r e c ia b le  d is c re p a n c y  betw een  th e  com puted r e s u l t s  

and th o s e  o b ta in e d  from  s i t e - t e s t s ,  a s  showp i n  C h ap te r I I I ,  

em p h asises  t h e .n e c e s s i t y  o f  im prov ing  th e  m a th e m a tic a l m odel 

so f a r  developed ,, f o r  o b ta in in g  more a c c u r a te  q u a n t i t a t i v e  

in fo rm a t io n .

T h is  C h a p te r  i s  d ev o ted  to  d e v e lo p in g  a  s u i t a b l e  way o f

in c lu d in g  s a t u r a t i o n  c h a r a c t e r i s t i c s  i n  m achine a n a ly se s*

S a tu r a t io n  h as  b een  c o n s id e re d  i n  th e  p a s t  i n  a n a ly s in g

e le c tr o m a g n e t ic  phenomena in  f e r ro -m a g n e tic  m a te r ia ls *  In
o p

p re v io u s  work , th e  m a g n e t is a t io n  cu rv e  was ap p ro x im ated  to  

by s e v e r a l  s t r a i g h t - l i n e  segm ents an d , d ep en d in g  on th e  f l u x  

c o n d i t io n  w i th in  th e  s u b s ta n c e ,  d i f f e r e n t  v a lu e s  o f  r e l a t i v e  

p e r m e a b i l i ty  w ere c o n s id e re d *  In  m achine a n a ly s e s ,  how ever, 

l i t t l e  e f f o r t  h a s  been  made to  c o n s id e r  s a t u r a t i o n  u n t i l  

r e c e n t l y  * The l im i t e d  p ro g re s s  t h a t  h as  so f a r  b een  made 

i n  t h i s  a s p e c t ‘o f  a n a ly s i s  i s  due to  th e  r e l a t i v e l y  l im i t e d  

a v a i l a b i l i t y  o f  f a s t ,  com puting  a i d s ,  b e c a u se  su ch  c o n s id e r ­

a t i o n s  make i t  n e c e s s a ry  to  c a lc u la t e  th e  t r a n s i e n t  and su b ­

t r a n s i e n t  m a c h in e -p a ra m e te rs  w henever th e  f l u x  c o n d i t io n s  

w i th in  th e  m achine change*



(4 * 1 .1 )  M’U1>PATHS IN SYNCHRONOUS MACHINE

The f lu x - p a th s  i n  a synchronous m ach in e , com prise  a  

h e te ro g e n e o u s  medium -  p a r t l y  la m in a te d , p a r t l y  s o l i d  i r o n  

and p a r t l y  a i r*  The m u tu a l f lu x  t r a v e r s e s  th e  com plete  p a th ,  

th e  le a k a g e  f l u x ,  on t h e  o th e r  hand , l i n k s  o n ly  th e  

r e s p e c t iv e  w in d in g s and t h e i r  p a th s  a r e  d i f f e r e n t  from  t h a t  

o f  th e  m u tu a l f lu x *  In  f a c t ,  th e  d i s t r i b u t i o n  o f  le a k a g e  

f lu x  i n  a  synch ro n o u s m achine i s  in v o lv e d  and i t s  p r e c i s e  

form  i s  n o t  e n t i r e l y  a c c o u n te d  f o r  a t  th e  p re s e n  tim e* I t  i s ,  

how ever, t r u e  to  sa y  t h a t  le a k a g e  f lu x  i s  u s u a l ly  l e s s  th a n  

10#  o f  th e  m u tu a l f l u x ,  and i t s  p a th s  b e in g  m ain ly  i n  a i r ,  ,-;- 

c o n t r ib u t e s  l e s s  s i g n i f i c a n t l y  to  m ag n e tic  c i r c u i t  

s a t u r a t i o n  th a n  does th e  m u tu a l f l u x .  I n  t h i s  c o n n e c t io n , 

th e  fo l lo w in g  a s s u m p tio n s ;a re  in tro d u c e d *

(a )  The le a k a g e  in d u c ta n c e  o f  each  w in d in g  i s  

in d e p e n d e n t o f  th e  s t a t e  o f  th e  f lu x  p a th  o f  t h a t  w in d in g  

and i t s ^ v a lu e  i s  assumed to  rem ain  c o n s ta n t  f o r  th e  e n t i r e  

ra n g e  o f  f l u x  v a r i a t i o n  in  th e  core*

(b ) Leakage f l u x  does n o t c o n t r ib u te  to  th e  a v e ra g e  

s a t u r a t i o n  o f  th e  co m p o site  f l u x - p a th  w hich  i s ,  t h e r e f o r e ,  

d e te rm in e d  o n ly  by th e  m u tu a l f lu x *

(c )  S a tu r a t io n  i s  a f u n c t io n  o f  th e  t o t a l  m u tu a l f lu x  

i n  th e  c o re  c a lc u la te d  from  th e  d i r e c t - a n d  q u a d r a tu r e - a x is  

com ponents o f  f lu x *

(d ) Though th e  f lu x  in  th e  two ax es  may be d i f f e r e n t ,



i t  i s  assum ed t h a t  th e  s a t u r a t i o n  i s  e f f e c t e d  e q u a l ly  i n  th e  

two a x e s .

F o llo w in g  a s su m p tio n  ( a ) ,  o n ly  th e  m u tu a l in d u c ta n c e  

changes w ith  s a t u r a t i o n ,  hence

*^ad ”  *^ado
L = k l  ^4 *1 ^aq aqo

w here and a r e  th e  u n s a tu r a te d  d i r e c t - a n d  q u a d r a tu r e -

a x i s  m u tu a l in d u c ta n c e s  r e s p e c t i v e ly ,  and

k = f(4»m)/f(H) * (4.2)

w here f a n d  f  (H) a r e  th e  f u n c t io n s  o f  th e  a i r  gap f l u x  and

th e  m a g n e tis in g  f o r c e .  From a ssu m p tio n  (d )

. i a  = =  ( 4 , 3 )
ad ad.o

A l t e r n a t iv e  m ethods have been  s u g g e s te d  f o r  r e p r e s e n t in g
23s a t u r a t i o n .  The te c h n iq u e  p roposed  by B o f f i  and H ass , w hich

i s  s u i t a b l e  f o r  an a lo g u e  com puter s o l u t i o n s ,  ta k e s  o n ly  th e  

d i r e e t - a x i s  f lu x  c o n d i t io n  in to  a c c o u n t, and assum es t h a t  th e  

q u a d r a tu re ^ a x is  m ag n e tic  p a th s  rem a in  a lw ays u n s a tu r a te d .  

S te v e n ^ ',  on th e  o th e r  h an d , has  d ev e lo p e d  a method o f, 

f o rm u la t in g  an e x p r e s s io n  f o r  th e  s a t u r a t i o n  i n  th e  q u a d ra tu re  

a x is*

( 4 .2 )  VARIABLE INDUCTANCE CALCULATION

The t o t a l  f lu x  i n  th e  a i r - g a p  i s  g iv e |i  by



^  a t
it

L*ifd
o r “  Lad^K  +

“  I adHa-fc

a t  “  A i  + ^ a q }  ' ( 4 *4)

where i s  t h e , d i r e c t - a x i s  a i r  gap f l u x  and i s

“  ^ad A f d  + 1kd "  ^  ^4 *5 ^

and i s  th e  q u a d r a tu re “-a x is  a i r  gap f l u x  w hich i s

= 1  { i ,  -  i  V  ( 4 . 6 )aq  I kq q j  

Hence from  e q u a tio n s  ( 4 . 4 ) , - ( 4 . 5 ) and (4*6)

( 4 . 7 )*

On th e  b a s i s  o f  a ssu m p tio n  ( d ) ,  e q u a tio n  (4*7) can  be w r i t t e n  

a s

*  ( 4 . 8 )

e j T ( 4 . 9 )

w here H ^ = t o t a l  e q u iv a le n t  m a g n e tis in g  fo r c e

H. -  e q u iv a le n t .m a g n e t i s in g  fo r c e  a lo n g 'th e  
d i r e c t  a x is

“  Lad { i fd  + 1kd "  ^
and H = e q u iv a le n t  m a g n e tis in g  f o r c e  a lo n g  th e

^ q u a d ra tu re  a x is

= Lq ^ k q  "  ^

Therefore* \ & = + a t /Ha t  (4 .10)

E q u a tio n  ( 4 d 0 )  s u g g e s ts  t h a t  i f ,  a t  any s t a g e ,  th e  

m a g n e tis in g  f o r c e  and th e  f l u x  p roduced  by i t  a r e  known, 

th e  m u tu a l in d u c ta n c e  l a ^ can  be e a s i l y  c a l c u l a t e d * The



r© X atl©n b e tw e e n y  ^ and H ^ depends on th e  d e g re e  o f  s a tu r ^  

a t io n *  The r e q u ir e m e n t ,  t h e r e f o r e ,  i s  t o  f in d  a  m a th e m a tic a l  

e x p r e s s io n  f o r  th e  p h y s ic a l  r e l a t i o n  betw een  t o t a l  a i r - g a p  

f lu x  and  th e  e q u iv a le n t  t o t a l  m a g n e tis in g  fo r c e  i n  an  a q tu a l  

m ach ine , and th e  e x p re s s io n  sh o u ld  he v a l i d  f o r  a l l  c o n d i t io n s  

o f  m achine o p e ra tio n *

From e q u a tio n  (4*7) i t  i s  t r u e  to  sa y  t h a t  th e  

m a g n e tis in g  fo r c e  ca n  be a p p l ie d  f o r  v a r io u s  co m b in a tio n s  o f

th e  d i r e c t ^  and q u a d r a tu r e - a x is  c u r r e n t s ,  b u t th e  a i r - g a p

f l u x  w i l l  be th e  same f o r  a p a r t i c u l a r  tm f  , i r r e s p e c t i v e  : 

o f  th e  co m b in a tio n  o f  th e  d i f f e r e n t  c u r r e n t s  in v o lv ed *

One way o f  f i n d in g  th e  r e l a t i o n s h i p  betw een  th e  a i r - g a p  

f lu x  and mmf i s  from  th e  o p e n - c i r c u i t  c h a r a c t e r i s t i c  o f  th e  

m ach in e , s in c e  a t  r a t e d  speed

v d - V f d  (4.11)
o r  d iv id in g  by

^  a t  = ^ad ^ fd  ( 4 . 1 2 )

b e c a u se  i fl -  i q = i fed = = 0 .

(4*2*1) EFFECT OF SALIENGY

The o p e n - c i r c u i t  c h a r a c t e r i s t i c s ,  how ever, do n o t 

c o rre sp o n d  to  th e  r e l a t i o n s h i p  betw een  f l u x  and mmf f o r  a  

lo a d e d  m achine h a v in g  pronounced s a l i e n c y ,  f o r ,  i n  t h i s  

c a s e ,  th e  r e lu c ta n c e  o f  th e  q u a d ra tu re  a x is  i s  d i f f e r e n t  

from  t h a t  o f  th e  d i r e c t  a x is*  F or an  e x a c t  s o lu t io n  o f



t i le  p rob lem  i n  th e  c a e e  o f  a s a l i e n t - p o l e  m achine i t  i s ,  

t h e r e f o r e ,  n e q e s sa ry  to  know b o th  and i n  e q u a tio n  

(4 . 9 ) t o rd e r  to  be a b le  to  c a l c u l a t e  and th e n  L 

u s in g  a ssu m p tio n  ( d ) 0

In  c y l i n d r i c a l  r o t o r  m ach in es , th e  s a l i e n c y  i s  

c o m p a ra tiv e ly  s m a ll  an d , t h e r e f o r e ,  i n  o rd e r  to  s im p l i f y  

th e  m ethod o f  in c l t id in g  s a t u r a t i o n ,  s a l i e n c y  i s  n e g le c te d  in  

so  f a r  a s  th e  p ro d u c tio n  o f  a i r - g a p  f lu x  i s  c o n c e rn e d * I t  

i s  th e n  p o s s ib le  to  u se  th e  open c i r c u i t ,  c h a r a c t e r i s t i c s  to  

p ro v id e  a  g e n e r a l  r e l a t i o n s h i p  betw een  flux ; and mmf f o r  a l l  

c o n d i t io n s  o f  m achine o p e r a t io n ,  b ec au se  e q u a tio n  ( 4 *7 ) can  

th e n  be w r i t t e n  a s
2 , /_. \2 i4 t

^ a t  = I a d O i fd  + i kd “  ^  + ^ k d  "  ^ I

( 4 .2 .2 )  VARIABLE INDUCTANCE PROM OPEN CIRCUIT 
CHARACTERISTICS

Assum ing a t  t h i s  s ta g e  t h a t  a  m a th e m a tic a l  e x p re s s io n

i s  a v a i l a b l e  f o r  th e  s a t u r a t i o n  c h a r a c t e r i s t i c * th e

in d u c ta n c e  a t  any f l u x  c o n d i t io n  can  be c a lc u la te d  i n  th e

f o l lo w in g  way, p ro v id e d  t h a t  th e  u n s a tu r a te d  v a lu e  o f  m u tu a l

in d u c ta n c e  i s  known from  t e s t s  *

Then r e f e r r i n g  to  'S?lg*J\3 t  a  p a r t i c u l a r  q i r  gap

f lu x  4L th e  u n s a tu r a te d  v a lu e  o f  f lu x  i s  ^  #

~ ■'■'ado^'atl i (4 .1 3 )
w hereas , = l>adHat1



HE
 

GA
P 

PI
TJ
X

as

F IG . 13 RELATION BETWEEN AIR GAP 
FLUX AND MMF



'and th e n  ' I *  = ^L  ,aq  ad

I t  i s ,  t h e r e f o r e ,  r e q u ir e d  to  f in d  o u t y uQ f o r  a  known 

v a lu e  o f  V ,, t h i s  can  he c o n v e n ie n tly  done by fo rm u la t in g  th e  

e q u a t io n s  o f  th e  a i r  gap l i n e ,  and th e  s a t u r a t i o n  

c h a r a c t e r i s t i c  a n d ;e x p r e s s in g ,  i n  b o th  o a s e s ,  th e  mmf a s  a  

f u n c t io n  o f  th e  o p e n - c i r c u i t  v o l ta g e  i n  th e  p e r  u n i t  n o t a t i o n .

( 4 .3 )  MATHEMATICAL CURVE HITTING- POR OPEN CIRCUIT 
CHARACTERISTICS

( 4 .3 .1 )  TSCHBBYCHEEE5 S LEAST SQUARE APPROXIMATION 

The r e l a t i o n  betw een  th e  mmf and a i r - g a p  f l u x  i s  

e x p re s se d  a s  a  p o ly n o m ia l s e r i e s  o f  th e  form
Q 7  y\

y ~ a Q + a^x  + + b .„  a^x  (3 .1 5 )

whore y  = t o t a l  mmf a c t in g  round  th e  c i r c u i t

and x = th e  a i r - g a p  f l u x .

A p o ly n o m ia l o f  d eg ree  n h as  n +1 c o e f f i c i e n t s ,  an d n + 1  

c o n d i t io n s  a r e  r e q u i r e d  to  d e te rm in e  th e  c o e f f i c i e n t s  u n iq u e ly .

However, a  s i t u a t i o n  may a r i s e  w here th e  o b s e rv a t io n s  o r  sam ple

d a ta  o b ta in e d  from  some ex p e rim en t do* n o t conform  to  any  

U nique s o l u t i o n .  In  su ch  c a se s  th e  te n d e n c y  i s  to  f i t  a  

cu rv e  y (x )  g iv in g  a  sm oothed s e t  o f  v a lu e s  y ( x . ) w hich  a r e ,
.JLi



*+J •

, /  d i f f e r e n t  from  th e  o b se rv ed  T sc h e b y c h e ff  &e
&>ir

l e a s t  s q u a r e  a p p ro x im a tio n  D i s  one o f  th e  m ost s u i t a b l e

m ethods f o r  su ch  c u r v e ~ f i t t in g *  The l e a s t  sq u a re  c r i t e r i o n

s t a t e s  t h a t  a  good e s t im a te  f o r  th e  p o ly n o m ia l i s  one w hich

m in im ises  th e  d e v ia t io n s  ^ iv e n  by 
n

jV i “ y (x ± )1 2 -  f ( a G, a 1 f * , . a n ) (3*16)
i~ o  L

(4>3*2) GATJSS-SEIDEL ITERATIVE METHOD

The e v a lu a t io n  o f  th e  c o e f f i c i e n t s  a 0 , a ^ ? * , 9an  can  be

done by one o f  s e v e r a l  m ethods * In  t h i s  p a r t i c u l a r  c a se  o f

s a t u r a t i o n c h a r a c t e r i s t i c s  th e  "O au ss-S e i& el I t e r a t i v e ” ^

m ethod h as  b een  found  s u i ta b le *

The m ethod o f  i t e r a t i o n  le n d s  i t s e l f  to  th e  s o l u t io n

o f  n+1 s im u lta n e o u s  e q u a tio n s  in  n+1 unknowns* The p ro c e s s

can  be e x p la in e d  i n  th e  fo l lo w in g  way*

S u b s t i t u t i n g  th e  n +1 p a i r s  o f  d a ta  e q u a tio n

( 3 *1 4 ) and re a r ra n g in g *  th e  fo l lo w in g  e q u a tio n s  a r e  o b ta in e d .
2 __na^XQ ”  00**000990090 “* Q

1 n-1*• &2Xj\ oooo 0*009 ™“ a  x^

2 -  -  x 2 -  . . .  -  2 ( 3 . 1 7 )

& _ ) _ „-1  ™ a a x ** •990 "  a  a x1 n h ~ ‘ n

A s o l u t io n  i s  th e n  so u g h t f o r  th e  n+1 c o e f f i c i e n t s *  I t e r a t i o n  

i s  i n i t i a t e d  by assum ing  t h a t  th e  v a lu e s  o f  a l l  th e  c o e f f i c i e n t  

a r e  s e r o .  Then from  th e  f i r s t  e q u a tio n  o f  (3*17) a u

a o -  y 0 -  a
H»1

55 y i x i

10

a 1 -  a oxT

a 2 = y 2x ; 2 "  a ox 2
e••
n = y x“ n^n  n “ a x '  0 n



44*

a p p ro x im a te  v a lu e  o f  a  -  y i s  o b ta in e d .

S u b s t i t u t i n g  t h i s  v a lu e  o f a Q in to  th e  second 

s e q u a t io n  a v a lu e  o f  a ^ i s  o b ta in e d  w hich i s  now o th e r  th a n  

zero*  A f te r  m aking (n+ 1) su ch  s u b s t i t u t i o n s  a s e t  o f  

ap p ro x im a te  v a lu e s  o f  a l l  th e  a ' s  a re  o b ta in e d  and th e  l e a s t  

s q u a re  e r r o r  can  be c a lc u la te d  from  e q u a t io n  (3*16)* The 

i t e r a t i o n  i s  th e n  r e p e a te d  u n t i l - t h e  l e a s t  sq u a re  e r r o r  

i s  found  to  be a  minimum and th e  v a lu e s  o f  th e  c o e f f i c i e n t s  

a r e  r e t a in e d  c o r re s p o n d in g  to  th e  minimum e r r o r  o n ly , a s  i s  

shown i n  F i g . 14*

(4*3*3) ITERATIVE METHOD IN SATURATION CURVE FITTING 

In  a p p ly in g  th e  i t e r a t i v e  method a  p o ly n o m ia l o f  8  t h .  

o r  10 th*  o rd e r  h as  b een  found q u i te  s u f f i c i e n t  as  any in c r e a s e  

i n  th e  o rd e r  does n o t  im prove th e  a c c u ra c y  o f  th e  f i t t e d  

ctirve* A lso , th e  f i r s t  c o e f f i c i e n t  a Q can  be o m itte d  from  

th e  p o ly n o m ia l e x p re s s io n  s in c e  th e  s a t u r a t i o n  c h a r a c t e r i s t i c s  

a lm o s t a lw ays p a ss  th ro u g h  th e  o r ig in * '

The computed c u rv e s  a re .co m p are d  w ith  th e  a c tu a l  

m a g n e t is a t io n  cu rv e s  i n  two c a s e s .a s  shown in  F ig s .  (tji> ) and 

(16  ) and F ig s .  (17  ) and ( 16 ) show th e  v a r i a t i o n  o f  m u tu a l 

r e a c ta n c e  w ith  s t a t o r  v o l t a g e .  A f lo w  d iag ram  o f  th e  

program m ing o f  i t e r a t i v e  method i s  shown i n  F ig 0( 1 9 )*

(4*4) COMPARISON’ OF COMPUTED AND TEST RESULTS

The t u r b o - a l t e r n a t o r  m odel, now in c lu d in g  th© e f f e c t
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S to re  A l lo c a t io n

Read D ata  from  fa p e

S e t l e a s t  sq u a re  e r r o r

S e t i n i t i a l  v a lu e s  o f  a l l  
c o e f f i c i e n t s  to  z e ro  ...

C a lc u la te  new c o e f f i c i e n t s

L e a s t s q u a re  e r r o r

L a rg e r  
th a n  l a s t  

e r r o r

Compare 
w ith  l a s t  
 ̂ e r r o r  ^

S to re  th e  
p r e s e n t  

c o e f f i c i e n t s

R e je c t  a l l  
p r e s e n t  

c o e f f i c i e n t s

- R epea t f o r  
n o . o f  i t e r a t i o n

P r i n t

C a lc u la te  v a r ia b le  
in d u c ta n c e  from  th e  
t e s t  and f i t t e d  OCC

F i< 5, 19

P r in t

'End



o f  s a tu r a t io n ^  was s u b je c te d  to  s e v e r a l  t e s t s  to  a s c e r t a i n  

th e  p e rfo rm an ce  o f  th e  v a r i a b le  p a ra m e te r  m odel. Where fe v e r  

a p p l ic a b le  th e  p a ra m e te rs  u sed  w e re .th e  same as  in  C h ap te r I I I  

e x c e p t th o s e  w hich depend on th e  s a t u r a t i o n  c h a r a c t e r i s t i c s *  

They a r e  c a lc u la te d  a t  th e  b e g in n in g  o f  e v e ry  s t e p  in t e r v a l*

A com parison  o f  th e  m achine p a ra m e te rs  s u p p l ie d  by th e  

m a n u fa c tu re rs  and c a lc u la te d  f o r  1 . 0  p e r  u n i t  te r m in a l  v o l ta g e  

a r e  shown i n  T ab le  I  *

. (4*4*1) LOAD REJECTION TEST M 

The f u l l - l o a d  r e j e c t i o n  t e s t  was i n i t i a t e d  by an 

im posed c o n s t r a i n t  c o r re sp o n d in g  to  th e  o p en in g  o f  th e  132  kV 

c i r c u i t  b r e a k e r  i n  th e  p h y s ic a l  system * The com puted and 

m easured  v a lu e s  o f  s e v e r a l  m achine t e r m in a l  v a r i a b le s  b o th  

b e f o re  and a f t e r  th e  d is tu rb a n c e  a r e  shown in  T ab le  Y* - 

The t e s t  and com puted r e s u l t s  a r e  shown i n  F ig s .  

by c u rv e s  (a )  and (b ) r e s p e c t iv e ly *  The e r r o r  o f  m ost 

s i g n i f i c a n c e  i s  i n  th e  f i n a l  s t e a d y - s t a t e  s t a t o r  v o l t a g e ,  w hich 

i s  h ig h e r  th a n  t h a t  computed* T h is i s  l i k e l y  to  be due to  th e  

v o l ta g e  r e g u la to r  h a v in g  in  o p e r a t io n  a  much lo i te r  g a in  th a n  

t h a t  s p e c i f i e d  by th e  m an u fac tu re r*  No a t te m p t was made to  

o p tim iz e  th e  o p e r a t io n  o f  th e  r e g u la to r  s in c e  d e t a i l e d  

in fo rm a t io n  on th e  r e d u c t io n  o f g a in  was n o t  a v a i la b le *

The re sp o n se  o f  th e  d i r e c t -  and q u a d ra tu re ^ a x is  

com ponents o f  s t a t o r  v o l ta g e  i s  shown i n  F ig *22 w hich
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i l l u s t r a t e s  th e  d ecay  o f  th e  q i ia d r a tu r e - a x is  f lu x  a t  a  r a t e  

. c o n t r o l l e d  by th e  tim e  c o n s ta n t  a s s o c ia te d  w ith  t h a t  a x i s .

The sudden  r i s e  from  z e ro  v a lu e  in  th e  t e s t  f i e l d  

v o l ta g e  i s  p ro b a b ly  cau sed  by th e  ch a n g in g  c h a r a c t e r i s t i c s  

o f  m ag n e tic  a m p l i f i e r s  d u r in g  t r a n s i t i o n  from  a  s a tu r a te d  

t o  u n s a tu r a te d  s t a t e .  The g o v e rn o r  re sp o n s e  c h a r a c t e r i s t i c s  

i n  P ig .  23 n o tw i th s ta n d in g  t h a t  a v e ry  s im p le  r e p r e s e n t a t i o n  

h as  b een  a d o p te d , shows good ag reem en t.

( 4 .4 .2 )  SYMMETRICAL 3-PHASE FAULT

The sy m m e tr ic a l 3-p h a se  f a u l t  a t  th e  t r a n s f o rm e r  . 

t e r m in a l s  d e s c r ib e d  i n  C h ap te r I I I ,  S e c t io n  (3.5<>1) was r e p e a te d  

w ith  th e  v a r ia b le - p a r a m e te r  m odel. The s te a d y  s t a t e  v a lu e s  o f 

th e  m achine v a r i a b l e s  a r e  g iv e n  i n  T ab le  IV and th e y  show good 

ag reem en t w ith  th e  s i t e - t e s t  r e s u l t s .

C o n s id e r in g  a l l  th e  t r a c e s  t h a t - a r e  shown i n  F i g s . 10,

11 and 12 by c u rv e s  m arked ( b ) ,  i t  can b e  g e n e r a l ly  co n c lu d e d  

t h a t  th e  v a r i a t i o n  o f  th e  m achine p a ra m e te rs  on th e  b a s i s  o f  

m ag n e tic  c i r c u i t  s a t u r a t i o n  h a s  a p p r e c ia b ly  im proved th e  

m a th e m a tic a l  m odel a s  th e  r e s u l t s  o b ta in e d  from  t h i s  model 

show c l o s e r  ag reem en t w ith  s i t e - t e s t  r e s u l t s .  The r e a s o n s  

f o r  th e  d i s c r e p a n c ie s  t h a t  s t i l l  e x i s t  a r e  th e  same as  

m en tioned  i n  C h ap te r I I I .

The a n a ly s i s  o f th e  3-p h a se  f a u l t  r e v e a l s  s e v e r a l  

i n t e r e s t i n g  a s p e c t s  o f m achine o p e r a t io n s .  In  th e  

c o n v e n tio n a l  m achine s tu d y  i t  i s  assum ed t h a t  d u r in g  a  3-p h a se
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f a u l t  d i r e c t  a x le  to I t  age and q u a d ra tu r  e - a x i s  c u r r e n t  i s  

in s ta n ta n e o u s ly  re d u c e d  to  zero* Prom th e  p r e s e n t  a n a ly s i s  

i t  i s  found from  F ig * 24 t h a t  a s  soon  as  th e  f a u l t  o c c u rs  th e  

q u a d ra tu re  a x i s  c u r r e n t  jumps to  a n e g a t iv e  v a lu e  and th e n  

d ecays e x p o n e n t ia l ly  b ased  on th e  q u a d ra tu re  a x is  s u b t r a n s i e n t  

tim e  c o n s ta n t  u n t i l  th e  f a u l t  i s  rem oved0 The d i r e c t  a x is  

v o l t a g e ,  shown in  F ig  0 25; fo llo w s  th e  same t r e n d 0 Though 

c u r r e n t s  and v o l ta g e s  e x i s t  a lo n g  b o th  th e  a x e s , th e  phase  

d i f f e r e n c e  betw een  th e  v o l ta g e  and c u r r e n t  a t  th e  g e n e r a to r  

te r m in a l  i s  m a in ta in e d  a t  90° so t h a t  th e  power o u tp u t d u r in g  

th e  f a u l t  p e r io d  i s  z e ro ,  a s  shown in  F ig .26* The dynam ic 

im pedance m easured  a t  th e  m achine te r m in a l  lo o k in g  to w ard s  

th e  sy s te m  i s  g iv e n  i n  F i g .27 . Im m ed ia te ly  a f t e r  th e  f a u l t  

i s  c l e a r e d ,  i t  i s  found from  F igs*  26 and 27 t h a t  th e  g e n e r a to r  

d e l i v e r s  power a t  a le a d in g  power f a c to r *  T his fo llo w s  

l o g i c a l l y  from  th e  f a c t  t h a t  d u r in g  th e  f a u l t  d u r a t io n ,  th e  

f i r e c t - a x i s  f lu x - l in k a g e  i s  red u ced  to  a s m a ll  v a lu e  due to  

th e  heavy  f a u l t  c u r r e n t  and c o n se q u e n tly  th e  te r m in a l  v o l ta g e  

i s  s m a ll  com pared w ith  th e  sy stem  v o l t  age . Though th e  f i e l d  

w in d in g  c a r r i e s  a  l a r g e  c u r r e n t ,  y e t  th e  p p e r a t io n  o f  th e  

g e n e r a to r  i s ,  f o r  a  s h o r t  tim e , s i m i l a r  to  t h a t  o f an 

u n d e r  e x c i te d  one* The f l u x ,  how ever, b u i ld s  up r a p id l y  and 

th e  power f a c t o r  sw ings back to  th e  la g g in g  re g io n *

The v a r i a t i o n  o f  te r m in a l  power and s l i p  i s  shown in  

F i g . (28) a s  a  f u n c t io n  o f  r o t o r  a n g le .  The n a tu r e  o f  power
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t r a n s i e n t  i l l u s t r a t e s  th e  phenomena o f  f l u x  v a r i a t i o n ,  I f

th e  f l u x  l in k a g e s  would re m a in  co n stan ts , th e  power would have

fo llo w e d  a  f ix e d  p o w er-an g le  c h a r a c t e r i s t i c ,  S im ila r  c u rv e s
7have a l s o  b een  o b ta in e d  from  t e s t s ,  T h is  a l s o  shows th e  

e f f e c t  o f  th e  v o l ta g e  r e g u l a t o r  i n  t h a t  th e  m achine r e t a i n s  

a  h ig h e r  a m p litu d e  f o r  th e  f i r s t  few seco n d s  b e fo re  s e t t l i n g  

down to  th e  s te a d y  cond ition* ,

The w ide ra n g e  t h a t  th e  im pedance lo c u s  co v e rs  i n  P ig .  

(27 ) may* be o f  i n t e r e s t  from  th e  p r o t e c t i o n  p o in t  o f  v ie w .

The u s u a l  p r a c t i c e  o f  c a l c u l a t i n g  a  f ix e d  im pedance c i r c l e  

on th e  b a s i s  o f  a c o n s ta n t  v o l ta g e  b eh in d  th e  t r a n s i e n t  

r e a c ta n c e  i s  somewhat u n r e a l i s t i c  when com pared w ith  th e  

r e s u l t s  t h a t  a r e  l i k e l y  to  be o b se rv ed  i n  an  a c tu a l  sy s te m .
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CHAPTER V

ROTOR. OVER-VOLTAGES IN A0C. EXCITATION SYSTEM

( 5 .1 )  LIMITATION OE B .C . EXCITATION SYSTEM

Eor many y e a r s  i t  h a s  been  th e  g e n e r a l  p r a c t i c e  to  

su p p ly  th e  e x c itia tio ii-p o w e r  re q u ire m e n ts  o f  tu r b o g e n e r a to r s  from  

d . c .  g e n e r a to r s  d r iv e n  from  th e . m ain  s h a f t  o r a com bined 

in d u c t io n  m otor d . c .  g e n e r a to r  u n i t  ru n n in g  a t  a r e l a t i v e l y  

low  speed* T h is a r ra n g e m e n t, p a r t i c u l a r l y  th e  d i r e c t - d r i v e n  

d .c*  e x c i t a t i o n  h a s ,  i n  g en e ra l,A .p ro v ed  t o  be a  r e l i a b l e ,  

econom ic and s a t i s f a c t o r y  so u rc e  o f  power f o r  sy n ch ronous 

g e n e r a to r s  o f c o n s id e r a b le  s iz e *  W ith th e  p r e s e n t  t r e n d  o f  

in c r e a s in g  s i z e  o f  in d iv id u a l  u n i t s ,  th e  e x c i t a t i o n  power 

r e q u ir e m e n ts ,  how ever, te n d  to  exceed  th e  p r a c t i c a b l e  l i m i t  

o f  a  d*c* g e n e r a to r .  W ith h ig h e r  o u tp u t and th e  co n se q u en t 

r e d u c t io n  i n  sp e e d , th e  d . c .  g e n e r a to r  s i z e  becomes 

u n e c o n o m ic a lly  l a r g e .  The h ig h e r  v o l ta g e  and l a r g e r  c u r r e n t  

r a t i n g s  o f  th e  d . c .  e x c i t e r  to  cope w ith  th e  demand o f  power 

re q u ire m e n ts  a g g ra v a te s  th e  com m utation  p ro b lem .

( 5 .2 )  A .C . EXCITATION SYSTEM

The r e c e n t  developm ent o f  se m ic o n d u c to r r e c t i f i e r s  o f  

l a r g e  c u r r e n t  and h ig h  peak in v e r s e  v o l ta g e  r a t i n g  h as  made 

th e  r e c t i f i e d  output? o f  an a . c .  su p p ly  a p r a c t i c a l  so u rc e  o f  

e x c i t a t i o n  power o f  modern l a r g e  t u r b o - a l t e r n a t o r  u n i t s .  The



e l im in a t io n  o f  b ru s h g e a r  and c o n se q u en t r e d u c t io n  o f  

m a in ten an ce  prob lem  make t h i s  a rran g em en t an  a t t r a c t i v e  

p r o p o s i t io n  and a . c .  e x c i t a t i o n  sy stem s a r e  now f in d in g  

w id e sp re a d  a p p l i c a t i o n .

(5 .2 * 1 )  ARftMGBMENT OP THE RECTIFIER UNIT

The s o u rc e  o f  a . c .  power may be o b ta in e d  e i t h e r  from  th e  

n o rm al s t a t i o n  a u x i l i a r y  su p p ly  o r from  an  a . c .  g e n e r a to r  

c o u p le d  d i r e c t l y  to  th e  m ain a l t e r n a t o r - s h a f t .

I n  th e  ca se  o f  a  s t a t i c  e x c i t a t i o n  sy s tem  w here th e  

su p p ly  . i s  o b ta in e d  from  th e  s t a t i o n  a u x i l i a r y  t r a n s f o r m e r ,  

th e  pow er, a f t e r  r e c t i f i c a t i o n ,  i s  s u p p l ie d  to  th e  m ain 

g e n e r a to r  f i e l d  w in d in g  th ro u g h  s l i p  r i n g s .  T his 

a rran g em en t h a s  th e  ad v an tag e  o f g r e a t e r  r e l i a b i l i t y  w ith  l e s s  

m a in ten an ce  p rob lem  in  c a se  o f any f a u l t  i n  th e  r e c t i f y i n g  

e lem en ts*  The m ain d is a d v a n ta g e , how ever, i s  t h a t  th e  

e x c i t a t i o n  i s  in f lu e n c e d  -by th e  s y s te m -v o l 'ta g e  d i s tu r b a n c e s  

and i t  i s  r e q u i r e d  t o  c o n v e r t  th e  c o n s ta n t  v o l ta g e  su p p ly  

from  th e  t r a n s f o r m e r  to  a  v a r i a b le - v o l t a g e  in p u t  to  th e  

r e c t i f i e r - u n i t  to  c o rre sp o n d  to  th e  re sp o n s e  c h a r a c t e r i s t i c s  

o f  th e  r e g u la t i n g  d e v ic e s .

I n  th e  a l t e r n a t i v e  a rran g em en t o f a . c .  e x c i t a t i o n  th e  

r e c t i f y i n g  u n i t  i s  m ounted d i r e c t l y  on th e  m ain g e n e r a to r -  

s h a f t ? ^  The so u rc e  o f  s u p p ly  i s  an a . c .  g e n e r a to r  o f  th e  

u s u a l  r o t a t i n g  f ,ie ld  ty p e  co ttp led  a ls o  t o  th e  m ain a l t e r n a t o r  

s h a f t .  The aimi&ture w hich may som etim es be r o t a t i n g  ty p e



i n s t e a d  o f  th e  f i e l d ,  can. have th r e e  o r p o ly -p h a s e  c o n s t r u c t io n .  

The r o t o r  i s  u s u a l ly  made up o f  la m in a te d  i r o n  i n  o rd e r  to  

e l im in a te  th e  g en e ra tio n  o f  e d d y - c u r r e n t .  The f re q u e n c y , o f  

th e  e x c i t e r  i s  in c r e a s e d  to  100 c / s  o r 150 c / s  i n  o rd e r  to  

re d u c e  th e  r e s p o n s e - t im e  o f  th e  e x c i t e r .  O th e r s p e c i a l  * 

d e s ig n  f e a t u r e s  o f  an a . c .  e x c i t e r  have b een  d is c u s s e d  i n  

r e f e r e n c e  (3 3 ) .  The m ain ad v a n ta g e  o f  d i r e c t - c o u p le d  

e x c i t e r  i s  t h a t  i t  m a in ta in s  in d ep en d en ce  o f  e x c i t a t i o n  

s u p p ly . The r e c t i f y i n g  e lem en ts  a r e  m ounted on th e  s h a f t  

and p ro v id e r  a  b r u s h le s s  m achine w ith  th e  added b e n e f i t  o f  

u n i t  p r i n c i p l e  i n  p la n t  l a y o u t .  The m ain d is a d v a n ta g e , 

how ever, i s  found  w h ile  r e p la c in g  f a u l t y  d io d e s  o r  any  o th e r  

m a in ten an ce  work f o r  w hich th e  com ple te  tu r b o - g e n e r a to r  u n i t  

h as  t o  be b ro u g h t to  r e s t .

'XA.
( 5 .2 .2 )  RATING OP THE RECTIFIER UNIT T 

To o b ta in  th e  p ro p e r  c u r r e n t  and  v o l ta g e  r a t i n g s ,  th e  

r e c t i f i e r s  a r e  ■qsed i n  s e r i e s  and p a r a l l e l  co m b in a tio n s  a s  

shown i n  P ig .  29 . —

( 5 .2 .2 .1 )  CURRENT RATING 

In  s e l e c t i n g  th e  c u r r e n t  r a t i n g  o f  th e  d io d e s  a  num ber 

o f  o p e r a t in g  c o n d i t io n s  m ust be c o n s id e re d . F i r s t l y ,  th e  

c o n tin u o u s  r a t i n g ,  w ith  onfe s e c t i o n  o f  th e  d io d e - u n i t s  

i s o l a t e d  f ^ ĉ m aint,enance o r re m a in in g  f a u l t y  i n  ca se  o f 

r o t a t i n g  u n i t ,  u^ust exceed  th e  r o t o r  c u r r e n t  f o r  c o n tin u o u s  

maximum o u tp u t o f  th e  g e n e ra to r  t a k in g  in to  a c co u n t any
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d e r a t in g  o f  i n d iv id u a l  diodes*, S e c o n d ly , th e  t r a n s i e n t  

c u r r e n t  to  cope w ith  any abnorm al o p e r a t in g  c o n d i t io n  o f  

th e  m achine m ust be w i th in  th e  s h o r t - t im e  c a p a b i l i t y  o f  th e  

d io d e s .

( 5 .2 .2 .2 )  VOLTAGE RATING 

The two c o n d i t io n s  g o v e rn in g  th e  v o l ta g e  r a t i n g  o f  th e  

d io d e s  a r e  th e  same a s  th o s e  f o r  th e  c u r r e n t  r a t i n g ,  nam ely , 

th e  m .c . r .  e x c i t a t i o n  v o l ta g e  and th e  e x c i t e r  c e i l i n g  v o l t a g e .  

I n  a d d i t i o n ,  i f  th e  g e n e r a to r  ru n s  ^ s y n c h r o n o u s ly  w ith  h ig h  

i n i t i a l  lo a d in g  o r u n d e r  p o le - s l ip p in g  w ith  th e  m ain g e n e r a to r  

f i e l d  c i r c u i t  u n e x c i te d  o r  open c i r c u i t e d  h ig h  in v e r s e  v o l ta g e  

may be in d u ced  a c r o s s  th e  r e c t i f i e r  u n i t .  The pestk -dnverse  

v o l ta g e  r a t i n g  o f  th e  com plete  r e c t i f i e r  u n i t  sh o u ld  ex ceed
CCVYX,

th e  maximum v o l ta g e  t h a t / b e  ind u ced  u n d e r th e  w o rs t o p e r a t in g  

c o n d i t io n .

(5 * 2 .3 )  PROTECTION OF RECTIFIER UNIT

(5 * 2 .3 * 1 ) EXCESSIVE FORWARD CURRENT AND OVER 
HEATING

H igh fo rw ard  c u r r e n t  can be cau sed  by a  f a u l t  a t  th e  

m ain g e n e r a to r  te r m in a l  o r  on th e  d . c .  s id e  o f  th e  r e c t i f i e r  

s t a c k .  The e x c e s s iv e  c u r r e n t  r a i s e s  th e  ju n c t io n  te m p e ra tu re  

t o  th e  dam aging le v e l*  The p r e s e n t-d a y  p r a c t i c e  o f 

p r o t e c t in g  th e  d io d e s  from  f a u l t s  due to  l a r g e  fo rw ard  c u r r e n t  

i s  t o  fu s e  th e  in d iv id u a l  s t r i n g s  o f e le m e n ts .  T h is
35

a rran g em en t a ls o  p re v e n ts  th e  p o s s i b i l i t y  o f  fe ed b ack  from



othes? p a r a l l e l  p i r c u l t s  i n  th e  e v e n t o f  a s h o r t - c i r c u i t  i n  

th e  f a u l t y  d io d e  s t r i n g .  S u i ta b le  a la rm  c i r c u i t s  a r e  a l s o  

in c o r p o r a te d  f o r  rem ote  i n d i c a t i o n  o f  th e  a c t u a l  l o c a t i o n  o f  

th e  f a u l t *

( 5 .2 .3 ,2 )  EXCESSIVE REVERSE VOLTAGE 

H igh v o l ta g e s  may be produced  a c r o s s  th e  r e c t i f i e r  

u n i t  f o r  many re a so n s  * . In  o rd e r  to  s a fe g u a rd  th e  d io d e s  each  

one i s  sh u n te d  by a r e s i s t o r  and c a p a c i to r  a s  shown i n  F ig # 30 

to  g ra d e  th e  v o l ta g e  d i s t r i b u t i o n  a c r o s s  th e  com plete  s t r i n g .  

Som etim es t h y r i t e  v a r i a t o r s  a r e  a l s o  u se d  a c ro s s  th e  

r e c t i f i e r  s t a c k  a s  shown i n  F ig * 31 * The sh u n t c a p a c i to r  

and r e s i s t o r  a rran g em en t a ls o  p re v e n t th e  damage o f  th e  

d io d e s  d u r in g  c le a n -u p 56 i n t e r v a l s .

The p ro s p e c t  o f  m an u fac tu re  o f  d io d e s  w ith  u l t r a - h i g h  

peak in v e r s e  v o l ta g e  and v e ry  l a r g e  c u r r e n t  r a t i n g  i n  n e a r  

f u t u r e  s u p p o r ts  th e  p o s s i b i l i t y  o f  u s in g  a . c .  e x c i t a t i o n  in  

l a r g e  t u r b o - a l t e m a t o r  u n i t s  t h a t  a r e  m an u fa c tu red  nowadays 

and w i l l  be i n  fu tu re *

The o v e r a l l  ad v a n ta g e  o f u s in g  a .c *  e x c i t a t i o n  sy stem  

i s  t h a t  o f a v a i l a b i l i t y  o f  l a r g e  amount o f  power a s  demanded 

by i n c r e a s in g  s y n c h ro n o u s -g e n e ra to r  s i z e ,  l e s s  sp a c e  

re q u ire m e n t and l e s s  m a in ten an ce  problem * R e l i a b i l i t y  

a s  t o  th e  lo n g - t im e  d u r a b i l i t y  o f  such  sy s te m  w i l l ,  how ever, 

be co n firm e d  from  e x p e r ie n c e .
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(5o3) OYER-AFOLT AGE IN THE GENERATOR ROTOR CIRCUIT

The a* c . e x c i t a t i o n  sy stem  u s in g  sem ico n d u c to r 

r e c t i f i e r s  d i f f e r s  from  th e  c o n v e n tio n a l  d .c#  sy stem  i n  t h a t  

i t  i s  n o t  p o s s ib le  to  have  n e g a tiv e  r o t o r  c u r r e n t s  o r  

v o lta g e #  Whenever th e  m ain g e n e r a to r  f i e l d  c u r r e n t  

a t te m p ts  t o  r e v e r s e  i t s  d i r e c t i o n  o f  f lo w , th e  h ig h  r e s i s t a n c e  

p r e s e n te d  by th e  r e c t i f i e r s  p re v e n ts  i t  from  d o in g  so# In  

p r a c t i c e ,  t h i s  does n o t r e s u l t  i n  any  a p p r e c ia b le  lo s s  o f  

c o n tro l#  On th e  o th e r  h an d , l i m i t a t i o n  o f  c u r r e n t  flow  

i s  ad v an tag eo u s  u n d e r su ch  c irc u m s ta n c e s  a s  r e s y n c h r o n i s a t io n .  

The m ajo r i s s u e  t h a t  stem s o u t o f  t h i s ,  how ever, i s  t h a t  u n d e r 

th e  c o n d i t io n s  o f  p o le - s l i p p in g  and asy n ch ro n o u s ru n n in g , when 

th e  r o t o r  c u r r e n t  a t te m p ts  to  r e v e r s e  i t s  d i r e c t i o n  b u t i s  

p re v e n te d  from  d o in g  s o ,  a  h ig h  r o t o r  v o l t a g e  i s  in d u ced  

a c r o s s  th e  s l i p - r i n g s #

(5 .3 * 1 #  THE PHENOMENA OP POM-SLIPPING

The phenomena o f  p o l e - s l ip p in g  can  be c o n v e n ie n tly  

e x p la in e d  by r e f e r r i n g  to  P igs#  3 2  to 35  * th e s e  f i g u r e s ,

th e  m achine v a r i a b le s  have b een  c o n v e r te d  t o  dqo frame, o f  

r e fe re n c e s ^ f ro m  th e  3 -p h a se  q u a n t i t i e s  o b ta in e d  from  th e  

s i t e - t e s t s  d e s c r ib e d  i n  S e c t io n  (5 * 4 ) . The m achine 

v a r i a b l e s  a r e  p l o t t e d  a s  f u n c t io n s  o f  r o t o r  a n g le  and tim e  

r e s p e c t i v e l y  to  b r in g  ou t a  c lo s e  i n s i g h t  in to  what e x a c t ly  

happens d u r in g  p o le - s l ip p in g #
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R e fe r r in g  to  F ig  a 32  , i t  can  "be s e e n  t h a t  th e  d i r e c t -  

a x i s  s t a t o r  c u r r e n t  in c r e a s e s  a s  th e  r o t o r  a n g le  moves fro m ; 

abou t 120 d e g re e s  to  180 d eg rees*  Then betw een  180° and 

360°  o f  r o t o r  a n g le  th e  d i r e c t - a x i s  c u r r e n t  changes v e ry  

r a p i d l y  from  ab o u t 2 ,2  p,Uo to  - 2 ,3  p 0u 0 The h ig h  n e g a t iv e  

r a t e  o f  change i s  shown i n  F ig ,  33  © From e q u a tio n  ( 3-3  ) 

th e  e x p r e s s io n  f o r  f i e l d  c u r r e n t  i s  g iv e n  by

i 0 * 1»a<1 ♦ V ’Hi ^
"  ' f a t 1 ♦ + >

i n d i c a t e s  t h a t  th e  r a t e  o f  b u i ld -u p  o f  d i r e c t - a x i s  s t a t o r  

c u r r e n t  h a s  a  m arked in f lu e n c e  in  th e  flo w  o f  th e  r o t o r  c u r r e n t ,  

p a r t i c u l a r l y  d u r in g  th e  i n t e r v a l  w h en .th e  f i e l d - v o l t a g e  

re m a in s  more o r  l e s s  c o n s ta n t .  When th e  d i r e c t - a x i s  s t a t o r  

c u r r e n t  h as  a  h ig h  n e g a t iv e  r a t e  o f  c h a n g e , th e  f i e l d  c u r r e n t  

i s  a l s o  p r o g r e s s iv e ly  re d u c e d  u n t i l  i t  becomes z e r o .  The 

change o f  b o th  s t a t o r  and r o t o r  c u r r e n t  te n d s  t o  reduce, th e  

f i e l d -  and s t a t o r - f l u x - l i n k a g e s  b o th  o f  w hich  have a  maximum 

n e g a t iv e  v a lu e  when th e  r o t o r  a n g le  i s  ab o u t 180 , D uring  

t h i s  p e r io d ,  how ever, f i e l d  f o r c in g  i s  s lo w ly  a p p l ie d  a s  th e  

te r m in a l  v o l t a g e ,  w hich  a t  t h i s  s ta g e  i s  l a r g e l y  d ep e n d en t 

upon q u a d ra tu re  a x is  f lu x  l in k a g e s ,  s t a r t s  g o in g  below  th e  

r e f e r e n c e  l e v e l  a s  shown i n  F ig ,  3 5  .

(5 * 3 ,2 )  FACTORS THAT EFFECT THE MAGNITUDE OF INDUCED 
YOLTAG-E

When th e  r o t o r  c u r r e n t  h a s  been fo rc e d  to  z e ro  and th e n ,
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56,

b e c a u se  of the characteristics o f th e  se m ic o n d u c to r 

r e c t i f i e r s ,  i s  p re v e n te d  from  f lo w in g  in  th e  o p p o s i te  d i r e c t i o n ,  

a  s i t u a t i o n  w hich i s  d i f f e r e n t  from  t h a t  o f  a  c o n v e n tio n a l  

d , c ,  e x c i t a t i o n  sy s te m , a r i s e s 0 At th e  i n s t a n t  o f f i e l d  

c u r r e n t  b e in g  g e ro , i f  the r o t o r  c i r c u i t  i s  n o t  s h o r t  

c i r c u i t e d  throuigh d is c h a rg e  o r any o th e r  e x t e r n a l  r e s i s t o r ,  

th e  r o t o r  w in d in g  beh av es l i k e  an  open c i r c u i t e d  c o i l  h av in g  

e le c t r o - m a g n e t ic  c o u p lin g  w ith  th e  o th e r  d i r e c t - a x i s  c i r c u i t s *  

T h is ,  i n  e f f e c t ,  re d u c e s  th e  o p e n - c i r c u i t  t im e -c o n s ta n t  o f th e  

f i e l d  w in d in g  to  a e ro  and th e  f lu x  b u i ld - u p  becomes much more 

r a p id ,  a s  t h i s  i s  now a r r e s t e d  o n ly  by th e  t r a n s i e n t  and 

s u b t r a n s i e n t  tim e c o n s ta n ts  w hich a r e  much s m a l le r  th a n  th e  

f i e l d  c i r c u i t  tim e c o n s ta n t*  B ecause o f  th e  ab sen ce  o f  any 

d e -m a g n e tis in g  a m p e re - tu rn s  from  th e  f i e l d  c i r c u i t  a  h ig h  

in d u ced  v o l ta g e  p r o p o r t io n a l  to  th e  r a t e  o f change o f  th e . 

f i e l d  f l u x - l i n t e g e  a p p e a rs  a c ro s s  th e  f i e l d  w ind ing  as  shown 

i n  P ig * 3 3  and  a l s o  i n  F ig * 5 4  *

Beyond r o to r - a n g le  v a lu e s  o f  3 6 0 ° , th e  d i r e c t - a x i s  s t a t o r  

c u r r e n t  c o n tin u e s  t o  in c r e a s e  w ith  even  h ig h e r  p o s i t i v e  r a t e -  

o f-c h a n g e  th u s  b o o s t in g  up th e  f i e l d  c u r r e n t  to  a v e ry  h ig h  

l e v e l  a s  can be s e e n  i n  Pig* 3 2 °  £he m agn itude  o f th e  

in d u ced  v o l ta g e  depends on a  number o f  f a c t o r s ,  o f w hich th e  

fo l lo w in g  a r e  im p o rta n t*

(5 .3 * 2 .1 )  INERTIA CONSTANT 

As can  be se e n  i n  P ig * 3 2  , th e  phenomena o c c u rs  d u r in g



th e  p e r io d  when r o t o r  a n g le  moves from  a b o u t 120° t o  ab o u t

3 6 0 ° . The r a te - o f - c h a n g e  o f r o t o r  a n g le  g r e a t l y  in f lu e n c e s  .

th e  r a p i d i t y  o f  c u r r e n t  and f lu x  changes a lo n g  th e  d i r e c t

a x is*  P o r a  p a r t i c u l a r  in p u t  pow er, a  l a r g e r . I n e r t i a

c o n s ta n t  w i l l  s lo w -u p  th e  movement o f  th e  r o t o r - a n g l e  and

v i c e - v e r s a  w ith  a s m a l le r  i n e r t i a  c o n s ta n t*

(5 .3 .2 * 2 )  INITIAL MACHINE OPERATING- CONDITION

When a  g e n e r a to r  i s  o p e r a t in g  a t  a  l a r g e  lo a d  a n g le  due

to  i t s  b e i n g u n d e r - e x c i t e d  i t  can  be s e e n  from  th e  v e c to r

d iag ram  i n  P ig .  36  t h a t  th e  c u r r e n t  i n  th e  f i e l d  w in d in g  i s

s m a l l .  I t  i s ,  t h e r e f o r e ,  more l i k e l y  t h a t  th e  r o t o r  c u r r e n t

w i l l  be fo rc e d  to  z e ro  and th e  d u r a t io n  p f  c u r r e n t - z e r o  can

a ls o  be p ro longed*  On th e  o th e r  h an d , w ith  an  i n i t i a l

l a r g e  c u r r e n t  i n  th e  f i e l d  c i r c u i t  th e  n e g a t iv e  r a t e  o f

change o f  th e  d i r e c t - a x i s  s t a t o r  c u r r e n t  may n o t be a b le  to

f o r c e  t h e  f i e l d , c u r r e n t  t o  ze ro  and th u s  th $  p o s s i b i l i t y  o f

g e n e r a t io n  o f  in d u ced  v o l ta g e  may be a v o id e d  d u r in g  a  c y c le

o f  p o le - s l ip p in g *

(5 .3 .2 * 3 )  OPEN CIRCUIT TIME CONSTANT OP THE 
FIEND WINDING

As th e  lo a d  a n g le  betw een  th e  d i r e c t - a x i s  o f  th e

m achine and th e  b u s b a r  t o  w hich i t  i s  c o n n e c te d , moves away

d u r in g  th e  p o l e - s l i p p i n g ,  b o th  th e  d i r e c t -  and q u a d r a tu r e -

a x is  com ponents o f  th e  te r m in a l  v o l ta g e  move a lo n g  w ith  th o s e

o f  th e  busbar*  The m agn itude o f  th e  d i r e c t -  and q u a d ra tu r 'e -

a x is  c u r r e n t s  depends on th e  d i f f e r e n c e  o f  th e  c o r re s p o n d in g
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v o l ta g e  com ponents f o r  a  c o n s ta n t  e x t e r n a l  im pedance . T hat 

i s ,  n e g le c t in g  r e s i s t a n c e

h  = (Tq -  Vb cos 6 ) /x t

i q = ( v * * 6 - V / xt

Now, how c lo s e ly  th e  m achine te r m in a l  v o l t a g e  w i l l  fo l lo w  th e .’    At,

b u s b a r  v o l ta g e  depends on th e  r a p i d i t y  o f  f l u x - l in k a g e  re sp o n se  

on th e  two axes* A s m a l le r  e q u iv a le n t  tim e  c o n s ta n t  i n  any 

a x i s  i n d i c a t e s  t h a t  th e  f lu x  l in k a g e  w i l l  fo l lo w  more r a p id l y  

th e  component o f  th e  b u s b a r  v o l ta g e  *in t h a t  a x is*  W ith a  

l a r g e r  tim e  c o n s ta n t  i n  th e  d i r e c t  a x i s ,  i t  i s  more l i k e l y  t h a t  

th e  d i r e c t - a x i s  s t a t o r  c u r r e n t  w i l l  be l a r g e r  b o th  i n  th e  

n e g a t iv e  and  p o s i t i v e  d i r e c t i o n  w ith  a  p o s s i b i l i t y  o f  more 

r a p id  c u r r e n t  v a r i a t i o n .

( 5 .5 .2 .4 )  SUBTRANSIENT TIMS CONSTANTS 

D uring  .the p e r io d  when th e  f i e l d  c u r r e n t  rem ain s z e ro ,  

th e  r a p i d i t y  o f  flx ix  v a r i a t i o n  i s  d e te rm in e d  m ain ly  by th e  

tim e  c o n s ta n ts  o f  th e  dam per w in d in g s  i n  th e  d i r e c t  a x i s .  A 

l a r g e  dam per-w ind ing  tim e c o n s ta n t  w i l l  re d u c e  th e  r a t e  o f  

change o f  th e  f l u x  l in k a g e s  i n  th e  f i e l d  c i r c u i t  and 

c o n s e q u e n tly  th e  r e v e r s e  v o l ta g e  a p p e a r in g  a c r o s s  th e  s l i p  

r i n g  w i l l  be s m a l l .  A part from  c o n t r o l l i n g  th e  m agn itude  

o f  th e  o v e r - v o l ta g e s ,  dam per w ind ing  p a ra m e te rs  p la y  an  

im p o r ta n t  p a r t  i n  th e  re sp o n s e  o f  th e  m achine v a r i a b l e s  d u r in g  

th e  p e r io d  when th e  f i e l d  c u r r e n t  s t a r t s  f lo w in g  i n  th e  

p o s i t i v e  d i r e c t i o n .  D uring  t h i s  p e r io d  th e  f lu x - b a la n c e



f o r  n o rm al o p e r a t io n  betw een  th e  s t a t o r  and th e  r o t o r  

c i r c u i t s  i s  e s t a b l i s h e d  a f t e r  i t  was l o s t  d u r in g  th e  p e r io d  

when f i e l d  c u r r e n t  rem a in ed  z e ro . The re s p o n s e  o f  s t a t o r  

c u r r e n t ,  p a r t i c u l a r l y  i n  th e  d i r e c t  a x i s ,  c o rre sp o n d s  to  th e  

d i f f e r e n c e  o f  two f lu x  l in k a g e s ,  one t h a t  b u i ld s  up d u r in g  

th e  o c c u rre n c e  o f  th e  o v e r v o l ta g e  and th e  o th e r  t h a t  would 

e x i s t  i f  th e  f i e l d  c u r r e n t  was n o t k e p t a t  z e ro  f o r  a  c e r t a i n  

p e r io d .  T h is d i f f e r e n c e  i s  m ain ly  a  f u n c t io n  o f  th e  su b ­

t r a n s i e n t  p a ra m e te r s . *

( 5 ,4 )  COMPARISON OF COMPUTED AND SITE TEST RESULTS

T e s ts  w ere c a r r i e d  o u t i n  J u ly  1962 on one o f  th e  

g e n e r a to r s  in  B e lv e d e re  Power S t a t io n  to  a s c e r t a i n  th e  

a m p litu d e  o f  th e  r o t o r  v o l ta g e  s u rg e s  i n  o r d e r  to  co n firm  

th e  adequacy  o f  th e  peak  in v e r s e  v o l ta g e  r a t i n g  o f  th e  

e x c i t a t i o n  r e c t i f i e r s .  The t e s t  g e n e r a to r  was co n n ec ted  . 

to  th e  sy s tem  b u s b a r  and was d e l iv e r in g  power t o  th e  sy s te m .

The c o n d i t io n  o f  p o l e - s l i p p in g  was s im u la te d  by  re d u c in g  th e  

r e f e r e n c e  inpxit to  th e  v o l t a g e - r e g u l a t o r  co m p ara to r to  60$ 

o f  th e  n o rm a l v a lu e .  D uring  th e  t e s t  c o n s id e re d  h e re  f o r  

th e  p u rp o se  o f  com p ariso n  th e  r e f e r e n c e  in p u t  was r e s e t  to  th e  

o r i g i n a l  v a lu e  a f t e r  two p a i r s  o f p o le  s l i p p in g  and th e  m achine 

s u b s e q u e n tly  r e g a in e d  sy n ch ro n ism . The e x c i t a t i o n  c o n t r o l  

sy s tem  o f  th e  g e n e r a to r  i s  shown i n  F ig .3 7  and th e  e q u a tio n s  

p e r t a in in g  to  th e  v a r io u s  e lem en ts  o f  th e  v o l ta g e  r e g u la t i n g
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system  a r e  g iv e n  i n  A ppendix D* The sy s tem  in te r c o n n e c t io n ,  

f o r  th e  p u rp o se  o f  th e  s tu d y ,  can  be r e p r e s e n te d  i n  th e  same 

way a s  shown i n  Fig* €  * F or s tu d y in g  th e ' phenomena o f  p o le -  

s l i p p in g  by d i g i t a l  com puter a n a ly s i s  a d d i t i o n a l  i n s t r u c t i o n s  

w ere in c o r p o r a te d  i n  th e  program  to  r e p r e s e n t  th e  c o n s t r a i n t s  

im posed b y  th e  f i e l d  c u r r e n t  h av in g  o n ly  one p o l a r i t y  and 

co n se q u e n t changes o f  some o f th e  d i f f e r e n t i a l  e q u a tio n s*  .

The d i f f i c u l t y  t h a t  was e n c o u n te re d  i n  fo rm u la t in g  th e  

c o n s t r a in t  w ith o u t lo s in g  th e  g e n e r a l i t y  o f  th e  p rog ram , was 

overcom e in  th e  way a s  d e s c r ib e d  in  A ppendix D* The d a ta  

f o r  th e  t e s t  g e n e r a to r  s u p p l ie d  by th e  m a n u fa c tu re rs  and 

o b ta in e d  from  th e  c a l c u l a t i o n s  a re  g iv e n  i n  T ab lesV I VH a 

The i n i t i a l  v a lu e s  o f  some o f th e  m achine v a r i a b l e s  

o b ta in e d  from  s i t e  t e s t s  and c o m p u ta tio n  a r e  g iv en  i n  T ab le 

V I I I « The t r a n s i e n t  re sp o n s e  o f  th e s e  v a r i a b l e s  d u r in g  p o le -  

s l i p p i n g  a r e  shown in  F ig s * 38  t o 4 4 A. The com puted r e s u l t s  

show c lo s e  ag reem en t w ith  th o s e  from  s i t e  t e s t s  u n t i l  th e  p o le  

s l i p p in g  o c c u rs  w ith  th e  co n seq u en t g e n e r a t io n  o f  th e  h ig h  

r o t o r  v o l ta g e *  ■ The maximum o v e r -v o l ta g e  and th e  su b se q u e n t 

o v e rsh o o t o f  f i e l d  c u r r e n t  o b ta in e d  from  c o m p u ta tio n  a s  shown 

in , F ig s 38(3 9 a r e  s a t i s f a c t o r y .  A f te r  th e  f i r s t  p a i r  o f p o le -  

s l i p p i n g ,  th e  com puted r e s u l t s  d e v ia te  a p p r e c ia b ly  from  

th o s e  o b ta in e d  from  s i t e - t e s t s *



TAKES VI

P a ra m e te rs S u p p lie d  V alues
C a lc u la te d  V alues a t  
1 .0  p .u . t e r m i n a l  v o l ta g e

G e n e ra to r  R a tin g s

L

X
X

a

x

X

q

ad
aq
f f d

* l f d
Xlk d
Xlk q
XdYll

a
Y »

Rfd

Rled

^ d o
do

^<1II
d 

*T»k&o

q

120 MW, 1 3 .8  kV, 
0 .9  P o P o ( la g ) ,
3 p h a se , 2 p o le ,
50 c /s jH y d ro g e n  

co o led
1 .3 6  ( u n s a tu r a te d )  

1 .2 4  ( u n s a tu r a te d )

0 .1 2

0*2035 (u n s a tu r a t  e d ) 
0 .1415  (u n s a tu r a te d )

1 <*255 
1 .255
1 .135  '
1 . 135
1 .227
0 . 1 2
0 .092
0.032
0.032
0 .2 3 3
0 .1 4 3
0.151
0.000862
0 .002
0 .01128

(0 .0 0 5 6 4 )
0 .011.28 

(0 „ 00564)
3.7;08
0 .0 2  
0 . 6 06  
0 .0 1 4  
0.201 
0 .0 6 5  
0 .025



TABLE VI (c ont in u ed )

P a ra m e te rs S u p p lie d  V alues
Computed V alues a t  

1*0 p„u* te r m in a l  v o l ta g e

<T
led 0o025

H 3 .8 7  kW sec/KVA

Ka us} 0*00319

wo 314 r a d ia n s / s e c  *
\fF

M 0*0246

G e n e ra to r  T ran sfo rm er

R a tin g 128 MVA
0*C. Turn R atic 1 3 .8 /1 4 0 * 5  kV mm

R eac ta n ce 15/* -



P a ra m e te rs  f o r  th e  E x c i t a t io n  System

P a ra m e te rs S u p p lie d  V alues

^1

t 2

0*30 second
0*244 second
0*035 second

max 60 v o l t s
Ya min -6 0  v o l t s

V 63

V
0*007 second4

k 2
4 .7 6

T
5 2*19 second

k« 0*00198

t 5
0*122 second

"Yi n 0*3 second

k 4 0*00225

' r 8
0*3 second
0 .346

r 9
0 .3  second

v^m in 0 .0  v o l t s
Vgi^ax 126*0 v o l t s
v fd min 0*0 v o l t s
v ^ m a x 540 .0  v o l t s



TABLE VIII
Steady State Readings at Start of 

Test

T e s t 1/3 P o le  S l ip p in g

T e s t R e s u l ts Oomptited R e s u l ts

S t a t o r  v o l ta g e  
(kV)

14o8 14.75

S t a t o r  C u rre n t 
(kA)

4 .5 6 4 .6 8

A c tiv e  Power 
(MW)

115o5 116*5

R e a c tiv e  Power 
(MVAR)

28*0 26*7

R o to r V o ltag e  
( v o l t s )

210 214

R o to r  C u rre n t 
( am ps)

1514 1280

R o to r Angle 
(d e g re e s )

55 56

M easurem ent D uring  T e s t

Peak Induced  
R o to r  V o ltag e  

( v o l t s ) .1540 1295

S ta t o r  V o ltag e  
(kV) a t  t h i s  
tim e 10*5 10*5
S t a t o r  C u rre n t 
(kA) a t  t h i s  
tim e 12 10*8

In s  t  a n t  ane ous 
s l i p  (°/o) 2*5 20Q
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(5o5)  OTHRAJj COMMENTS ON THE RESULTS

D uring  th e  t r a n s i e n t  period©  when m achine o p e r a t io n s  

do n o t  c o rre sp o n d  to  th e  s te a d y  s t a t e  c o n d i t io n s  th e  s o l u t io n  

o f  th e  m achine v a r i a b l e s  from  th e  d i f f e r e n t i a l  and o th e r  

e q u a t io n s  i s  in f lu e n c e d  by  th e  p a ra m e te rs  used*  When th e .  

p a ra m e te rs  a r e  in  e r r o r ,  th e  d e v ia t io n  i s  p r o g re s s iv e  w ith  

th e  d u r a t io n  o f  t r a n s i e n t s *  In  c a se  o f  a n a l y t i c a l  s t u d i e s  

o f  p ro lo n g e d  d i s tu r b a n c e s ,  th e  a c c u ra c y  o f  th e  a v a i l a b l e  d a ta  

i s  v e ry  im p o r ta n t  i n  m aking any  w o rth w h ile  a sse ssm e n t o f  

m achine o p e ra t io n s *  W hile t r y i n g  to  program  th e  c o r r e l a t i o n  

s tu d y  f o r  th e  p o l e - s l i p p in g  c o n d i t io n  w id e ly  v a ry in g  r e s u l t s  

w ere o b ta in e d  by m aking s m a ll  changes i n  s u b t r a n s i e n t  

p a ra m e te rs  and i t  was n e c e s s a ry  to  a d j u s t  th e  v a lu e  o f  th e  

dam per w in d in g  p a ra m e te rs  a s  g iv en  i n  T ab le  VI- * In  th e  

d i r e c t  a x is  th e  s u b t r a n s ie n t  p a ra m e te rs  a r e  n o t  so im p o r ta n t 

u n t i l  th e  f i e l d  c u r r e n t  i s  re d u ced  to  z e r o ,  w hereas i n  th e  

q u a d ra tu re  a x is  th e s e  a r e  v e ry  c r i t i c a l ,  s p e c i a l l y  th e  t im e -  

co n stan t©  s in c e  t h e r e  i s  no o th e r  d o m in a n tly  l a r g e  tim e  

c o n s ta n t  a s  i n  th e  d i r e c t  a x is*

The s o u rc e s  o f e r r o r  i n  th e  a n a l y t i c a l  r e s u l t s  can  be 

a t t r i b u t e d  to  th e  fo l lo w in g  m ain r e a s o n s :

(a )  G overning System

No in fo rm a tio n  was a v a i l a b l e  a b o u t th e  g o v e rn in g  system  

o f th e  g e n e r a to r  tu rb in e *  The g o v e rn in g  sy s tem  o f  th e  t e s t  

g e n e r a to r  i n  G -oldington Rower S t a t io n  was a t  one s ta g e  u sed



fos? th e  p r e s e n t  s tudy*  b u t  th e  r e s u l t s  w ere n o t  very- 

en co u rag in g *  ‘'T h e  in p u t  to  th e  tu r b in e  w as, t h e r e f o r e ,  assum ed 

to  be  c o n s ta n t  d u r in g  e n t i r e  t r a n s ie n t*  S a t i s f a c t o r y  r e s u l t s  

w ere s t i l l  o b ta in e d  f o r  th e  f i r s t  s e v e r a l  seco n d s  due to  th e  

s l i p  re m a in in g  w e l l  w i th in  1 % o f  th e  r a t e d  fre q u e n c y  f o r  

abou t 6 's e c o n d s  and th e  in p u t  power may n o t change a p p r e c ia b ly  

f o r  su ch  sp eed  change*

(b ) B usbar Y o lta g e

The b u s b a r  t o  w h ic h .th e  m achine was co n n e c te d  was 

assum ed to  be an  i n f i n i t e  so u rc e  n o t b e in g  a f f e c t e d  by  th e  

m achine o p e r a t in g  c o n d it io n s *  I t  can be o b se rv ed  from  F ig .34 

t h a t  th e  b u sb a r  v o l ta g e  was n o t c o n s ta n t  d u r in g  p o le - s l ip p in g *  

Such v a r i a t i o n s  o f  b u s b a r  v o l ta g e  and p h ase  d is p la c e m e n t have 

b een  re c o rd e d  d u r in g  s i t e - t e s t s .

(c )  S u b t r a n s ie n t  P aram eters .

The in ad eq u a cy  o f  th e  eddy c u r r e n t  r e p r e s e n t a t i o n  by  

s h o r t  c i r c u i t e d  c o i l s  w ith  f ix e d  p a ra m e te rs  i s  w e l l  known*

The r e s i s t a n c e s  and in d u c ta n c e s  o f ' t h e  a m o r t i s s e u r  c i r c u i t s  

a r e  c a lc u la te d  from  th e  s h o r t  c i r c u i t  t e s t s  w hereas th e s e  

d ep en d , in s t a n ta n e o u s ly ,  on th e  r a t e  o f  change/^flux  on th e  

r o t o r  body* The s in g le - v a lu e d  p a ra m e te rs  a r e ,  t h e r e f o r e ,  

l i k e l y  to  in t ro d u c e  e r r o r  i n  m a th e m a tic a l a n a ly s i s  w h erev er 

t h e i r  c o n t r ib u t io n  i s  prom inent*
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CHAPTER VI
EDDY CURRENT PHENOMENA IN FERRO­

MAGNETIC MATERIAL

(6 .1 )  GENERAL

A la r g e  amount o f  work h as  h i t h e r t o  b een  c a r r i e d  o u t on 

eddy c u r r e n t  phenomena b u t a m a th e m a tic a lly  sound m ethod o f  

c o n s id e r in g  th e  e f f e c t s  o f  eddy c u r r e n t  i n  th e  a n a ly s i s  o f  

sy n ch ro n o u s  m achines u n d e r t r a n s i e n t  c o n d i t io n s  h as  n o t y e t  

b een  d e v e lo p e d . Though th e  r e p r e s e n t a t i o n  o f  eddy c u r r e n t  

p a th s  by c o n s ta n t  p a ra m e te rs  y i e ld s  s a t i s f a c t o r y  r e s u l t s  

u n d e r  c e r t a i n  c o n d i t io n s ,  i t s  in a c c u ra c y  f o r  a n a ly s in g
. 2 0p ro lo n g e d  t r a n s i e n t s  h as  been  r e a l i s e d  on s e v e r a l  o c c a s io n s  .

( 6 .2 )  PREVIOUS WORK
4*0 4* 1F o llo w in g  th e  p io n e e r in g  work o f  Thompson^ and R osenberg  

a n a ly s e s  o f  eddy c u r r e n t  phenomena have been  c o n s id e re d  f o r  

p rob lem s ra n g in g  from  e s s e n t i a l l y  academ ic s tu d i e s  to  s e v e r e ly  

p r a c t i c a l  o n es . In  some c a s e s ,  th e  t r e a tm e n t  o f  th e  s u b je c t  

h as  b een  o f  a  g e n e r a l  n a tu r e , ,  w hereas on o th e r  o c c a s io n s  th e  

i n v e s t i g a t i o n s  have been  concerned  w ith  p a r t i c u l a r  a s p e c ts  o f  

th e  a p p l i c a t i o n s  o f  th e  e f f e c t s  p roduced  by th e  flo w  o f  eddy 

c u r r e n t s .

The work o f  P o h l ^ ,  M c C o n n e ll^ , T hom pson^ an d , more 

r e c e n t l y ,  by A g a r w a l^ ,  K eshavam urthy and R a ja g o p a la n ^  and 

Subba R a o ^  hatfe been  co n cern ed  w i th .a n a ly s in g  th e  e f f e c t  o f



th e  a p p l i c a t i o n  o f  an  e le c tro m a g n e t ic  f i e l d  i n  a f e r r o ­

m ag n e tic  m a te r ia l  o f  c o m p a ra tiv e ly  s im p le  c o n f ig u r a t io n  and 

th e  em phasis h a s  been  to w ard s  a q u a l i t a t i v e  a s se s sm e n t o f th e  

q u a n t i t i e s  such  as  f lu x  v a r i a t i o n s  and th e  c u r r e n t  

d i s t r i b u t i o n  w i th in  th e  m a t e r i a l .  The work o f  C onco rd ia  and 

P o r i t s k y ^ ^ ,  W ood^ , B h a r a l i  and A d k in s ^ ,  and Hamilton'*® 

and o th e r s '^  on th e  o th e rh a n d , a re  more c lo s e ly  a s s o c ia te d  

w ith  eddy c u r r e n t  phenomena r e l a t e d  to  r o t a t i n g  m achines#

In  m ost o f  th e  p r e v io u s .a n a ly s e s  e x c e p t in  r e f e r e n c e s  (45) 

and (4 2 ) ,  th e  s o l u t i o n  o f  th e  e le c tr o m a g n e t ic  f i e l d  e q u a t io n s  

a r e  b a se d  on th e  e x i s te n c e  o f  an  h a rm o n ic a lly  v a ry in g  f o r c in g  

f u n c t io n .  When i t  r e l a t e s  t o  r o t a t i n g  m aoh ines , p a r t i c u l a r l y  

to  a l t e r n a t o r s  w here th e  r o t o r  i s  fo rg e d  o u t o f  s o l i d  i r o n ,  

th e  s o l u t i o n  ta k e s  a d i f f i c u l t  form  b e c a u se  o f  th e  c o m p lic a te d  

n a tu r e  o f th e  f lu x  p a th  and th e  p re se n c e  o f  s l o t s  round  th e  

p e r ip h e x y  o f  th e  r o t o r .  Due to  a  p ronounced  s k in  e f f e c t  d u r in g  

f l u x  v a r i a t i o n ,  th e  d e g re e  o f s a t u r a t i o n  o f  th e  m a te r i a l  i s  n o t  

u n ifo rm  a l l  o v e r th e  f lu x  p a th  and th e  t r e a tm e n t  o f  th e  oom plete  

p rob lem  p o ses  a  fo rm id a b le  t a s k .  I t  t h e r e f o r e  becomes 

n e c e s s a ry  to  c a l c u l a t e  an  e q u iv a le n t  f l u x  p a th  whioh 

c o r re sp o n d s  re a s o n a b ly  t o  th e  t o t a l  e f f e c t  o f  s a t u r a t i o n .

Wood and  C o n c o rd ia ^  have shown t h a t  th e  c u rv a tu re  o f  th e  

r o t o r  body h as  r e l a t i v e l y  m inor e f f e c t s .
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( 6 „ 3 )  ELECTROMAGNETIC EIELD EQUATIONS

The g e n e r a l i s e d  M ax w e ll's  f i e l d  e q u a tio n s  o f  p a r t i c u l a r

i n t e r e s t  f o r  th e  p r e s e n t  p u rp o se  a r e :
3D

V x  H = J  + (6 ,1  )

0B
V x  E = -  ( 6 . 2 )

w here H = m ag n e tic  f i e l d  

E == e l e c t r i c  f i e l dmmm

J  = c o n d u c tio n  c u r r e n t  d e n s i ty

D = d isp la c e m e n t c u r r e n t  d e n s i ty

B -  m ag n e tic  f lu x  d e n s i ty

Ih e  o th e r  r e l a t i o n s  t h a t  a re  o f  im p o rta n c e  w h ile  d e a l in g

w ith  f e r ro m a g n e tic  m a te r i a l s  a re
E .

J = ~  (6.3)-  p

B = 41H (6 .4 )

flak ing  u se  o f  th e s e  two r e l a t i o n s h i p s  th e  fo l lo w in g  e q u a tio n

may he d e r iv e d  from  e q u a tio n s  ( 6 , 1 ) and ( 6 . 2 )

o 6H . dD
V  *  S = -  (6.5)

A g e n e ra l  s o l u t io n  o f  e q u a tio n  (6*5) t h a t  can  be a p p l ie d

t o  a  medium o f  any boundary  and e x c i te d  by any a r b i t r a r y  f o r c in g  

f u n c t io n  i s  n o t  a v a i l a b l e  i n  l i t e r a t u r e  and a ssu m p tio n s  a r e ,

t h e r e f o r e ,  made to  re d u c e  e q u a tio n  ( 6 *5 ) t o  a  form  t h a t  i s

am enable to  s o lu t io n *  With p a r t i c u l a r  r e f e r e n c e  to  th e  s tu d y  

o f  e d d y - c u r r e n ts  in  r o t a t i n g  m ach in es , th e  fo l lo w in g



assu m p tio n s  a r e  u s u a l ly  made:

(a )  D isp lacem en t c u r r e n t  i s  n e g le c te d *

(b ) The m a te r i a l  i s  assum ed to  be e l e c t r o - m a g n e t i c a l ly

homogeneous*

(c )  C u rv a tu re  i s  n e g le c te d *

(d ) End e f f e c t s  a r e  n e g le c te d *

(e )  By assum ing  a s im p le  shape  o f  th e  m a te r i a l  a s

shown i n  B ig*45 w here th e  m a te r i a l  e x te n d s  to  i n f i n i t y  i n  

th e  z d i r e c t i o n  th e  e q u a tio n  i s  u s u a l ly  re d u c e d  to  a  tw o - 

d im e n s io n a l form*

E q u a tio n  (6 * 5 ) , on th e  b a s i s  o f  th e s e  a s s u m p tio n s , 

becomes
&5 Hz ( x , y , t )  3Hz (x,y,-fc)  ̂ 9Hz ( x , y , t )

______ + 2 ” = o at
3x 3y M

( 6 *6 )

( 6 .4 )  SOLUTION OF THE FIELD EQUATIONS

( 6 .4 .1 )  LINEAR SOLUTION 

A s o l u t io n  o f  th e  f i e l d  e q u a tio n s  i s  b a s e d , a s  m en tioned  

e a r l i e r ,  on th e  c o n s id e r a t io n  o f a  s i n u s o i d a l ly  v a ry in g

m a g n e tis in g  fo rc e *  The e f f e c t  o f  h y s t e r e s i s  may be i n c l u d e d

5 4-by assum ing  a  c o n s ta n t  com plex p e r m e a b i l i ty  ^ b u t  w i th in  th e

ra n g e  o f  f l u x  v a r i a t i o n  t h a t  i s  e n c o u n te re d  in  synch ro n o u s
49m achine a n a l y s i s ,  h y s t e r e s i s  i s  n o t im p o r ta n t  * To

a c h ie v e ,  f i r s t  o f  a l l ,  a  s im p le  s o l u t i o n ,  e q u a tio n  (6*6) i s

f u r t h e r  s im p l i f i e d  b y ’’g ^ ^ ip g ^ ^ p n  i n f i n i t e  h a l f  sp ace  f o r
u n i v e r s i t y  I .



SECTION OP A SOLID IRON BLOCK SHOWING 
THE COORDINATE SYSTEM
(d o t te d  l i n e  i n d i c a t e s  u n i t  l e n g th  i n  

th e  Z d i r e c t i o n )
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w hich c a s e  B , J a r e  th e  o n ly  f u n c t io n s  o f  y  and t  t h a t  

e x i s t .  So th e  f i n a l  e q u a tio n  i s

n 0H
Z _  ( 6 # 7 )

ay2 p «

F o r a  m a g n e tis in g  fo rc e  o f  th e  form

Hz = (6 .8 ),d«t

th e  s o l u t io n  f o r  ( 6 .7 )  i s

H ( y . t )  = (6 .9 )Z I o

w here m = ^

(1  i s  v isu a lly  known a s ^ c l a s s i c a l  d e p th  o f  p e n e t r a t io n )

The e x p re s s io n  f o r  th e  im pedance to  th e  flo w  o f  th e  eddy 

c u r r e n t  , t h a t  qan he d e r iv e d  from  th e  s o l u t io n  g iv e n  ab o v e , 

i s

zkd = ^  Pm e J * / 4 (6 .1 0 )

The two p o in ts  o f  im p o rtan ce  t h a t  a r e  in d ic a te d  by e q u a tio n

(6 ,1 0 )  a r e s

(a )  The im pedance v a r i e s  w ith

(b ) The im pedance h as  a c o n s ta n t  ph ase  a n g le  o f  45° •
55 49T e s ts  c a r r i e d  o u t on s e v e r a l  o c c a s io n s ^ ' 9 have shown, 

how ever, t h a t  th e  im pedance a n g le  i s  much s m a l le r  th a n  45°•

T h is  d is c re p a n c y  h as  le d  to  a  d i f f e r e n t  a p p ro ach  to  th e  

s o lu t io n *
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( 6 .4 .2 )  NON LINEAR SOLUTION

The n o n l in e a r  s o l u t io n  b ased  on a  r e c t a n g u la r
4^m a g n e t is a t io n  cu rv e  was f i r s t  u sed  by M cConnell and

s u b s e q u e n tly  by A g a r w a l^ .

The f l u x  d e n s i ty  i s  assum ed to  have a c o n s ta n t  s a t u r a t e d

v a lu e  -33 w henever th e  m a g n e tis in g  fo r c e  H h as  a v a lu e  o th e r  s
th a n  a e r o ,  a s  i s  shown in  P ig .4 6 . T h is  th e o ry  i s  b ased  on 

th e  a ssu m p tio n  t h a t  w ith  a  •uniform m a g n e tis in g  fo rc e  v a ry in g  

s i n u s o i d a l l y ,  f l u x  waves o f  c o n s ta n t  d e n s i ty  B im pinge on th e  

o u ts id e  o f  th e  m a te r i a l  and p ro p a g a te  in w ard s  to w ard s  th e  c e n tr e  

u n t i l  waves from  a l l  d i r e c t i o n s  m eet a t  th e  c e n t r e .  T h ere ­

a f t e r ,  th e  f l u x  rem a in s  unchanged u n t i l  th e  m a g n e tis in g  

f o r c e  ta k e s  a  r e v e r s e  p o l a r i t y .

T h is  th e o r y ,  on th e  b a s i s  o f  w hich A g a rw a l^  h as  made, 

a  com prehensive  a n a ly s i s  o f  eddy c u r r e n t  phenomena*, was
4.0

r e c e n t l y  ad o p ted  by B h a r a l i  and A dkins f o r  c a l c u l a t i n g  

th e  a d m itta n c e  f u n c t io n s  o f  g e n e ra to r s  d u r in g  asy n ch ro n o u s 

ru n n in g  c o n d i t io n  f o r  v a r io u s  s l i p  f r e q u e n c ie s .  The 

e f f e c t i v e  a d m itta n c e  f o r  th e  r o t o r  body g iv e n  i n  r e f e r e n c e  

4 9  i s

y  — —1™ e“ 326 .6  (6 11 )xkd ~ k k , # 640 2 e '.o .i  wv  i  w p s

w here k and k , a r e  th e  f a c t o r s  d e p e n d in g  on th e
e f f e c t i v e  number o f  tu r n s  i n  th e  
s t a t o r  w in d in g .

^m "  w ork ing  f lu x  in  th e  r o to r *



FIG. 46. RECTAITGUItAH MAGNEIISATIOK CURVE



69*

w = a x i a l  l e n g th  o f  th e  r o t o r ,

1 ~ e q u iv a le n t  le n g th  o f  th e  f l u x  p a th ,

<d -  f re q u e n c y  a t  w hich th e  f l u x  i s  v a r y in g .

E q u a tio n  (6 ,1 1 )  shows t h a t  th e  a d m it ta n c e , now c a lc u la te d  on 

th e  b a s i s  o f  n o n l in e a r  th e o r y ,  h as  an  a n g le  s m a l le r  th a n  4 5 ° .

Prom e x p e r im e n ta l  v e r i f i c a t i o n ,  e q u a t io n  (6 ,1 1 )  h as  been  

found to  p ro v id e  more s a t i s f a c t o r y  r e s u l t s  th a n  e q u a tio n

( 6 .1 0 ) ,  s p e c i a l l y  when f lu x  fo llo w s  a  harm on ic  v a r i a t i o n .

The a u th o r s  have c o n c lu d e d , how ever, t h a t  u n d e r  th e  

c o n d i t io n s  w here th e  f lu x  in  th e  co re  do n o t  r e v e r s e  th e  

r e s u l t s  o b ta in e d  from  l i n e a r  s o l u t i o n  a r e  a d e q u a te . The 

s u c c e s s  o f  a p p ly in g  th e  n o n l in e a r  m ethod depends on th e  c h o ic e  

o f  an  a p p r o p r ia te  v a lu e  o f  Bg f o r  a  p a r t i c u l a r  c o n d i t io n  o f 

o p e r a t io n .

( 6 .5 )  DIFFICULTIES IE  APPLYING- THE SOLUTIONS UNDER TRANSIENT 
CONDITIONS

The e x p re s s io n s  f o r  th e  a d m itta n c e  o f  th e  r o t o r  d e r iv e d  

from  th e  l i n e a r  and n o n l in e a r  s o lu t io n s  have th e  fo l lo w in g  i n  

common:

(a )  The im pedance a n g le  i s  c o n s ta n t ,  i r r e s p e c t i v e  o f  

f re q u e n c y  o r  s a t u r a t i o n .

(b ) B oth th e  r e s i s t a n c e  and in d u c ta n c e  a r e  f re q u e n c y  

s e n s i t i v e .

I n  b o th  c a s e s ,  s o lu t io n s  have b een  a c h ie v e d  by a p p ly in g  

a  s irx u s o id a l  m a g n e tis in g  f o r c e .
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D u rin g  t r a n s i e n t  o p e r a t io n s  o f  a  sy n ch ro n o u s  g e n e r a to r ,  

n e i t h e r  th e  m a g n e tis in g  fo r c e  n o r  th e  f l u x ,  whose re sp o n s e  

i s  c o n s t r a in e d  by th e  o p e r a t io n  o f  e x c i t a t i o n  sy stem  and 

te r m in a l  c o n d i t io n s  o f  th e  m ach ine, fo l lo w s  a  harm onic  

v a r i a t i o n  a n d , a s  s u c h , an  in s ta n ta n e o u s  f re q u e n c y  o f  f lu x  

p u l s a t i o n  does n o t e x i s t * The problem  ta k e s  a  more s t r i n g e n t  

form  when th e  n o n l i n e a r i t y  due to  m ag n e tic  c i r c u i t  s a t u r a t i o n  

i s  in c lu d e d ,,
49B h a r a l i  and A dkins^- have u sed  th e  e x p r e s s io n  g iv e n  i n  

e q u a t io n  (6 .1 0 )  f o r  a n a ly s in g  th e  3 -p h a se  s h o r t - c i r c u i t  

c u r r e n ts  o f  u n lo ad ed  m a c h in e s 'a n d  showed t h a t  th e  s u b t r a n s i e n t  

com ponents o f  th e  s h o r t - c i r c u i t  c u r r e n t s  do n o t decay
49e x p o n e n t ia l ly ,  b u t  fo l lo w  a  cu rv e  b ased  on an  e r r o r  f u n c t io n  . 

W hile d e v e lo p in g  t h i s  m ethod, th e  a u th o r s  had to  r e s o r t  t o  a  

g r e a t  d e a l  o f  s i m p l i f i c a t i o n  by assum ing  a c o n s ta n t  v o l ta g e  

b eh in d  th e  s u b t r a n s i e n t  r e a c ta n c e  f o r  th e  e n t i r e  d u r a t io n  

o f  th e  f a u l t .  M agnetic  c i r c u i t  s a t u r a t i o n  was a l s o  assum ed 

to  re m a in  u nchanged .
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CHAPTER VII
REPRESENTATION OF EDDY CURRENT WITH 

VARIABLE PARAMETERS.

(7 ,1 )  INTRODUCTION
45

The enormous co m p le x ity  t h a t  i s  in v o lv e d  in  d e r iv in g

a  g e n e r a l  s o l u t io n  o f  th e  f i e l d  e q u a tio n s  a p p l ic a b le  f o r  a l l

c o n d i t io n s  o f  f lu x  and mmf v a r i a t i o n  h a s  n o t y e t  been  overcome*

A com prom ise t h a t  h as  em erged from  t h i s  s i t u a t i o n ,  has

en co u rag ed  th e  t r e n d  to w ard s  d e v e lo p in g  e q u iv a le n t  c i r c u i t s

t o  ao co u n t f o r  th e  flo w  o f  eddy c u r re n ts *  W hile i n  th e  ca se

o f  a  g e n e r a to r  th e  p a ra m e te rs  o f  th e s e  f i c t i t i o u s  eddy c u r r e n t

c i r c u i t s  a r e  o b ta in e d  from  s h o r t  c i r c u i t  t e s t s ,  t h e o r e t i c a l

a n a ly s i s  i n  d e r iv in g  t h e i r  e x p re s s io n s  a r e  a l s o

a v a i l a b l e ^  * ̂  *
46One o f  th e  a n a l y t i c a l  m ethods f o r  d e v e lo p in g  an

e q u iv a le n t  c i r c u i t  f o r  eddy c u r r e n t  p a th s  s t a r t s  w ith

s in u s o i d a l  s o l u t io n  o f  th e  f i e l d  e q u a tio n s  f o r  an  i r o n

s e c t i o n  h a v in g  l a r g e  w id th /d e p th  r a t i o *  The e x p re s s io n s

t h a t  a r e  o b ta in e d  f o r  th e  r e s i s t a n c e  and r e a c ta n c e  o f  th e

eddy c u r r e n t  p a th s ,  from  t h i s  s o lu t io n  i s  a g a in  f r e q u e n c y -

dependen t*  However, b ased  on th e  a ssu m p tio n  t h a t  th e

t r a n s i e n t  re sp o n se  o f  a f u n c t io n  i s  l a r g e l y  c h a r a c te r i s e d
_ 46by th e  low fre q u e n c y  respop .se  o f  th e  sy s te m , Subba Rao 

h as  f i n a l l y  p roduced  an  e q u iv a le n t  c i r c u i t  w ith  c o n s ta n t  

r e s i s t a n c e  and in d u c ta n c e  f o r  th e  eddy c u r r e n t  p a th  a s



shown in  F ig * 47 . The im p o r ta n t a ssu m p tio n  made i n  th e  

a n a ly s i s  i s  t h a t ,  a t  low f r e q u e n c ie s ,  l e s s  th a n  ab o u t 5 c / s ,  

th e  d e p th  o f  p e n e t r a t io n  i s  v e ry  l a r g e  com pared w ith  th e  

h a l f  th ic k n e s s  o f  an  i r o n  s e c tio n *  The re a s o n a b le  

ag reem en t be tw een  th e  c a lc u la te d  and t e s t  r e s u l t s  a f t e r  

in c lu d in g  s a t u r a t i o n  by s t r a i g h t  l i n e  a p p ro x im a tio n  s e rv e s  

t o  j u s t i f y  th e  a ssu m p tio n  made*

(7 .2 )  DISCREPANCIES IN DAMPER WINDING PARAMETERS OBTAINED 
■ FROM CALCULATION AND TESTS

From F i g .47 and a l s o  from  r e f e r e n c e  (46) i t  I s  found  

t h a t  th e  in d u c ta n c e  o f  th e  eddy c u r r e n t  p a th  v a r i e s ,  d ep en d in g  

-on w id th /d e p th  r a t i o ,  be tw een  33*33$ and 16*66$ o f  th e  m u tu a l 

in d u c ta n c e  betw een  th e  s o l i d  i r o n  s e c t i o n  and th e  m a g n e tis in g  

w in d in g . P o h l^ 2 h as  su g g e s te d  a  c o n s ta n t  v a lu e  o f  22$ o f  

th e  m u tu a l in d u c ta n c e *  Though no p r e c i s e  r e l a t i o n  betw een
Gt'HcL

th e  in d u c ta n c e / th e  r e s i s t a n c e  a p p e a rs  to  e x i s t ,  i t  i s  

i n v a r i a b l y  found  t h a t  th e  n u m e ric a l  v a lu e  o f  th e  fo rm e r i n  

i s  com parab le  w ith  t h a t  o f  th e  r e s i s t a n c e  i n  ohms*

I n  th e  c a se  o f  sy n ch ronous g e n e r a to r ,  how ever, w here th e  

r e s i s t a n c e s  and r e a c ta n c e s  a r e  c a lc u la te d  by w e ll  e s t a b l i s h e d  

m ethods*^ from  s h o r t  c i r c u i t  t e s t s ,  th e  c o r re s p o n d in g  v a lu e s  

a r e  u s u a l ly  much le s s *  T aking  th e  s p e c i f i c  exam ple o f  th e  

t e s t  g e n e r a to r  a t  G o ld in g to n  Power S t a t i o n  th e  fo l lo w in g  d a ta  

i s  a v a i l a b l e :
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i

friiere M = ^ (4ab)

h  = i*1? ) ® ?  f ('4ab>
r = i rjag 11+eE

e 1 1  r ..................
=* F ie ld  W inding R e s is ta n c e

V -  CL/b

p  -  R  e  s  u) 'S-uA^ct̂ ^

FIGrf 4 Z  EQUIVALENT CIRCUIT OF A SOLID IRON CORE.
t
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M utual r e a c ta n c e  9 xac^ = 1 ,8 6  p 0u 0 ( u n s a tu r a te d )

A m o rtis se u r  le a k a g e  r e a c ta n c e  = 0*04 p , u 0
= 2.1 o f  xad

A m o rtis se u r  r e s i s t a n c e  = 0 ,0125  p 0u ff
= OoSlfo o f  xad

The r e s i s t a n c e  was f u r t h e r  re d u ced  by S h& ckshaft

a f a c t o r  o f  f o u r  to  o b ta in  a b e t t e r  ag reem en t, betw een  com puted 

and t e s t  r e s u l t s * The g e n e r a l  t r e h d  o f  low n u m e ric a l v a lu e s  

have been  o b se rv ed  by th e  a u th o r  f o r  m ach ines o f  w id e ly  v a ry in g  

r a t i n g s .

Based on th e  n o n l in e a r  th e o ry  w ith  r e c t a n g u la r  m agnet­

i s a t i o n  A g a rw a l^  h as  d ev e lo p ed  an  e x p r e s s io n  f o r  th e  com plex 

s u r f a c e  im pedance by a p p ly in g  C o u r ie r  t r a n s f o rm  to  th e  non­

s in u s  o i d a l  s u r f a c e  v o l ta g e  e x p r e s s io n .  The im pedance i s

t h a t  th e  damper w in d in g  im pedance v a r i e s  betw een  z e ro  and 

i n f i n i t y  a s  th e  fre q u e n c y  o f  f lu x  v a r i a t i o n  changes from  

z e ro  t o  i n f i n i t y .  The power f a c t o r  o f  th e  e q u iv a le n t  eddy 

c u r r e n t  p a th s ,  b ased  on th e  two th e o r i e s  o u t l in e d  i n  C h ap te r 

VI has  a  c o n s ta n t  v a lu e  i r r e s p e c t i v e  o f  th e  f re q u e n c y .

W hile th e  t h e o r e t i c a l  v a lu e s  o f  th e  power f a c t o r  a n g le  a r e  

2 6 ,6 °  and 4 5 ° , th o s e  found  from  e x p e rim e n ta l-  r e s u l t s - ^  a p p e a r

(7 .1 )

w here — i s  th e  d e p th  of. f lu x  p e n e t r a t io n  

b -  h a l f  th ic k n e s s  o f \ t h e  i r o n  c o r e .

S in ce  m i s  p r o p o r t io n a l  to  th e  e q u a t io n  (7 .1 )  shows
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t o  be i n  th e  r e g io n  o f  35°

I n  a  synch ro n o u s g e n e r a to r ,  from  th e  f u n c t i o n a l  p o in t  o f  

v iew , th e  g e n e r a t io n  o f  eddy c u r r e n t s  i s  im p o r ta n t  i n  t h a t ,  

on one h an d , i t  c r e a t e s  lo s s e s  i n  th e  r o t o r  body , and i t

and q u a d ra tu re  ax es  on th e  o th e r*  I t  i s  th e  l a t t e r  f u n c t io n  

t h a t  i s  o f  m ajo r c o n s id e ra t io n *  U n less  a  g e n e r a to r  i s  ru n n in g  

a sy n c h ro n o u s ly , th e  lo s s  due to  eddy c u r r e n t s  i s  q u i t e  s m a ll  

com pared w ith  th e  r a te d  o u tp u t  o f th e  m achine* On th e  

o th e r  hand i t  h as  b een  found  from  th e  a u t h o r ’s e x p e r ie n c e  

(m en tioned  i n  C h ap te r V) t h a t  th e  s u b t r a n s i e n t  t im e -c o n s ta n t .  

p la jrs  an  e x tre m e ly  im p o r ta n t p a r t ,  s p e c i a l l y ' , i n  th e  q u a d ra tu re  

a x is  f l u x  v a r ia t io n *  In  c o n v e n tio n a l  m achine a n a ly s i s  w here 

th e  s u b t r a n s i e n t  q u a n t i t i e s  a r e  in c lu d e d  and a l s o  i n  th e  

m a th e m a tic a l m odel d ev e lo p ed  so f a r ,  th e  s u b t r a n s i e n t  tim e  

c o n s ta n ts  ( e q u a t io n s  b  a*i5 ) a r e  c a lc u la t e d  assum ing  a

fre q u e n c y  o f  50 c /s *  I’rom e q u a tio n  ( 7 .1 )  i t  can  be shown

t h a t  f o r  p a r t i c u l a r  f re q u e n c y  w,

And on th e  b a s i s  o f  s i n u s o id a l  q u a n t i t i e s  and assum ing  th e  

d e p th  o f  f l u x  p e n e t r a t io n  to  be l e s s  th a n  th e  h a l f  th ic k n e s s ^

S im i la r  e q u a tio n s  can  be d e r iv e d  from  e q u a tio n  (6*10) b u t  h e re  

tim e  c o n s ta n t

c o n t r ib u t e s  to  th e  a i r  gap f lu x  v a r i a t i o n  i n  th e  d i r e c t

(7 .2 )

~  = xka = j_
kd 2o) (7 .3 )
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(7 .4 )

These s u g g e s t  t h a t  th e  tim e  c o n s ta n ts  a r e ,  t h e o r e t i c a l l y ,  

i n v e r s e ly  p r o p o r t io n a l  to  th e  f re q u e n c y  w here a s  th e  r e a c ta n c e  

and r e s i s t a n c e  a r e  p r o p o r t io n a l  to  'HI).

(7 .3 )  BASIS OP VARYING THE DAMPER WINDING PARAMETER.

H aving d e te rm in e d  th e  re q u ire m e n ts  o f  v a r y in g  th e  

p a ra m e te rs  o f  th e  dam per c i r c u i t  a  te c h n iq u e  was d ev e lo p ed  to  

in c o r p o r a te  a method f o r  ch an g in g  th e  r e s i s t a n c e s  and r e a c ta n c e s  

a t  each  s t e p  o f  s o l u t i o n .  At th e  same tim e  th e  b a s ic  id e a  

o f  an  e q u iv a le n t  c i r c u i t  was s t i l l  m a in ta in e d .

To e x p la in  th e  te c h n iq u e ,  th e  fo l lo w in g  e q u a tio n  i s  

c o n s id e re d *

w hich c o rre sp o n d s  to  a p p ly in g  a s in u s o id a l  v o l ta g e  to  an

in d u c t iv e  c i r c u i t .  A com plete  s o l u t io n  i s  s im p le  i f  th e

b oundary  c o n d i t io n s  a r e  known. On th e  o th e r  h an d , i f  th e  s in e  

wave i s  d iv id e d  i n t o  a  l a r g e  number o f  s m a ll  s e c t io n s  a s  shown 

i n  P i g .48 aud i f  th e  m agn itude  and s lo p e  o f  th e  cu rv e  a t  th e

b e g in n in g  o f  each  s e c t i o n  i s  known th e n  th e  s in e  wave can  be

r e p la c e d  by an  e q u a t io n  (P ig .  4 8 ) .

H ere , a g a in ,  th e  s o lu t io n  o f  th e  c u r r e n t - e q u a t io n  (7 .5 )  can

i(R  + Lp) = V s i n  a)t ( 7 .5 )

f  ( t )

w here = m agn itude  o f  th e  c u r v e d  a  po I tv t

n  = s lo p e  a t  t h a t  p o in t .

(7 .6 )



H, = H0+jm.dt

«K ere & t  -  A t  = K 

F o r an  e l e c t r i c  c i r c u i t  i ,  = ^ (V 1 -  i QR)
w here i  = c u r r e n t  a t  th e  end o f  th e  f i r s t  s t e p  (above) 

•y = L/R

P IG .4 8 .  INTEGRATION OP A SINE CURVE BY 
STEP INTEGRATION METHOD.



be a c h ie v e d  by a  s t e p - b y - s t e p  p ro c e s s  o f  in t e g r a t io n *  T h is  

th e n  s u g g e s ts  t h a t  i f  th e  m agnitude and sJLope a t  ev e ry  s m a ll  

i n t e r v a l  o f  a  tim e  v a ry in g  q u a n t i ty  i s  known th e n t d e r iv a t i o n  

o f  a. t r a n s i e n t  re sp o n se  can  be o b ta in e d  w ith o u t  knowing a  

s te a d y  f re q u e n c y  re sp o n s e  * _In  th e  s t e p - b y - s t e p  p ro c e s s  o f

s o lu t io n *  t h i s  i s  f o r t u n a t e ly  a v a i l a b l e . a t  each  s te p *  W ith 

th e  h e lp  o f  th e  f i n i t e  d i f f e r e n c e ,  ' , method m en tioned

i n  C h ap te r I I I *  th e  s lo p e  o f  th e  mmf f u n c t io n s  p ro d u c in g  f l u x  

i n  th e  r o t o r  body a lo n g  each  a x is  can  be c a lc u la te d  w h ile  th e  

m ag n itu d e„ i s  o b ta in e d  from  th e  s o l u t io n  o f  th e  o th e r  e q u a tio n s . 

I&.PSF u n i t  sy s tem  th e  mmf !s a r e  e q u a l to  i  a lo n g  q u a d ra tu re  

a x i s  and a lo n g  th e  d i r e c t  a x is  *

A gain  t h e .fo l lo w in g  two e q u a tio n s  a r e  b e in g  c o n s id e re d :

H.j = HQs i n  cat (7*7)

H2 = Hq + n t  ( 7 .8 )

aHi
T h e re fo re  = o)Hocos o)t (7 .9 )

3H
W d ^  = n  (7 .1 0 )

Now d iv id in g  (7 .9 )  by HQ

f 1
l a F j  ^Ho * w G0S ^  (7 .1 1 )

D im e n s io n a lly , th e  r i g h t  hand s id e  o f  e q u a t io n  (7 .1 1 )  

g iv e s  th e  in s ta n ta n e o u s , a n g u la r  v a r i a t i o n  o f  m a g n e tis in g  

f o r c e  , I t  i s  on t h i s  b a s i s  t h a t  th e  m o d u la tio n s  o f  t h e  

p a ra m e te rs  o f  th e  dam per w in d in g  c i r c u i t  a r e ,  i n  th e o r y ,
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d e te rm in e d * At e v e ry  s t e p ,  th e  r a t e  o f  change o f  th e  

m a g n e tis in g  fo rc e  was c a lc u la te d  and th e n  d iv id in g  th e  s lo p e ,  

by th e  mmf a q u a n t i ty  w hich  can be c o n s id e re d  a s  th e  

in s ta n ta n e o u s  a n g u la r  v a r i a t i o n  o f  mmf, was o b ta in ed *

(7*2*1) .SELECTION OF. INITIAL PARAMETERS

W hile .ap p ly in g  t h i s  te c h n iq u e  in  th e  a n a ly s i s  o f  th e

B e lv e d e re  m ach ine , th e  i n i t i a l  v a lu e s  o f  b o th  th e  d i r e c t  and

q u a d ra tu re  ax es  in d u c ta n c e s  and r e s i s t a n c e s  w ere c a lc u la te d

on th e  b a s is ,  o f  th e  e q u iv a le n t  c i r c u i t  shown i n  F i g . 4 7 * The

fo l lo w in g  d im en sio n s  o f  th e  g e n e r a to r  r o t o r  were a v a i l a b l e «

A x ia l l e n g th  o f  th e  r o t o r  = 170 in c h e s

D iam ete r o f  th e  r o t o r  = 40 in c h e s  •
- 8R e s i s t i v i t y  o f  th e  r o t o r  i r o n  = 29 x 10 ohm .m eter

U n s a tu ra te d  p e r m e a b i l i ty  o f  i r o n  *
-  60 x 10~^ (a p p ro x im a te ly )

S in c e  th e  u n s a tu r a te d  v a lu e  o f  th e  m u tu a l in d u c ta n c e  was

known, in fo rm a t io n  ab o u t th e  number o f  e f f e c t i v e  tu r n s  was

n o t  n e c e s s a ry  f o r  c a l c u l a t i n g  th e  r e s i s t a n c e  o f  ap  e q u iv a le n t

c i r c u i t  (F ig* 4 7 )*

The fo l lo w in g  d im en sio n s w ere c o n s id e re d  i n i t i a l l y :

W idth o f  th e  m ag n e tic  p a th  == 170 in c h e s

D epth o f  th e  m ag n e tic  p a th  == 25 in c h e s

L eng th  o f  th e  m ag n e tic  p a th  = 25 in c h e s

The n e x t  s t e p  was to  r e l a t e  th e s e  p a ra m e te rs  to  a p a r t i c u l a r

fre q u e n c y  o f  o p e r a t io n  so t h a t  th e s e  co u ld  th e n  be m odu la ted



w henever th e  r a t e  o f  a n g u la r  v a r i a t i o n  changes from  th e  one 

t h a t  i s  c o n s id e re d  i n i t i a l l y *  No e m p e r ic a l  r e l a t i o n  i s  

a v a i l a b l e  f o r  t h i s  an d , a s  a r e s u l t ,  i t  was a  t r i a l  and e r r o r  

method* I n i t i a l l y  an a r b i t r a r y  f re q u e n c y  o f 1 c / s  was chosen  

to  c o rre sp o n d  to  th e  p a ra m e te rs  d ev e lo p ed  on th e  b a s i s  o f  th e  

e q u iv a le n t  c i r c u i t *  D uring  t r a n s i e n t  a n a ly s i s  th e  p a ra m e te rs  

were th e n  m odu la ted  i n  th e  fo l lo w in g  way

-y   *y* { CO
(to) (too)

2

R(to) R(a>0 ) '^ o j f

w here wQ = th e  ch o sen  f r e q u e n c y , . 1 c / s  = 3o 1 4 r a d /s e c *

w = th e  a n g u la r  v a r i a t i o n  c a lc u la te d  i n  th e  way 
d e s c r ib e d  in  S e c t io n  (7*3) «>

(7*3*2) ADJUSTMENT OF THE INITIALLY SELECTED PARAMETERS 

D u rin g  i n i t i a l  program m ing w ith  th e  v a r i a b l e  p a ra m e te rs  

f o r  th e  pam per w in d in g s , th e  m ain m a th e m a tic a l  i n s t a b i l i t y  

t h a t  was found  to  o c c u r  was due to  th e  dam per w ind ing  tim e

c o n s ta n ts  &&d becom ing v e ry  l a r g e  when th e  r a t e  o f
*!

change o f  th e  m a g n e tis in g  fo r c e  a lo n g  e i t h e r  o f  th e  two ax es  

became v e ry  sm all*  T h is  d i f f i c u l t y  was overcom e by k e e p in g  

th e  dam per w in d in g  p a ra m e te rs  f ix e d  d u r in g  th e  p e r io d  when th e  

r a t e  o f  v a r i a t i o n  would become l e s s  th a n  0*025 c /s*  T here 

was no d i f f i c u l t y  on th e  h ig h e r  ra n g e s  o f  f re q u e n c ie s *

The o th e r  a d ju s tm e n t t h a t  was n e c e s s a ry  was i n  s e l e c t i n g  

th e  o r i g i n a l  v a lu e  o f  to* From s e v e r a l  t r i a l  rim s o f  th e
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program  b e t t e r  r e s u l t s  w ere o b ta in e d  by s e l e c t i n g  th e  

dam per w in d in g  im pedance ofo#46p*u* a t  a  f re q u e n c y  o f  1 

r a d ia n s  p e r  second* The v a lu e  o f  th e  r e s i s t a n c e  a t  t h i s  

s ta g e  was a d ju s te d  to  g iv e  a  power f a c t o r  a n g le  o f  3 2 °* The 

v a r i a t i o n  o f  th e  in d u c ta n c e s  due to  s a t u r a t i o n  was in c lu d e d  

th ro u g h o u t on th e  b a s i s  o f  th e  th e o ry  d ev e lo p e d  in  C h a p te r  

IV*

A cco rd in g  t o  e q u a tio n  (7*11 ) i t  was n e c e s s a ry  to  d iv id e  

th e  s lo p e  by th e  mmf a t  each  s te p  o f  c a lc u la t io n , ,  W hile i n  

t h a t  e q u a t io n  HQ i s  c o n s t a n t9 th e  m a g n e tis in g  fo r c e  i n  th e  

p o le  s l i p p i n g  t e s t  v a r ie d  betw een  w ide r a n g e s „ I t  was 

t h e r e f o r e  n e c e s s a ry  t o  a d ju s t  th e  v a lu e  o f  th e  d iv id in g  f a c t o r  

...at some s ta g e s  o f  co m p u ta tio n s  A gain  from  t r i a l  ru n ,  th e  

s e l e c t i o n  ofl'24p<»u. f o r  th e  d iv id in g  f a c t o r  a lo n g  b o th  d i r e c t  

and q u a d ra tu re  axes im m ed ia te ly  a f t e r  th e  f i e l d  c u r r e n t  s t a r t e d  

b u i ld in g  up i n  th e  p o s i t i v e  d i r e c t i o n  was found  to  y i e ld  

s a t i s f a c t o r y  r e s u l t s *

(7*4) COMPARISOIT OF COMPUTED AM) TEST RESULTS

The p o le - s l i p p in g  t e s t  on th e  B e lv e d e re  g e n e ra to r  was 

c o n s id e re d  f o r  com paring  th e  e x p e r im e n ta l  r e s u l t s  and Ijhose 

o b ta in e d  from  c o m p u ta tio n  in c lu d in g  th e  v a r i a t i o n  o f  th e  dam per 

w in d in g  p a ra m e te rs  a s  d ev e lo p ed  in  th e  l a s t _S e c t io n * ; The 

r e s u l t s  a r e  shown In  F igs*  ( 3 S) to  (44) by th e  cu rv e s  marked 

( 0 ) .



The im provem ent, s p e c i a l l y  d u r in g  th e  p e r io d  when th e  

f i e l d  c u r r e n t  b u i ld s  up i n  th e  p o s i t i v e  d i r e c t i o n  a f t e r  

re m a in in g  z e ro  f o r  a  s h o r t  t im e , i s  re m a rk a b le  when com pared 

w ith  th e  r e s u l t s  o b ta in e d  in  C h ap te r Y w ith  th e  m achine 

p a ra m e te rs  c a lc u la te d  from  s h o r t - c i r c u i t  t e s t s *  The in d u ced  

r o to r - o v e r  v o l ta g e  (F ig* 38) i s  ab o u t 5°/° h ig h e r  th a n  t h a t  

found  d u r in g , l i v e - t e s t s *  This, i s  due to  th e  damper w in d in g  

t im e - c o n s ta n ts  becom ing sm a ll  when th e  r a t e  o f  change o f  th e  

m a g n e tis in g  f o r c e  i n  th e  d i r e c t  a x is  i s  v e ry  h ig h  d u r in g  p o le  

s l i p p i n g .  Though th e  r a t e  o f  change o f  i ^  im m e d ia te ly  

a f t e r  f i r s t  p a i r  o f  p o le  s l i p p in g  i s  v e ry  h ig h ,  th e  f i e l d  

c u r r e n t  does n o t  o v e rsh o o t (F ig . 3 9 ) b e c a u se  th e  f i e l d  w in d in g  

tim e  c o n s ta n t ,  w hich  i s  much l a r g e r  th a n  th e  damper w in d in g s  . 

tim e  c o n s ta n t ,  comes i n to  a c tio n *  ..The s t a t o r  v o l ta g e  and 

c u r r e n t  fo l lo w  re a s o n a b ly  c lo s e ly  th e  t e s t e d  c u rv e s  6

The o v e r a l l  s a t i s f a c to r y .a g r e e m e n t  be tw een  th e  t e s t  and 

com puted r e s u l t s  th e r e f o r e  j u s t i f i e s  th e  v a l i d i t y  o f  th e  

te c h n iq u e  d ev e lo p ed  to  m odu la te  th e  p a ra m e te rs  o f  

a m o r t i s s e u r  c i r c u i t s  d u r in g  t r a n s i e n t  o p e r a t io n s  o f  a 

sy n ch ro n o u s  g e n e r a to r .

I t  may, how ever, be commented t h a t  t h e r e  i s  scope to  

im prove th e  th e o ry  d ev e lo p ed  h e re* . A pp ly in g  th e  same 

te c h n iq u e  to  m achines o f  v a r io u s  r a t i n g s  and to  d i f f e r e n t  

ty p e s  o f  o p e r a t in g  c o n d i t io n s  a  g e n e r a l  c o n c lu s io n  may be 

draw n ab o u t th e  n a tu r e  o f  a d ju s tm e n t o f  th e  i n i t i a l  d a ta



t h a t  may be r e q u i r e d  u n d e r  d i f f e r e n t  m achine p e rfo rm a n c e s .

In  th e  p r e s e n t  i n v e s t i g a t o r y  work th e  p a ra m e te rs  w ere 

a d ju s te d  on th e  b a s i s  o f  th e  r e s u l t s  o b ta in e d  from  com puter 

a n a ly s e s  f o r  o n ly  one ty p e  o f  t e s t  and no t h e o r e t i c a l  b a s i s  

was p o s s ib le  t o  be  deve loped*

(7 .5 )  M JllIW iro iN a  REPRESENTATION OF EDDY CURRENT PATHS

The a l t e r n a t i v e  method by w hich eddy c u r r e n t  p a th s  w ere 

r e p r e s e n te d  was b ased  on th e  th e o ry  d ev e lo p e d  by K esavam urthy 

and R a ja g o p a la n 1, . To r e p r e s e n t  b o th  th e  s te a d y  s t a t e  and 

t r a n s i e n t  b e h a v io u r  o f  a  s o l i d  c o r e , t h e  a u th o r s  have 

d e v e lo p e d  two d i f f e r e n t  e q u iv a le n t  c i r c u i t s  o f  w hich th e  one 

t h a t  seem s t o  be o f  p a r t i c u l a r  i n t e r e s t  w ith  r e g a rd  to  th e  

a n a ly s i s  o f  tu r b o g e n e r a to r  i s  i n  th e  fo rm  o f  a  la d d e r  n e tw o rk  

a s  shown i n  P i g . (4 9 ) .  The in d u c ta n c e s  and r e s i s t a n c e s  o f  

th e  c i r c u i t  d ev e lo p e d  by th e  a u th o r s ,  a r e  g iv e n  by ( P i g .4 9 ) 5

1 0 = abp, ( 7 , 1 2 )

\  (7 - ,3> 

Ife -  * - b s J J - p

w here R = r e s i s t a n c e  o f  th e  n t h .  c i r c u i t  o f  th e
co m p le te  eddy c u r r e n t  p a th .

1 = Inductance of the n th. circuit of the
complete eddy current path.

L ~ mutual inductance between the magnetising 
winding and the iron. core.

R s - magnetising winding resistance



I’XG.49. l a d d e r  n e tw o rk  r e p r e s e n t a t i o n  oe
EDDY CURRENT PATHS



r  f= w id th /d e p th  = o /b

q^ = n th#  r o o t  o f  th e  e q u a tio n .- .
- ( 4 + r ) q t a n  q -  8  + 8 s e c c p  0 and 
:p ,(<ln ) 35 4 ( r - l ) t a n  qn -  4 ( r +1 )qn

D iv id in g  e q u a tio n  (7*14) by (7*13)

L * . . 2 '
-Jk -  -L  b l i i  ( 7 * 1 5 )d -  16 W - 15 ;

n  qHn
w hich  i s  an  e x p r e s s io n  f o r  th e  tim e  c o n s ta n t  o f  th e  n  t h * '

c i r c u i t #  E q u a tio n  (7 .1 5 )  s u g g e s ts , t h a t  th e  tim e  c o n s ta n t
2o f  th e  n  t h .  c i r c u i t  v a r i e s  in v e r s e ly  a s  qn * T h is  i s  b ec au se

o f  th e  h ig h e r  r a t e  o f  in c r e a s e  o f  r e s i s t a n c e  a s  th e  o rd e r  o f

th e  c i r c u i t  in c re a s e s #

S in c e  th e  f i r s t  c i r c u i t  o f  th e  la d d e r  ne tw o rk  h as  no 

r e s i s t a n c e ,  th e  c u r r e n t  th ro u g h  th e  e n t i r e  c i r c u i t  i s  l im i t e d  

by th e  s e r i e s  r e s i s t a n c e  w hich in  ca se  o f  a synch ronous m achine 

c o r re s p o n d s  to  th e  f i e l d  w in d in g . The o th e r  p a r a l l e l  c i r c u i t s  

a r e  t h e r e f o r e  s i g n i f i c a n t  o n ly  d u r in g  t r a n s i e n t  p e r io d s .

As th e  im pedance o f  each  p a r a l l e l  c i r c u i t  in c r e a s e s  

r a p id ly  w ith  th e  in c r e a s e  o f  n , i t  can  be assum ed t h a t  o n ly  

th e  f i r s t  few p a r a l l e l  c i r c u i t s  a r e  im p o r ta n t  to  a p p ly  th e  

th e o ry  f o r  i n v e s t i g a t i n g  th e  t r a n s i e n t  b e h a v io u r  o f  a  f e r r o ­

m ag n e tic  m a te r ia l#

( 7 .5 .1 )  APPLICATION'OF THE ANALYSIS IN SYNCHRONOUS 
MACHINE PROBLEM

In  an  a t te m p t to  a p p ly  the . te c h n iq u e  i n  m achine a n a ly s e s ,  

two p a r a l l e l  c i r c u i t s  w ere assum ed a lo n g  e a c h  a x is#  The
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s p e c i f i c  c a se  o f  th e  B e lv ed e re , t e s t - s e t  was a g a in  c o n s id e re d .

L was made e q u a l  to  th e  m u tu a l in d u c ta n c e  o f  th e  g e n e r a to r ,  o
The p a ra m e te rs  o f  o th e r  c i r c u i t s  w ere c a lc u la te d  from  th e  

d im en sio n s  o f  th e  g e n e r a to r  g iv e n  in  S e c t io n  (7*3*1)* To 

ta k e  th e  e f f e c t  o f  o th e r  c i r c u i t s  t h a t  a r e  i n  p a r a l l e l ,  th e  

p a ra m e te rs  o f  th e  second  dam per w in d in g s  a lo n g  each  a x is  w ere 

re d u c e d  by a  f a c t o r  o f  tw o. V a r ia t io n  o f  p e r m e a b i l i ty  due 

t o  s a t u r a t i o n  was a l s o  ta k e n  in to  a c c o u n t .

(7 * 5 .2 )  SOLUTION OP MACHINE EQUATIONS

H aving th e  m u tu a lly  co u p led  c i r c u i t s  in c r e a s e d  t o  f o u r

i n  th e  d i r e c t  a x i s  and th r e e  i n  th e  q u a d ra tu re  a x i s ,

d i f f i c u l t i e s  w ere e n c o u n te re d  i n  a r r a n g in g  th e  n e c e s s a ry

d i f f e r e n t i a l  e q u a tio n s  i n to  o p e r a t io n a l  form  s in c e  th e

e x p r e s s io n  became q u i t e  c o m p lic a te d .
10M a tr ix  m ethod o f  s o lv in g  th e  m achine e q u a tio n s  was

t h e r e f o r e  adop ted*  The v o l ta g e  r e g u l a to r  and  e x o i t a t i o n  sy s tem

rem ain ed  unchanged* The a rran g em en t o f  th e  m achine e q u a tio n s  

f o r  m a tr ix  method o f  s o l u t io n  i s  shown i n  A ppendix E .

(7 * 5 .3 )  COMPARISON OP COMPUTED AND TEST RESULTS 

To p ro v id e  a  check  on th e  a n a l y t i c a l  method o f  m u l t i  

w in d in g  r e p r e s e n t a t i o n  o f  th e  eddy c u r r e n t  p a th s ,  p e rfo rm an ce  

c h a r a c t e r i s t i c s  o f  th e  B e lv ed e re  t e s t - u n i t  was c o n s id e re d .  

Computed r e s u l t s  o f  th e  im p o r ta n t m achine v a r i a b l e s  a r e  

com pared w ith  th o s e  from  s i t e - t e s t s  i n  P ig s * (38) to  (4 4 ) .



Prom i n i t i a l  p r o g ra m in g  a d ju s tm e n t o f  th e  p a ra m e te rs  

o b ta in e d  from  t h e o r e t i c a l  b a s i s  was n e c e s sa ry *  The. 

in d u c ta n c e s , o f  th e  f i r s t  c i r c u i t  in ..b o th  th e  ax es  had to  be 

re d u c e d  to . lOfo o f  t h e i r  o r i g i n a l  v a lu e s*

Though th e  r e s u l t s  show s l i g h t l y  b e t t e r  ag reem en t w ith  

th e  t e s t  r e s u l t s  th a n  th o s e  w ith  one dam per w in d in g , th e y  

a r e ,  how ever, much i n f e r i o r  to  th e  r e s u l t s  o b ta in e d  w ith  

v a r i a b l e  d a m p e r - c i r c u i t s  p a ra m e te rs . I t  was n o t p o s s ib le

to  f u r t h e r  o p tim is e  th e  p a ra m e te rs  a s  was f e l t  d e s i r a b l e .
-jW1

C o n s id e r in g  th e  n e c e s s i ty  o f  ch an g in g  th e  methodAs o lv in g  

th e  m achine e q u a t io n s ,  i t  was f e l t  by th e  a u th o r  t h a t  th e  

v a r i a b l e  p a ram e te r-m o d e l f o r  th e  damper c i r c u i t s  i s  

p r e f e r a b le  to  th e  m u lti-w in d in g  r e p r e s e n t a t i o n .
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CHAPTER V II I  

SYNCHRONISATION OP TURBO-ALTERNATOR

( 8 .1 )  GENERAL

S y n c h ro n is a t io n  i s  th e  o p e r a t io n  o f  p u t t in g  a  g e n e r a to r  

i n t o  s e r v i c e  by c o n n e c tin g  i t  to  a  sy s tem  t h a t  i s  a l r e a d y  i n  

o p e r a t io n .  I t  i s  alw ays n e c e s s a ry  to  e n su re  t h a t  c o n d i t io n s  

a r e  e l e c t r i c a l l y  f a v o u ra b le  f o r  s y n c h r o n is a t io n  a t  th e  i n s t a n t  

o f  c o n n e c t in g  tw o a l t e r n a t i n g  s o u rc e s  i n  p a r a l l e l  to  g u a rd  

a g a in s t  th e  d is tu r b a n c e s  t h a t  may o th e rw is e  a r i s e  and may b e ,  

a t  t im e s ,  a s  s e v e re  a s  t h a t  due to  any o th e r  f a u l t  i n  th e  

sy s te m . In  th e  method o f  s y n c h r o n is a t io n  t h a t  h as  been  

m ost w id e ly  u s e d , th e  incom ing  m achine i s  b ro u g h t c lo s e  to  

th e  r a t e d  sp ee d  o f th e  sy s tem  w ith  w hich i t  i s  to  o p e ra te  i n  

p a r a l l e l  and  th e  m ach ine , a t  th e  same t im e , i s  e x c i t e d  so  

t h a t  i t s  t e r m in a l  v o l ta g e  c o rre sp o n d s  to  t h a t  o f  th e  sy s te m . 

Much o f  th e  s u c c e s s  o f  th e  m ethod th e n  depends on s e c u r in g  

s m a ll  and p r e f e r a b ly  d im in is h in g  d e v ia t io n s  in  th e  

m agn itude^  ph ase  and fre q u e n c y  o f  th e  two so u rc e s  a t  th e  

in s ta n c e  when th e  e l e c t r i c a l  c o n n e c tio n  i s  made betw een  them . 

No p re v io u s  acco u n t a p p e a rs  t o  have been  d e v o te d  to  a 

s tu d y  o f  s y n c h ro n is in g  c o n d i t io n s  f o r  r a n g e s  o f  d i f f e r e n t  

p a r a m e te r s ,  su ch  a s  i s  e n c o u n te re d  i n  th e  p r e s e n t  t r e n d  

to w ard s  l a r g e r  i n d iv id u a l  g e n e r a t o r - u n i t s .  In  one a s p e c t  

th e  p r e s e n t  s tu d y  i s . r e l a t e d  to  th e  p r e d e te rm in a t io n  o f  th e



p e r m is s ib le  a m p li tu d e , phase  and f re q u e n c y  d e v ia t io n s  a s  i s  

r e q u i r e d  in  fo rm u la t io n  o f  th e  l i m i t s  t o  be in c o rp o r a te d  i n  

a u to m a tic  s y n c h ro n is in g  se q u e n c e s . B oth th e  ch an g in g  

p a ra m e te rs  o f sy n ch ronous g e n e r a to r s  and th e  in c r e a s in g  

i n t e r e s t  i n  a u to m a tic  c o n t r o l  te c h n iq u e  i n  th e  ru n n in g  up and 

s y n c h ro n is in g  o f  g e n e ra to r s  s u g g e s t ,  i n  th e  a u t h o r !s v ie w , 

th e  d e s i r a b i l i t y  o f  a p p ly in g  an a c c u ra te  and com prehensive  

m a th e m a tic a l m odel o f a t u r b o - a l t e r n a t o r  u n i t  to  p ro v id e  

r e l i a b l e  and d e s i r a b le  a p p r a i s a l  o f , s y n c h ro n is in g  c o n d i t io n s  

i n  fo rm in g  a  b a s i s  f o r  a u to m a tio n ,

( 8 .2 )  IN-RUSH CURRENT AND SYNCHRONISING TORQUE

The two q u a n t i t i e s  t h a t  a r e  o f p r im a ry  im p o rtan ce  

d u r in g  th e  p ro c e s s  o f s y n c h ro n is a t io n  a r e s

(a )  I n - r u s h  c u r r e n t

(b ) S y n c h ro n is in g  to rq u e

( 8 .2 .1 )  IN-RUSH CURRENT

Due t o  th e  p re se n c e  o f phase and a m p litu d e  d i f f e r e n c e  

betw een  th e  v o l ta g e s  o f  th e  incom ing m achine and th e  sy s te m  

th e r e  i s  f lo w  o f  c u r r e n t ,  u s u a l ly  r e f e r r e d  to  a s  i n - r u s h  

c u r r e n t ,  a t  th e  i n s t a n t  o f  c i r c u i t  b r e a k e r  c lo s in g .  The 

d i r e c t i o n  o f  f lo w  o f  t h i s  c u r r e n t  e i t h e r  i n t o  o r  o u t o f th e  

m achine I s  d e te rm in e d  by i t s  phase  r e l a t i o n s h i p  w i th  r e s p e c t  

to  th e  l a r g e  sy s te m . The m agnitude o f  th e  c u r r e n t  i s  

l im i t e d  by th e  e q u iv a le n t  im pedance o f th e  two s o u rc e s  w hich



u n d e r  e u b t r a n s ie n t  c o n d i t io n s  co m p rise s  o f  th e  s u b t r a n s ie n t  

im pedance o f  th e  m achine and th e  in p u t  im pedance o f  th e  

sy s te m . Fig* 50 shows th e  n a tu r e  o f  t y p i c a l  i n - r u s h  c u r r e n t  

a s  a  f u n c t io n  o f  p h a s e - d i f f e r e n c e  f o r  d i f f e r e n t  v a lu e s  o f  

th e  t e r m in a l  v o l ta g e  o f  th e  incom ing g e n e r a to r .

The l i m i t a t i o n  Im posed by th e  i n - r u s h  c u r r e n t  i s  t h a t  

o f  m e c h a n ic a l f o r c e  p roduced  by th e  flo w  o f  su ch  c u r r e n t .

F or a  p h ase  d i f f e r e n c e  o f 180° th e  maximum c u r r e n t  can  be 

a s  much a s  tw ic e  t h a t  o f  a  3 -p h a se  s h o r t  c i r c u i t  a t  th e  

m achine t e r m in a l ,  and th e  m ech a n ic a l f o r c e  to  w hich  th e  

w in d in g s  w i l l  be s u b je c W to ,  may be fo u r  t im e s  t h a t  d u r in g  

3 -p h a se  f a u l t .  Prom d e s i g n e r s 1 p o in t  o f  v ie w , d e f i n i t i o n  

o f p e r m is s ib le  l i m i t s  a l lo w a b le  d u r in g  s y n c h ro n is a tio n -  so 

t h a t  t h e  s u rg e s  a r e  w i th in  s a f e ty  m a rg in , i s  an  im p o r ta n t  

t a s k ,

( 8 .2 .2 )  SYNCHRONISING TORQUE

The s u c c e s s  o f  c o n n e c tin g  two a l t e r n a t i n g  s o u rc e s  

to g e th e r  depends to  a l a r g e  e x t e n t ,  on t h e  g e n e r a t io n ,  

a t  th e  i n s t a n t  o f  c o n n e c t io n , o f  a  s y n c h ro n is in g  to rq u e  w hich  

t r i e s  t o  p u l l  th e  two s o u rc e s  t o g e t h e r .  A fo rm a l 

e x p r e s s io n  f o r  th e  s y n c h ro n is in g  to rq u e  i n  te rm s  o f  

freq x ien cy , ph ase  and a m p litu d e  e r r o r s  i s  d i f f i c u l t  t o  d e r iv e  

s in c e  i t  i s  a f u n c t io n  o f  a l l  th e  v a r i a b l e s  o f th e  tu r b o ­

a l t e r n a t o r  m odel. In  th e  p r e s e n t  s tu d y  i t  i s  a u to m a t ic a l ly  

com puted from  th e  e x p r e s s io n



ST
AT

OR
 

CU
RR

EN
T 

(p
.u

.)

6

5

2

l a g le a d

P IG .50 TYPICAL IN-RUSH CURRENT AS A FUNCTION
OP ROTOR ANGLE AT THE TIME OP 
SYNCHRONISATION
A AND B POR DIPPERENT VOLTAGE DIPPEREN0ES 
C AND D POR DIPPERENT FREQUENCE DIFFERENCES



88

s (8 . 1)

In  g e n e r a l  te rm s 9 th e  r o t o r  o f  th e  incom ing  m achine i s  

s u b je c te d  to  th e  fo l lo w in g  to rq u e s  a t  th e  i n s t a n t  o f  c o u p l in g .

(a )  The e le c tro m a g n e t ic  to rq u e  p roduced  by th e  

i n t e r a c t i o n  Of th e  s t a t o r  and r o t o r  c u r r e n t s  and f l u x -  

l i n k a g e s •

(b ) The i n e r t i a  to rq u e  due to  a c c e l e r a t i o n  o r 

r e t a r d a t i o n  o f  th e  r o t o r  w ith  r e s p e c t  to  th e  f ix e d  fre q u e n c y  

o f  t h e  system *

(c )  The e l e c t r i c a l  damping to rq u e  a r i s i n g  from  th e  

l o s s e s  i n  th e  r o t o r  o f  th e  g e n e ra to r*

The dynam ic e q u a t io n  o f  m o tion  f o r  th e  r o t o r  i s  th e n :

( 8 .2 .3 )  RANGE 03? CONDITIONS ACCEPTED IN SYNCHRONISING 

The maximum d e v ia t i o n  i n  v o l t a g e ,  f re q u e n c y  and phase  

t h a t  a p p e a rs  to  be recommended f o r  s y n c h r o n is a t io n  w ith o u t  . 

p ro d u c in g  any  undue e l e c t r i c a l  s u rg e s  o r  m e c h a n ic a l sh o ck s 

a r e  m en tio n ed  h e re*  The l i m i t s  a r e  th o s e  t h a t  a r e  u se d  in  

c o n n e c t io n  w ith  a u to m a tic  s y n c h ro n is in g  g ea rs*

(a )  F requency  s e t t i n g

M p2 6  =  -  T e  -  T-l (8*2)

w here T^ = to rq u e  in p u t  to  th e  r o t o r

T -  e le c tro m a g n e t ic  to rq u e  a t  th e  a i r  gap 0
T i = to rq u e  a s s o c ia te d  w ith  r o t o r  lo s s e s

0 *25^  0 *5$  -  0 *75$  o f  r a te d  fre q u e n c y



(b ) P hase m atch in g

C o n tin u o u s ly  v a r i a b l e  b e tw een  2 0 ° to  45°

(c )  V o lta g e  s e t t i n g

S te p s  o f 2fo9 4f° and Sfo o f  th e  r a t e d  v o l t a g e .

( 8 .3 )  PERFORMANCE CALCULATION FOR SYNCHRONISATION

In  o rd e r  to  i n v e s t i g a t e  th e  t r a n s i e n t  re sp o n se  o f  th e  

v a r io u s  m achine v a r i a b l e s  d u r in g  s y n c h r o n is a t io n ,  p a r t i c u l a r l y  

when th e  a l lo w a b le  l i m i t s  a r e  a t  t h e i r  h ig h e s t  v a lu e s ,  

t h e o r e t i c a l  s tu d ie s  w ere c a r r i e d  o u t w ith  th e  G o ld in g to n  

t e s t  g e n e r a to r .  I t  was o b serv ed  from  th e  com puted r e s u l t s  

t h a t  th e  changes i n  th e  te r m in a l  v o l ta g e  and p h a s e - d i f f e r e n e e  

w i th in  th e  p e r m is s ib le  l i m i t s  do n o t make a  s i g n i f i c a n t  

d i f f e r e n c e  i n  th e  m achine v a r i a b l e s ,  f o r  exam ple s h a f t - s p e e d  

and to r q u e .  F requency  s e t t i n g s ,  on th e  o th e r  han d , have 

m arked in f lu e n c e  on th e s e  q u a n t i t i e s ,  p a r t i c u l a r l y  when th e  

m achine h as  a c o m p a ra tiv e ly  la r g e  i n e r t i a .  Due: to  th e  s to r e d  

en e rg y  th e  r o t o r ,  when th e  phase a n g le  i s  d iv e rg in g  a t  th e  

tim e o f  s y n c h r o n is a t io n ,  t r i e s  to  d e v ia te  away from  th e  

n o m in a l o p e r a t in g  p o in t  and so  a l a r g e r  s y n c h ro n is in g  to rq u e  

i s  r e q u i r e d  to  o b ta in  a  s u c c e s s fu l ,  s y n c h r o n is a t io n  a s  shown 

i n  Fig* (51)® V a r ia t io n s  o f  ... r o to r  • and s l i p s  f o r

two d i f f e r e n t  i n i t i a l  f re q u e n c y  s e t t i n g s  a r e  shown in  F ig s .  

(52 ) and (53)*  C o n s id e r in g  th e  peak  v a lu e s  o f  a l l  th e  

v a r i a b l e s ,  i t  may be co n c lu d ed  t h a t  s y n c h r o n is a t io n  w i th in
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th e  l i m i t s  u s u a l ly  recom mended, i s  s a t i s f a c t o r y  s in c e  th e  

maximum a m p litu d e s  a r e  n o t u n re a so n a b ly  h igh*

(8*4) THE RUSSIAN METHOD

The m ethod o f  s e l f “ S y n c h ro n is a t io n  o r  a u to -
5 9s y n c h r o n is a t io n  i s  w id e ly  u sed  i n  th e  S o v ie t  Union* The 

m ethod c o n s i s t s ,  f i r s t  o f  a l l ,  o f  b r in g in g  th e  m achine n e a r  

t o  th e  sy n ch ro n o u s speed  (u s u a l ly  s u b -s y n c h ro n o u s ) by 

c o n t r o l l i n g  th e  prim e mover s p e e d -c o n tro l*  The r o t o r  w in d in g  

w hich  re m a in s  u n e x c ite d  u n t i l  th e  c o u p lin g  i s  d o n e , i s  s h o r t  

c i r c u i t e d  th ro u g h  d is c h a rg e  r e s i s t a n c e . C oup ling  i s  done 

w ith o u t c o n t r o l l i n g  th e  phase  d i f f e r e n c e  betw een  th e  two 

v o l ta g e  s o u rc e s .  Im m ed ia te ly  a f t e r  th e  c o u p lin g , th e  f i e l d  

f i n d i n g  i s  e x c i t e d ;  on a c co u n t o f  th e  l a r g e  tim e  c o n s ta n t  

o f  th e  r o t o r  c i r c u i t ,  th e  f i e l d  c u r r e n t  c a n n o t r e a c h  th e  

n o rm al v a lu e  f o r  s e v e r a l  seconds* The r o t o r  o s c i l l a t e s  

f o r  a  few  seco n d s b e fo re  s e t t l i n g  down to  th e  mean v a lu e  o f  

th e  r o t o r  a n g le ,  w hich c o rre sp o n d s  t o  th e  lo a d in g  c o n d i t io n  

o f  th e  g e n e r a to r .

( 8 .4 .1 )  ADVANTAGES AND DISADVANTAGES OF SELF­
SYNCHRONISATION

The m e r its  o f  th e  s e l f - s y n c h r o n i s in g  m ethod t h a t  a r e  

u s u a l l y  c la im ed  a r e  th e  fo l lo w in g :

(a )  The m ethod i s  s im p le  and p r a c t i c a l l y  e x c lu d e s  th e  

p o s s i b i l i t y  o f  f a u l t y  c o n n e c tio n  to  th e  system *



91.
>

i

(b ) The c o u p lin g  i s  e f f e c t i v e l y  q u ic k  h a v in g  th e  

p a r t i c u l a r  im p o rtan ce  in  c a se  th e  d i s tu r b a n c e s  a r e  to  he 

removed *

(c )  The p ro c e s s  o f  c o n n e c tio n  can  he e a s i l y  a u to m a tis e d ,

(d ) The incom ing  g e n e r a to r  can  he c o n n e c te d  to  th e  

sy s tem  even  i f  th e  m agn itude  o f th e  l i n e  v o l ta g e  and 

f re q u e n c y  a re  s u b je c te d  to  changes o r  sw in g s ,

(e )  The c o n n e c tio n  o f  g e n e r a to r  i n  p a r a l l e l  i s  s im p le  

even in  c a s e s  when th e  speed  o f  prim e mover i s  n o t c o n t r o l l e d  

a u to m a t ic a l ly  and when rem ote  o p e r a t in g  s w itc h e s  f o r  

c o n n e c tin g  g e n e r a to r s  a r e  a b s e n t ,

( f )  The co u p lin g * b e tw een  th e  sy s tem  and th e  power 

s t a t i o n  th ro u g h  a t r a n s m is s io n  l i n e ,  i f  d i s tu r b e d ,  can  be 

r e s to r e d  s w i f t l y  by a u to m a tic  r e c lo s in g  o f  th e  l i n e ,  

w h e r e a f te r  th e  g e n e r a to r s  o f  th e  s t a t i o n  a r e  b ro u g h t t o  

i n s t e p  o p e ra t io n , e i t h e r  a l l  a t  a  tim e  o r  i n  seq u e n ce  by th e  

s e l f  s y n c h ro n is in g  m ethod.

The d is a d v a n ta g e s  t h a t  a r e  e n c o u n te re d , how ever, a r e  th e  

f o l lo w in g :

(a )  T here i s  a lw ays some r u s h - c u r r e n t  a t  th e  tim e  o f  

c o u p lin g  th e  m agn itude  o f  su ch  c u r r e n t  depends on th e  

c o n d i t io n  u n d e r w hich  th e  c o n n e c tio n  i s  do n e ,

(b ) In  th e  sy s te m , m o m en ta rily , t h e r e  i s  a b r i e f  

v o l ta g e  d ro p  w hich a g a in  depends on th e  m agn itude  o f  th e  

c u r r e n t  draw n o u t o f  th e  sy s tem  and d ie s  away w i th in  s e v e r a l  

s e c o n d s .



In  t h i s  c o u n try  a  c o n s id e ra b le  d o u b t i s  c a s t  on th e  

o v e r a l l  m e r i t  o f  t h i s  method o f  s y n c h r o n is a t io n ,  due to  th e  

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

t im e ,,  a  d is tu r b a n c e  w hich may a f f e c t  o th e r  p a r t s  o f  th e  sy s tem  

to  w h ich  th e  incom ing  g e n e r a to r  i s  c o n n e c te d . P a r t i c u l a r l y ,  

when th e  r a t i n g  o f an  i n d iv id u a l  u n i t  i s  i n  th e  r e g io n  o f  500 

MW o r  ab o v e , th e  p o s s i b i l i t y  o f  a  l a r g e .d i p  i n  th e  sy stem  

v o l ta g e  i s  c o n s id e r a b ly  in c r e a s e d .  I t  w as, t h e r e f o r e ,  th o u g h t 

d e s i r a b le  to  s u b je c t  t h i s  form  o f  c o d rse  s y n c h r o n is a t io n  to  

a  d e t a i l e d  a n a l y t i c a l  i n v e s t i g a t i o n ,

(8*5) mPORMNOE CALCULATION POR SDLF-SYNCHRGNISATION

To make a  c o m p ara tiv e  s tu d y  o f  s e l f - s y n c h r o n i s a t i o n  i t  

was f e l t  d e s i r a b le  to  make an  a s se ssm e n t o f  th e  d i f f e r e n c e  

t h a t  i s  c r e a te d  by  p u t t in g  a g e n e r a to r  i n  p a r a l l e l  o p e r a t io n  

w ith  an  e x i s t i n g  sy s te m , w ith  and w ith o u t f i e l d  c i r c u i t  e x c i te d  

t o  c o rre sp o n d  to  th e  r a t e d  t e r m in a l  v o l t a g e .

F ig s .  (5 4 ) ,  (55) and ( 5 6 ) show th e  t r a n s i e n t s  o f  s h a f t  

to r q u e ,  s t a t o r  c u r r e n t  and s l i p  o f  th e  G -oldington M achine 

su b se q u e n t to  an  a t te m p t to  sy n c h ro n is e  th e  g e n e r a to r  a t  a  

p h ase  d i f f e r e n c e  o f  -1 2 0 °  when th e  m achine was ru n n in g  a t  a  

su b -sy n c h ro n o u s  sp eed  w ith  a s l i p  of-(?5S r a d i a n s / s e c .  I t

can  be o b se rv e d  from  th e  d iag ram s t h a t  w h ile  th e  s t a t o r
toc u r r e n t  w ith  e x c i t a t i o n  r i s e s Aab o u t tw ic e  a s  much a s  t h a t  

w i t h o u t .e x c i t a t i o n ,  th e  s h a f t  to rq u e  sw ings u p to  more th a n
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93,

3 t im e s .  S u bsequen t to  th e  c i r c u i t  b r e a k e r  c l o s e r ,  i t  

seems t h a t  th e  t r a n s i e n t s  decay  f a s t e r  i n  c a se  o f  an  e x c i te d  

g e n e r a to r  th a n  an  u n e x c ite d  one .

The r e s u l t s  a r e ,  how ever, o n ly  com p ara tiv e  I t  was n o t 

p o s s ib le  to  s tu d y  th e  e f f e c t  o f  s e l f - s y n c h r o n i s a t i o n  on th e  

sy s tem  s in c e ,  i n  t h a t  c a s e ,  th e  sy s tem  h as  to  be r e p r e s e n te d  

a s  a  so u rc e  w ith  a  f i n i t e  in p u t  o r o u tp u t  im pedance*

H aving no e x p e r im e n ta l  in fo rm a tio n  a v a i l a b l e  f o r  su ch  

r e p r e s e n t a t i o n ,  an  a n a ly s i s  was n o t p o s s ib l e .  N e v e r th e le s s ,  

th e  r e s u l t s  i n v a r i a b ly  d e m o n s tra te s  th e  r e l a t i v e  s e v e r i t y  

to  w hich  an  a l t e r n a t o r  may be s u b je c te d  t o ,  when 

sy n c h ro n is e d  w ith  and w ith o u t e x c i t a t i o n .



EXPERIMENTAL ANALYSIS OF LARGE POWER 
UNITS AND ASYNCHRONOUS MODE OF OPERATION

( 9 .1 )  GENERAL

An e s s e n t i a l  re q u ire m e n t o f  sy stem  d e s ig n  a s  th e  t r e n d  

to w ard s  l a r g e r  r a t i n g  o f  synchronous g e n e r a to r  c o n tin u e s  

co u p led  w ith  a g row ing  i n t e r e s t  i n  th e  o p e r a t io n  o f  g e n e r a to r s  

u n d e r  l im i te d  p o le  s l i p p in g  c o n d i t io n s  o r  s h o r t  , p e r io d  o f  a- 

sy n ch ro n o u s  ru n n in g  i s  t h a t  o f  b e in g  a b le  t o  r e l i a b l y  p r e d ic t  

th e  e f f e c t s  t h a t  th e  ch an g in g  m achine p a ra m e te rs  have on th e  

p e rfo rm an ce  o f  g e n e r a to r s  co n n ec ted  to  a  power sy s tem .

I d e a l l y  a  u n iq u e  m a th e m a tic a l m odel sh o u ld  c a t e r  f o r  a l l  th e  

d i f f e r e n t  m achine c h a r a c t e r i s t i c s  t h a t  a r e  l i k e l y  to  be 

e n c o u n te re d  i n  o rd in a ry  sy s tem  o p e ra tio n *  The rnodel 

s h o u ld , t h e r e f o r e ,  em brace th e  c h a r a c t e r i s t i c s  o f  a  m achine 

from  b o th  d e s ig n  and o p e r a t io n a l  p o in t  o f' v iew  so  t h a t  w h ile  

a p p ly in g  th e  m odel f o r  a n a ly s in g  th e  d i f f e r e n t  modes o f  

o p e r a t io n ,  th e  n e c e s s a ry  changes a r e  re d u c e d  to  few s a l i e n t  

p a r a m e te r s .

The v a l i d i t y  o f  a  c o m p le te ly  g e n e r a l  r e p r e s e n t a t i o n  o f  

t h i s  k in d  would r e q u i r e  to  be e x h a u s t iv e ly  t e s t e d  a g a in s t  s i t e -  

t e s t  r e s u l t s  a s  th e y  become a v a i l a b l e ,  f o r  th e r e  i s  o n ly  one 

way i n  w hich any m a th e m a tic a l m odel can  be co n firm ed  a s  a  

t e c h n i c a l l y  a d e q u a te  fo u n d a tio n  f o r  power sy s tem  a p p l i c a t i o n ,  

and t h a t  i s  by th e  c a r e f u l  c o r r e l a t i o n  o f  th e  r e s u l t s  th e



3v@p^@e©ntat’io n  g iv e s  w ith  th o s e  o b ta in e d  from  f u l l y  

in s tru m e n te d  sy s tem  t e s t s *

H aving d ev e lo p e d  a m a th e m a tic a l r e p r e s e n t a t i o n  o f  a  

t u r b o - a l t e r n a t o r  u n i t  to  a s a t i s f a c t o r y  e x t e n t , th e  p r e s e n t  

C h ap te r i s  d ev o ted  to  a n a ly s e s  o f  g e n e r a to r  o f  l a r g e r  power 

r a t i n g  f o r  w hich i t  h a s  n o t  been  p o s s ib le  to  c o r r e l a t e .

From t h i s  p o in t  o f  v iew  th e  a n a ly s e s  a r e  th e r e f o r e  t h a t  o f  a n , 

e x p e r im e n ta l  n a tu r e ,  b u t i t  i s  n o n e th e le s s  th o u g h t t h a t  th e s e  

w i l l  p ro v id e  a sound i n d i c a t i o n  b ased  on a m odel w hich  has  

h ig h e r  a c c u ra c y  o v e r any o th e r  t h e o r e t i c a l  r e p r e s e n ta t i o n  

known to  th e  a u th o r ,  to  th e  perfo rm an ce  t r e n d  o f  g e n e r a to r s  

o f  in c r e a s in g  power o u tp u t coming i n to  o p e r a t io n  a s  h ig h  m e r i t  

o rd e r  b a se  lo a d  su p p ly in g  u n i t s .  To t h i s  en d , th e  m ain 

e l e c t r i c a l  t r a n s i e n t s  a r e  exam ined h e re  f o r  g e n e r a to r s  u p to  

660 MW r a t i n g ,  in c lu d in g  t h e i r  mode o f  o p e r a t io n  when 

sy n ch ro n ism  i s  i n i t i a l l y  l o s t  b u t w here s h o r t  p e r io d  o f  

a sy n ch ro n o u s  ru n n in g  i s  p e rm it te d  w ith  a v iew  to  su b se q u e n t 

and sp o n ta n e o u s  s y n c h r o n is a t io n  w ith  minimum m anual i n t e r v e n t i o n  

and c i r c u i t  b re a k e r  o p e ra tio n *

(9 ,2 )  ASSESSMENT OE MACHINE OPERATION DURING- 3-PHASE PAULT 
WITH POLE SLIPPING-*

- In  o rd e r  to  make an o b s e rv a t io n  o f  th e , n a tu r e  o f  th e  

re s p o n s e  c h a r a c t e r i s t i c s  o f  a w id e ly  v a r y ip g  g e n e r a t in g  u n i t s / ' 

a  c lo s e - u p  3^-phase f a u l t  a t  th e  t r a n s f o r m e r  te r m in a ls  was 

a p p l ie d  to  d i f f e r e n t  m achines whose- r a t i n g s  a r e  i n  th e  ra n g e



©f cj>Q to  660 M¥o Th© f a u l t  d u r a t io n  was so  cho sen  t h a t  p o l^ -  

s l i p p in g  o c c u rs  i n  e v e ry  c a se  b e fo re  th e  g e n e r a to r s  r e t u r n  to  

s te a d y  s t a t e  c o n d it io n s *  The m achines w ere c o n d it io n e d  to  

d e l i v e r  r a t e d  power b e fo re  th e  f a u l t  was i n i t i a t e d *  O ^ly a  

f e w .of many r e s u l t s  o b ta in e d  from  c o m p u ta tio n  a r e  d is c u s s e d  

h ere*  J he jo cut a/meWt s 1W. dLoJYYvfawL c c c r o t o  ke/fofc ujvt cA, ouvu ĉ uL
jj-crf »

(9 .2 * 1 )  ROTOR ANGIE TRANSIENTS

V a r ia t io n s  o f  th e  r o t o r  a n g le s  o f  th e  g e n e r a to r s  a r e  shown 

i n  P i g . 57 . Though l im i te d  p o le  s l i p p in g  o c c u rs  i n  a l l  c a s e s ,  

th e  p o s i t i v e  dam ping p r e s e n t  r e tu r n s  th e  g e n e r a to r s  to  s te a d y  

ru n n in g  c o n d it io n s , w i th in  ab o u t 3 seco n d s fo l lo w in g  f a u l t  

in c id e n c e .  In  th e  u p p e r ra n g e  o f  power r a t i n g  th e  dam ping 

a p p e a rs  t o  be f r a c t i o n a l l y  l e s s  th a n  a t  lo w er power r a t i n g  b u t 

th e  t r e n d  i s  n o t em phasised* I t  i s  p o s s ib le  by th e  c o r r e c t  

a d ju s tm e n t o f  th e  a u to m a tic  v o l ta g e  r e g u l a to r  p a ra m e te rs  

a p p r o p r ia te  t o  a .p a r t i c u l a r  m achine to  prom ote th e  g r e a t e s t  

p o s i t i v e  dam ping to rq u e *  An o p t im is a t io n  o f  t h i s  form  was 

n o t  a tte m p te d  i n  th e . p r e s e n t  s e r i e s  o f  a n a ly s e s ;  th e  

r e g u l a to r  p a ra m e te rs  i n  p e r - u n i t  have b ee n  m a in ta in e d  

c o n s ta n t  f o r  a l l  th e  m achines* In  a l l  c a s e s  a  p o s i t i v e  

s y n c h r o n is a t io n  a p p e a rs  to  r e s u l t  a f t e r  one p a i r  o f  p o le  

s l i p p i n g ,  e x c e p t t h a t  i n  th e  ca se  o f  th e  500 MW m achine 

owing t o  somewhat u n u s u a l  co m b in a tio n  o f  p a ra m e te rs  i n  th e  

p a r t i c u l a r  c a s e ,  i t  s l i p s  two p a i r s  o f  p o le s*
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( 9 o 2 o 2 )  TERMINAL VOLTAGE TRANSIENTS 

F o r th e  same ra n g e  o f  m achine r a t i n g s  and o p e r a t in g  

u n d e r th e  same d i s t u r b in g  c o n d i t io n s  th e  t e r m in a l  v o l ta g e  

v a r i a t i o n s  a r e  shown i n  F i g . 58. In  t h i s  th e  t r a n s i e n t s  a p p e a r  

t o  fo l lo w  a  c o n s i s t e n t  p a t t e r n  w ith o u t e x c e s s iv e  o v e r v o l t a g e .  

I f  a n y th in g , th e  o v e r v o l ta g e s  te n d  to  re d u c e  a s  th e  m achine 

r a t i n g  in c r e a s e s .  W h ils t a r e l a t e d  s tu d y  would be t h a t  o f  

in d u c t io n  m otor a u x i l i a r i e s  d u r in g  b u sb a r  v o l ta g e  t r a n s i e n t ,  

i t  i s  a p p a re n t  from  th e  v o l ta g e  d ip  cau sed  by a  3 -p h a se  f a u l t  

w ith  l im i t e d  p o le  s l i p p in g  t h a t  a p r e c i p i t a t i o n  o f  i n s t a b i l i t y  

i s  u n l i k e ly  due to  th e  s h o r t  d u r a t io n  o f  th e  v o l ta g e  d ip .

( 9 .3 )  EFFECT OP INERTIA CONSTANT IN MACHINE OPERATION

F o r a s s e s s in g  th e  e f f e c t  o f  i n e r t i a  c o n s ta n t  i n  g e n e r a to r  

p e rfo rm an ce s  an  e x p e r im e n ta l  a n a ly s i s  was c a r r i e d  o u t by 

c o n s id e r in g  a  p a r t i c u l a r  m achine s u b je c te d  to  a f ix e d  

d is tu r b a n c e  w h ile  th e  i n e r t i a  c o n s ta n t  was v a r ie d  w i th in  a 

w ide r a n g e . The o p e r a t io n  c o rre sp o n d s  t o  t h a t  o f  a  3 -p h a se  

f a u l t  a t  th e  u n i t  t r a n s f o rm e r  te r m in a ls  f o r  a d u r a t io n  o f  0 .3 8  

seconds*

The v a r i a t i o n  o f  r o t o r  a n g le  and t e r m in a l  v o l ta g e  a r e
\

shown in  F ig s .  59 and 60 . The s t a b i l i s i n g  e f f e c t  due to  

h ig h e r  i n e r t i a  c o n s ta n t  i s  em phasised  from  th e  n a tu r e  o f  th e  

re sp o n s e  c h a r a c t e r i s t i c s  o f  th e  m achine v a r i a b l e s  su b se q u e n t 

to  th e  f a u l t  c l e a r a n c e .  W h ils t w ith  an  i p e r t i a  c o n s ta n t  o f  

u p to  4 kw seq/kYA th e  m achine s l i p s  two p a i r s  o f  p o le s ,  an
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9 8 o

i n c r e a s e  o f  t h e  i n e r t i a  t o  4*5 s t a b i l i s e s  th e  g e n e r a t o r  a f t e r  

t h e  m achine has  s l i p p e d  one p o l e - p a i r  o n ly .  A s t i l l  h ig h e r  

i n e r t i a  o f  6 .0  kw sec/kVA d e v e lo p s  enough p o s i t i v e  damping 

f o r  t h e  machine n o t  t o  s l i p  any p o le .

S im i l a r  e f f e c t s  a r e  a l s o  n o t i c e a b l e  i n  t h e  s t a t o r  v o l t a g e  

t r a n s i e n t s .  A f t e r  th e  i n i t i a l  d rop  i n  th e  t e r m i n a l  v o l t a g e ,  

th e  r a p i d i t y  w i th  w hich  th e  t r a n s i e n t s '  s e t t l e  down, i n c r e a s e s  

w i th  h ig h e r  i n e r t i a .

( 9 .4 )  ASYNCHRONOUS OPERATION

( 9 . 4 .1 )  VARIATION OP SLIP

Where as  i t  h as  h i t h e r t o  been  th e  u s u a l  p r a c t i c e  i n

a n a ly s in g  th e  o p e r a t in g  perfo rm ance  o f  syn ch ron ous  g e n e r a t o r s

u n d e r  a sy n ch ro n o u s  ru n n in g  c o n d i t io n s  t o  assume a c o n s ta n t  
60s l i p  , th e  computed r e s u l t s  i n  th e  c a s e  o f  th e  O o ld in g to n  

m achine a s  shown i n  P i g . 61 i n d i c a t e s  t h a t  th e  s l i p  i s  f a r  from  

c o n s t a n t .  The s l i p ,  c o r re s p o n d in g  t o  th e  r a t e d  o u tp u t  w i th  

th e  f i e l d  c i r c u i t  s h o r t  c i r c u i t e d  w i th  d i s c h a r g e  r e s i s t a n c e  

v a r i e s  betw een  a lm o s t  ze ro  and 1.45?^ o f  t h e  r a t e d  s p e e d .  The 

p re v io u s  a n a l y t i c a l  m ethods based  on c o n s t a n t  s l i p  th ro u g h o u t  

a  c y c le  o f  o p e r a t io n  seems to  be i n  e r r o r  on t h i s  a c c o u n t .

( 9 . 4 . 2 )  STATOR CURRENT VARIATION

The f l u c t u a t i o n  o f  s t a t o r  c u r r e n t  be tw een  a b o u t  1 .25  p .u ,  

and 0 .7  p . u ,  i s  shown i n  P i g . 62* The in c r e a s e d  v a lu e s  o f  th e  

s t a t o r  c u r r e n t  o f  c o u rse  r e s u l t  i n  i n c r e a s e d  s t a t o r  co p p e r
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l o s s ,  * At th e  same t im e ,  th e  l i m i t i n g  c o n d i t i o n s  so  f a r  a s  

h e a t i n g  i s  co ncerned  a r e  more l i k e l y  t o  be 'en co u n te red  i n  

th e  r o t o r  th a n  i n  t h e  s t a t o r *

I t  h a s  n o t  been  p o s s i b l e  to  c o r r e l a t e  t h e  computed 

r e s u l t s  w i th  any s i t e  t e s t  r e s u l t s  a s  th e  t e s t s  o f  G-oldington 

d id  n o t  i n c lu d e  a  t e s t  o f  t h i s  form b u t  a  com parison  w ith  th o s e  

o b ta in e d  from  m easurem ents a t  M archw ood^ i n d i c a t e s  a  s i m i l a r  

p a t t e r n  o f  v a r i a t i o n *

(9 .4 * 3 )  TERMINAL POWER VARIATION 

The o p e r a t in g  c o n d i t i o n s ,  a s  m en tioned  e a r l i e r ,  

c o r re sp o n d  t o  a  mean r a t e d  o u tp u t  power* D uring  a  c y c le  o f  

o p e r a t i o n ,  how ever, th e  v a r i a t i o n  as  shown i n  P ig * 63 i s  

s u b s t a n t i a l ,  f l u c t u a t i n g  betw een  0*65 and 0*95 pe2? u n i t*

( 9 . 4 . 4 )  TERMINAL VOLTAGE 

~ ‘ When’a  syn chronous machine i s  r u n  a s  an  i n d u c t io n  

g e n e r a t o r - a n  im p o r ta n t  c o n s i d e r a t io n  i s  t h a t  o f  v o l t a g e  

v a r i a t i o n  t h a t  i n e v i t a b l y  a r i s e *  I n  P ig * 64 i s  shown t h e  

v o l t a g e  r e s p o n s e  which v a r i e s ,  be tw een  a  wide l im i t*

( 9 ,5 )  GENERAL DISCUSSION

The p r e s e n t  s e c t i o n  s e rv e s  to  i n d i c a t e  t h e  ra n g e  o f  

s t u d i e s  t o  w hich  th e  program  d ev e lo p ed  may be r e a d i l y  

a p p l i e d .  S tu d ie s  o f  t h i s  k in d  a r e  l i k e l y  t o  be o f  

i n c r e a s i n g  im p o rtan ce  a s  m achines 'and sy s tem  developm ent ta k e
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p l a c e ,  and where r e l i a b l e  in f o r m a t io n  i s  r e q u i r e d  f o r
61d i s t u r b a n c e  c o n d i t i o n s  o th e r  th a n  th o s e  so f a r  m en tioned  

may be r e a d i l y  in c lu d e d  i n  th e  p rogram .



CHAPTER X 

CONCLUSIONS

(1 0 ,1 )  PATTERN OE INVESTIGATION

The i n v e s t i g a t i o n s  documented i n  th e  p r e s e n t  t h e s i s  have 

t a k e n  a  p a t t e r n  t h a t  may he sum m arised i n  t h e  fo l lo w in g  way:

(a )  A f o r m u la t io n  o f  th e  fu n d a m e n ta l  e q u a t io n s  o f  a  

sy n ch ro n o u s  g e n e r a t o r  i n  te rm s o f  dqo r e f e r e n c e  fram e d e r iv e d  

from  th e  b a s i c  e q u a t io n s  o f  a 3 -p h a se  machineo

(b )  The i n c l u s i o n  o f  th e  e q u a t io n s  o f  a  com ple te  

e x c i t a t i o n  c o n t r o l  sy s tem  and* i n  a p p ro x im a te  fo rm , th e  

e q u a t io n s  o f  a  prim e-m over and i t s  a s s o c i a t e d  g o v e rn in g  

sy s tem  to  fo rm u la te  a  m a th e m a tic a l  model o f  a com ple te  t u r b o -  

a l t e r n a t o r  u n i t .

( c )  The developm ent o f  a  ra n g e  o f  d i g i t a l  com puter 

m ethods w i th  p a r t i c u l a r  r e f e r e n c e  t o  t h e  s o l u t i o n  o f  th e  

e q u a t io n s  o f  th e  model w i th  a v iew  t o  t h e  a c c u r a t e  p r e ­

d e t e r m in a t io n  o f  th e  dynamic re sp o n s e  o f  a t u r b o - a l t e r n a t o r  

u n i t .

(d ) In  p a r t i c u l a r ,  a c co u n t has  been  t a k e n  i n  th e  

a n a l y s i s  o f :

( i )  S te a d y  s t a t e ,  t r a n s i e n t  and s u b t r a n s i e n t

s a l i e n c y .

( i i )  The v o l t a g e  produced  by th e  r a t e  o f  change o f  

a rm a tu re  f l u x  ( p ^ #  PV^ e t c . ) .



( i l l )  E f f e c t s  o f  t h e  v a r i a t i o n  o f  t h e  i n s t a n t a n e o u s  

speed  o f  th e  r o t o r  u n d e r  t r a n s i e n t  c o n d i t i o n  (p@).

( i v )  R e p r e s e n t a t io n  o f  t h e  s u b t r a n s i e n t  c o n d i t i o n s .

(v) In p u t  power m o d u la t io n  due t o  g o v e r n o r - a c t i o n .  

( v i )  R e p r e s e n ta t io n  o f  s a t u r a t i o n  i n  th e  m ag n e tic  

a m p l i f i e r s  and e x c i t e r  c h a r a c t e r i s t i c s  i n  t h e  a u to m a t ic  

v o l t a g e  r e g u l a t i n g  sy s te m .

( v i i )  R e p r e s e n ta t io n  o f  c o n s t r a i n t s  on th e  g o v e rn o r  

and m ain in p u t  v a lv e s  i n  t h e  t u r b i n e .

(e )  The c o r r e l a t i o n  o f  th e  r e s u l t s  o b ta in e d  from  th e  

com puter s o l u t i o n  o f  t h e  t u r b o - a l t e r n a t o r  m odel b ased  on 

c o n s t a n t  v a lu e s  o f  th e  machine p a r a m e te r s ,  w i t h  th o s e  o b ta in e d  

from  s i t e - t e s t s  a t  G-oldington Power S t a t i o n .

(f) The developm ent o f  a v a r i a b l e - p a r a m e t e r  m a th e m a tic a l  

m odel i n  w hich  a l l  th e  r e a c t a n c e s  and t im e  c o n s t a n t s  a s s o c i a t e d  

w i th  t h e  g e n e r a t o r  a r e  c o n t in u o u s ly  v a r i e d  on t h e  b a s i s  o f  

m ag n e tic  c i r c u i t  s a t u r a t i o n  th ro u g h o u t  t h e  s o l u t i o n .

(g ) An i n v e s t i g a t i o n  o f  th e  phenomena o f  eddy c u r r e n t  

f lo w  i n  th e  s o l i d - r o t o r  body and th e  deve lopm en t o f  m ethods

by w hich  th e  e f f e c t s  o f  eddy c u r r e n t  d i s t r i b u t i o n  can  be ta k e n  

i n t o  a c c o u n t  i n  d i g i t a l  s o l u t i o n  w i th  g r e a t e r  a c c u ra c y  th a n  

i f  an  e q u iv a l e n t  s h o r t  c i r c u i t e d  w in d in g  i n  each  a x i s  i s  u s e d .  

These m ethods in c lu d e :

( i )  The d e r i v a t i o n  o f  t h e  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  f i r s t l y  from  th e  s o l u t i o n  o f  t h e  f i e l d  e q u a t io n s



o f  t h e  M t o r  b a se d  on a s i n u s o i d a l  f o r c i n g  f u n c t i o n .

( i i )  A p p l i c a t io n  o f  a t e c h n iq u e  by which- th e  

p a ra m e te r s  o b ta in e d  from  f re q u e n c y  re s p o n s e  can  be u se d  f o r  

t r a n s i e n t  r e s p o n s e  where th e  f o r c i n g  f u n c t i o n  may ta k e  any 

a r b i t r a r y  fo rm .

( i i i )  Two e q u iv a l e n t  s h o r t  c i r c u i t e d  w in d in g s  i n

each  a x i s .

(h )  A c o r r e l a t i o n  o f  t h e s e  more advanced  m ethods w i th  

th e  B e lv e d e re  s i t e - t e s t  r e s u l t s ^  w i th  p a r t i c u l a r  r e f e r e n c e  t o  

th e  c a l c u l a t i o n  o f  r o t o r  o v e r  v o l t a g e s  w h ich  r e p r e s e n t  a  

s t r i n g e n t  t e s t  on th e  r e p r e s e n t a t i o n  u sed  f o r  th e  f lo w  and 

d i s t r i b u t i o n  o f  eddy c u r r e n t  i n  th e  r o t o r  f o r ,  where th e  mmf 

b a la n c e  betw een  th e  s t a t o r  and th e  r o t o r  i s  l o s t  due to  th e  

r e c t i f i e r s  p e r m i t t i n g  o n ly  p o s i t i v e  f lo w  o f  f i e l d  c u r r e n t  i n  

an  a . c .  e x c i t e d  u n i t ,  th e  m achine v a r i a b l e s  a r e  l a r g e l y  

c o n d i t io n e d  by th e  p r o p e r t i e s  o f  th e  r o t o r .

( i )  An e v a lu a t i o n  o f  th e  e l e c t r i c a l  c o n d i t i o n s  su b se q u e n t  

t o  a u to m a t ic  and s e l f  s y n c h r o n i s a t i o n  o f  tu r b o  g e n e r a t o r s .

( 3 ) The e x p e r im e n ta l  a n a l y s i s  o f  asy n ch ro n o u s  ru n n in g  

and e x t e n s io n  o f  th e  program  f o r  th e  a n a l y s i s  o f  g e n e r a t i n g  

u n i t s  o f  up to  660 MW c a p a c i t y .

(1 0 .2 )  DISCUSSION OE DIGITAL METHODS OE ANALYSES

( 1 0 .2 .1 )  GENERAL

The a l l - r o u n d  a n a l y t i c a l  power o f  d i g i t a l  a n a l y t i c a l  

m ethods a p p e a r s  t o  have s u b s t a n t i a l  a d v a n ta g e  i n  l a r g e  s c a l e



powe>? e x t e r n  a n a ly s e s  and w i l l 5 i n  many case©, be • p r e f e r r e d  t o , ’, 

o th e r  a l t e r n a t i v e  m ethods a v a i l a b l e .  The e a s e  w i th  w hich, a  

p rogram  once d ev e lo p ed  may, a t  s h o r t  n o t ic e . ,  be u sed  i s  i n  many 

ways o f  s i g n i f i c a n t  advan tage .-  The f l e x i b i l i t y  o f  programming 

t o  r e p r e s e n t  a  m achine model t o  su ch  an  e x t e n t  a s  has  h i t h e r t o  

been  im p o s s ib le ,  a l s o  em phasises  th e  a d o p t io n  o f  d i g i t a l  

t e c h n iq u e  a s  an  a n a l y t i c a l  a i d .

( 1 0 .2 .2 )  GENERATOR

The c o r r e l a t i o n  s t u d i e s  t h a t  have been  c a r r i e d  o u t  i n  

th e  p r e s e n t  work g iv e  f u r t h e r  s u p p o r t  t o  t h e  v a l i d i t y  o f  t h e  

dq e q u a t io n s  u n d e r  b a la n c e d  and s y m m e tr ic a l  o p e r a t in g  

c o n d i t i o n s  and i t  a p p e a rs  t h a t  i f  an  a d e q u a te  r o t o r  

r e p r e s e n t a t i o n  i s  in c lu d e d  i n  i t ,  t h e n  t h e  ap p ro ach  w i l l  be 

s a t i s f a c t o r y  f o r  a  wide ra n g e  o f  s t u d i e s .  The methods . 

ad o p te d  i n  t h e  p r e s e n t  t h e s i s  t o  a c c o u n t  f o r . t h e  e f f e c t s  o f  the 

eddy c u r r e n t  f lo w  i n  th e  s o l i d l y  fo rg e d  r o t o r ,  ap p ear*  t o  be  

s a t i s f a c t o r y  f o r  t h e  r a n g e  o f  s t u d i e s  t o  w hich th e y  have been  

a p p l i e d .  The m ethods may be o p t im is e d  on th e  b a s i s  o f  

co m parison  w i th  s i t e ^ t e s t  r e s u l t s  f o r  d i f f e r e n t  s i z e s  o f  

g e n e r a t i n g  u n i t s  o p e r a t in g  u n d e r  w id e ly  v a r y in g  o p e r a t in g  

c o n d i t i o n s .  There i s ,  t h e r e f o r e ,  f u r t h e r  sc o p e fo f  work i n  

im p ro v in g  th e  b a s i c  method o u t l in e d  i n  t h e  p r e s e n t  work t o  

r e n d e r  i t  a p p l i c a b l e  f o r  a wide r a n g e .o f  m ach in es .

Some r e s e r v a t i o n  on t h e  a c c u ra c y  o f  dqo f o r m u la t io n  

sh o u ld  be made w i th  p a r t i c u l a r  r e f e r e n c e  t o  th e  r e p r e s e n t a t i o n



of the s a t u r a t i o n  c h a r a c t e r i s t i c s  of the m ach ine . The
e q u a t io n s  a r e  based  on th e  e l e c t r i c a l  and m ag n e tic  in d ep en d en ce

be tw een  th e  two a x e s .  In  th e  method o f  cu rv e  f i t t i n g
oP

d ev e lo p ed  i n  th e  i n v e s t i g a t io n / m a g n e t i c  c i r c u i t :  s a t u r a t i o n  

i s  in t r o d u c e d  i n  te rm s  o f  t o t a l  f l u x  c a l c u l a t e d  from  each  a x i s  

component^ th e  a ssu m p tio n  i s  th e n  made t h a t  th e  m u tu a l  

in d u c ta n c e  i n  th e  d i r e c t  and q u a d ra tu re  ax es  a r e  a f f e c t e d  

e q u a l ly  by s a t u r a t i o n #  In  r e a l i t y ,  o f  c o u r s e ,  owing t o  t h e  

d i f f e r e n t  r e l u c t a n c e  p a th s  caused  by th e  p re se n c e  o f  s l o t s  

and w in d in g s  i n  th e  r o t o r  th e  e f f e c t s  w i l l  be d i f f e r e n t  i n  

th e  two axes* Means o f  t a k in g  th e  i n t e r a c t i o n  betw een  th e  

two ax es  and. e f f e c t s  o f  s a l i e n c y  i n t o  a c c o u n t  r e p r e s e n t  an  

e x t e n s io n  o f  th e  b a s i s  p ro v id e d  here#

A lth oug h  th e  a ssu m p tio n  o f  a  c o n s t a n t  le a k a g e  f l u x  

would a p p e a r  t o  g iv e  s m a l l  e r r o r s ,  th e  e v a l u a t i o n  o f  means 

by w hich  i t s  v a r i a t i o n  can  be t a k e n  i n t o  a c c o u n t  would be a  

w o rth w h ile  improvement o f  th e  a n a l y t i c a l  m ethod.

H y s t e r e s i s  has  been  n e g le c te d  a l t o g e t h e r  i n  th e  p r e s e n t  

work# The m o d u la t io n  o f  th e  machine p a ra m e te r s  has  been  

a c h ie v e d  from  th e  f l u x  and mmf r e l a t i o n s ,  o f  th e  mean m agne t-  „■ 

i s a t i o n  curve# I f  th e  h y s t e r e s i s  were t a k e n  i n t o  a c c o u n t  i t  

would a p p e a r  from  F ig # (68) t h a t  f o r  th e  same mmf two d i f f e r e n t  

f l u x  c o n d i t i o n s  may a r i s e #  Under s t e a d y  o p e r a t in g  c o n d i t io n s  

w h ile  th e  f l u x  p u l s a t e s  a t  50 c / s  i n  th e  s t a t o r ,  th e y  re m a in  

u n i d i r e c t i o n a l  i n  th e  r o to r #  I n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f
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FIG3 68. EFFECT OF HYSTERESIS IN CHANGING PERMEABILITY 
FOR A PARTICULAR MMF.



hy®t@3P@sis may also be worthwhile*

( 1 0 .2 .3 )  AUTOMATIC VOLTAGE' REGULATOR

Of th e  d i f f e r e n t  p a r t s  o f  th e  co m ple te  m a th e m a t ic a l  

r e p r e s e n t a t i o n ,  t h e  a u to m a t ic  v o l t a g e  r e g u l a t i n g  sy s tem  

p r e s e n t s ,  on th e  w h o le , th e  fe w e s t  d i f f i c u l t i e s  i n  d i g i t a l  

a n a ly s  e s .  I t s  e q u a t io n s  a r e  formed on th e  b a s i s  o f  s t a t i c  

c h a r a c t e r i s t i c s  o f  e a c h  e lem en t and th e  t im e  c o n s ta n t s  

a s s o c i a t e d  w ith  them  a p p e a r  t o  be r e a d i l y  a v a i l a b l e .  The 

s a t u r a t i o n  l i m i t  , o f  ea ch  e lem en t h as  been  r e p r e s e n t e d  by 

s t r a i g h t  l i n e  a p p ro x im a t io n  and has  been  found t o  be 

s a t i s f a c t o r y  and th e  cu rv e  f i t t i n g  f o r  i n d i v i d u a l  e lem en t does  

n o t  a p p e a r  t o  be j u s t i f i a b l e  when th e  a d d i t i o n a l  complicabioTi 

t h a t  i s  invo lved*  i s  c o n s id e r e d .  At th e  same t im e ,  where i t  

i s  th o u g h t  t h a t  th e  o u tp u t  im pedances o f  t h e  d i f f e r e n t  u n i t s  

may re d u c e  th e  e f f e c t i v e  fo rw ard  g a in  o f  th e  lo o p  a s  a whole 

u n d e r  c o n d i t i o n s  o f  th e  u n i t s  s u p p ly in g  s u b s t a n t i a l  l e v e l  o f  

o u tp u t  c u r r e n t ,  t h e n  t h i s  may be a c c o u n te d  f o r  i n  th e  e q u a t io n s  

when t h e s e  im pedances a r e  a v a i l a b l e .

The c o n s t r a i n t s  t h a t  a r e  in t ro d u c e d  i n  th e  a n a l y s i s  to  

c o r re sp o n d  to  t h e  a c t i o n  o f  th e  r e c t i f i e r s  and based  on t h e i r  

h a v in g  a e ro  fo rw a rd  r e s i s t a n c e  and i n f i n i t e  r e v e r s e  r e s i s t a n c e  

a p p e a r  t o  be s a t i s f a c t o r y  f o r  a wide r a n g e  o f  a n a l y t i c a l  

p u rp o s e s .

(1 0 a2*4) TURBIJE AND GOVERNING SYSTEM

As u se d  h e r e ,  th e  r e p r e s e n t a t i o n  o f  t h e  prim e-m over and
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g o v e rn in g  sy s tem

sh o rn  from  c o r r e l a t i o n  s t u d i e s  t o  g iv e  s u b s t a n t i a l l y  c l o s e  

ag reem en t w i th  s i t e - t e s t  r e s u l t s .  However, t h e r e  i s  scope 

f o r  f u r t h e r  developm ent o f  t h i s  p a r t  o f  t h e  m odel, p a r t i c u l a r l y  

where l i m i t e d  p o l e - s l i p p i n g  and sp o n ta n e o u s  r e s y n c h r o n i s a t i o n  

i s  p ro p o se d .  I n  g e n e r a l ,  th e  g o v e rn o r  w i l l  have r e l a t i v e l y  

s m a l l  e f f e c t  i n  p r e v e n t in g  l o s s  o f  sy n ch ro n ism , owing to  th e

im p o rtan ce  i n  p ro m o tin g  c o n d i t io n s  f a v o u r a b le  t o  r e s y n c h r o n i s -

Under th o s e  c i r c u m s ta n c e s  a  g r e a t e r  d e g re e  o f  r e p r e s e n t a t i o n  

o f  th e  prim e mover and th e  g o v e rn in g  sy s tem  would be n e c e s s a r y .

(1 0 .3 )  MUM I  -MACHINE SYSTEM ANALYSIS

The p r e s e n t  t h e s i s  has  been  c o n f in e d  t o  t h e  a n a l y s i s  o f  a  

s i n g l e  t u r b o - a l t e r n a t o r  u n i t ,  b u t  th e  program  and th e  m ethods 

u n d e r ly in g  i t ,  a f f o r d *  i t s  d i r e c t  a p p l i c a t i o n  to  th o s e  c a s e s  

i n  w hich i t  i s  r e q u i r e d  to  have r e g a rd  f o r  th e  i n t e r a c t i o n  

betw een  m ach in es . S in ce  th e  machine e q u a t io n s  a r e  v a l i d  f o r  

s t e a d y  s t a t e ,  t r a n s i e n t  and s u b t r a n s i e n t  c o n d i t i o n s ,  th e  

e x t e n s io n  can  be a c h ie v e d  by c a l l i n g ,  i n  th e  p rogram , one 

m achine a f t e r  a n o th e r  and c a l c u l a t i n g  th e  new v a lu e s  o f  t h e  

v a r i a b l e s  on th e  b a s i s  o f  th e  same e q u a t io n s  a t  each  s t e p .

When th e  v a lu e s  a r e  o b ta in e d ,  i n  te rm s  o f  s u b t r a n s i e n t  

q u a n t i t i e s  f o r  a l l  th e  m ach ine , th e  i n t e r - c o n n e c t i n g  ne tw ork  

can  be s o lv e d  by one o f  th e  u s u a l  m ethods c o n s id e r in g  th e

lo n g  t im e  d e la y  i n  th e  c o n t r o l  lo o p ,  b u t  i t  w i l l

a t i o n  and su b se q u e n t  b u i ld - u p  o f  lo a d  a t  a p re d e te rm in e d  r a t e .



m achine v a r i a b l e s  re m a in  c o n s ta n t  f o r  t h e  i n t e r v a l  ch o se n .

I n  t h i s  way th e  a c c u ra c y  o f  a com ple te  sy s tem  r e p r e s e n t a t i o n  

can  be g r e a t l y  im proved . What i s  r e q u i r e d  from th e  programming 

p o in t  o f  v iew  i s  a  l a r g e  s to r a g e  f a c i l i t y .

(1 0 .4 )  SITE TESTING- RELATED TO RELIABLE MACHINE ANALYSIS

A s t a g e  i s  re a c h e d  i n  th e  t h e o r e t i c a l  f o r m u la t io n  o f  

m achine r e p r e s e n t a t i o n  i n  which i t s  f u r t h e r  developm ent can

o n ly  be p r o f i t a b l y  made by r e l a t i n g  th e  computed r e s u l t s  t o
*

th o s e  o b ta in e d  from  a c t u a l  m easurem ents on t h e  sy s tem . Thus, 

i n  f u r t h e r  im prov ing  th e  r o t o r  r e p r e s e n t a t i o n  d e t a i l e d  f l u x  . 

m easu rem en tsa t  d i f f e r e n t  lo c a t io n s  w i t h i n  t h e  r o t o r  body 

becomes d e s i r a b l e  t o  in d ic a te ^  w i th  g r e a t e r  a c c u ra c y  th a n  

a t . p r e s e n t  seems t o  be known, th e  f l u x  d i s t r i b u t i o n  i n  t h e  

s u r f a c e  o f  th e  r o t o r .  L o ca l t o o t h  s a t u r a t i o n  c o m p lic a te s  

any r o t o r  r e p r e s e n t a t i o n  and a knowledge o f  th e  l i k e l y  f l u x  

d i s t r i b u t i o n  a t  d i f f e r e n t  p o in t s  a round  t e e t h  a t  d i f f e r e n t  

l o c a t io n s  on th e  r o t o r  s i i r f a c e ,  may p ro v id e  an  a n a l y t i c a l  b a s i s  

f o r  ta lc ing  th e  e f f e c t  i n t o  a c c o u n t .

In  a  s i m i l a r  way^ s e a r c h  c o i l  m easurem ent t o  i n d i c a t e  th e  

le a k a g e  f l u x  and i t s  v a r i a t i o n  w i th  s a t u r a t i o n  c o u ld  a s s i s t  

c o n s id e r a b ly  i n  in c lu d in g  t h i s  i n t o  t h e  m a th e m a t ic a l  

r e p r e s e n t a t i o n .  Of p a r t i c u l a r  m e r i t  a r e  s e a r c h  c o i l  

m easurem ents  i n  w hich  th e  c o i l s  a r e  a r ra n g e d  to  be e l e c t r i c a l l y  

a t  r i g h t  a n g le s  t o  each  o t h e r ,  so t h a t  one o f  them  i n d i c a t e s  

th e  c o n d i t i o n  o f  t h e  d i r e c t - a x i s  f l u x  p a th  w h i le  th e  o th e r



w i l l  do t h e  same f o r  th e  q u a d r a t u r e - a x i s  f l u x  path*

While c a r r y i n g  o u t  s i t e  t e s t s  on a  s i n g l e  m achine

c o n n e c te d  t o  a  r e l a t i v e l y  l a r g e  sy s te m , i t  a p p e a rs  t o  be

d e s i r a b l e  t o  e x t r a c t  more in fo rm a t io n  a b o u t  t h e  system* I t

h as  b ee n  m en tioned  e a r l i e r  t h a t  th e  e f f e c t s  cau sed  by a
hot

d i s t u r b a n c e  i n  th e  m achine on th e  sy s tem  c o u ld /b e  s t u d i e d  

b ec au se  th e  sy s tem  was assumed to  re m a in  u n e f f e c t e d .  I f  t h e  

sy s tem  c o u ld ,  i n s t e a d ,  be r e p r e s e n t e d  a s  a  s o u rc e  w i th  

f i n i t e  i n p u t - o u t p u t  im pedance , such  a n a l y s i s  would become 

f e a s i b l e .

(1 0 .5 )  OVERALL CONCLUSION

By p r o v id in g  a  f l e x i b l e ,  a c c u r a te  and com prehensive  method 

o f  r e p r e s e n t i n g  a  sy n ch ro n o u s  g e n e r a to r  i t  i s  hoped t h a t  t h e  

p r e s e n t  work w i l l  f u r t h e r  c o n t r i b u t e  t o  t h e  a v a i l a b l e  knowledge 

o f  t r a n s i e n t  p e r fo rm a n c e ,  and , th ro u g h  th o s e  a s p e c t s  o f  t h e  

sy s tem  d e s ig n  t o  w hich  i t  r e l a t e s ,  t o  th e  perm anent r e q u i r e ­

ment o f  i n c r e a s i n g  th e  s e c u r i t y  o f  sy n ch ro n o u s  power sy s te m .
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APPENDIX (A) 

PARK'S TRANSFORMATION

(A .1 ) CLARKE'S COMPONENTS

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

o r  f l u x e s  o f  a  3 -p h a se  sy s tem  can  be r e p la c e d  by any one o f  

a number o f  d i f f e r e n t  sy s tem s o f component v e c t o r s 0 One o f  

them , C la rk e  9 s dr,(3o com ponents, i s  r e l a t e d  c l o s e l y  t o  P ark*s  

&qp t r a n s f o r m a t io n *

The c o e f f i c i e n t  m a t r ix  t h a t  t r a n s f o r m s  abc phase  

v a r i a b l e s  i n t o  C l a r k e 9 s a|3o components i s  g iv e n  by
a P 0

a 1 -’-±

[c] = $ b 0 2
i1

~ 2
1 1 XG 2 2 2

(A.1 )

g i v in g  ih e  r e l a t i o n

[apo] = [c] [abc]

and f o r  i n v e r s e  t r a n s f o r m a t io n  

[abcl = [0] -< to o ]

(A .2)

(A.3)

where

t o ] - ’ ■ (A.4)



A2.

The c o e f f i c i e n t  m a t r ix  g iv e n  i n  e q u a t io n s  (A01) and (A .4 )

©an a l s o  be e x p re s e e d  i n  th e  f o l lo w in g  way

[ c ]  -

cos(O ) c o s ( - 1 2 0 ) COS( “ 2 4 0 )

- s in ( O ) - s in (« 1  20) «sin(*»2 4 0 )

"2"

(A .5)

t w i  [C ]"1 =

c o s (0) - s in (O ) 1

COS( -1 2 0 ) - s i n ( - 1  20)* 1

c o s (-2 4 0 ) - s i n ( - 2 4 0 ) 1

(A. 6)

I n  a sy m m e tr ic a l  sy s tem  o p e r a t in g  u n d e r  b a la n c e d  

c o n d i t i o n s ,  th e  a component i s  e q u a l  t o  phase  9a ? o f  th e  3 -  

phase  sy s te m  i n  m agn itude  and d i r e c t i o n *  The m agn itude  o f  

p component i s  e q u a l  t o  t h a t  o f  p h a s e -a  b u t  l a g s  phase  *a* 

by 9 0 ° p The ze ro  component i s  a b s e n t ,  . I n  c a se  o f  an  

u n b a la n c e d  and a sy m m e tr ic a l  sy s tem  a l l  t h e  components are , 

p r e s e n t  and t h e i r  m agnitudes, and phase  r e l a t i o n s h i p  do not, 

m a in ta in  any symmetry as  i n  th e  fo rm er case*  In  machine 

a n a ly s e s  i t  i s  t h e  u s u a l  c o n v e n tio n  to  assume t h a t  , u n d e r  

s t e a d y  o p e r a t in g  c o n d i t io n s  th e  g e n e r a te d  v o l t a g e s  and o u tp u t  

c u r r e n t s  a r e  b a la n c e d  and sy m m e tr ic a l  so  t h a t

K = K - a  - a

S p -  

So = 0

a ( a . 7 )

The p h y s i c a l  s i g n i f i c a n c e  o f  t h i s  t r a n s f o r m a t io n  i s  t h a t  a



3»phas© m achine i s  now r e p la c e d  by a  2 -p h a se  m ach ine , th e  

e f f e c t i v e  number o f  te rm s  p e r  phase  b e in g  t h e  same f o r  b o th  

t h e  m ach ines  o

(A .2) TRANSFORMATION FROM a|3o TO dqo COMPONENTS

The a(3o components can  be t ra n s fo rm e d  i n t o  dqo 

com ponents i n  t h e  f o l lo w in g  way* Assuming t h a t  t h e  d a x i s  

l e a d s  th e  a x i s  o f  th e  oc components by an  a n g le  0 ,  th e  

c o e f f i c i e n t  m a t r ix  t h a t  l i n k s  th e  two com ponents i s

S u b s t i t u t i n g  (A02) i n t o  (A09) a r e l a t i o n  betw een  th e  abc 

v a r i a b l e s  and th e  dqo components i s  now g iv e n  by

cos 0 - s i n  0

s i n  0 cos 0 (A .8)

so  t h a t

(A .9)

(A .10)

and m u l t i p l y in g

(A .1 1 )

where [p] — P a r k ' s  t r a n s f o r m a t io n  m a tr ix ^



The d i f f e r e n t  s tage®  o f  t r a n s f o r m a t io n  a r e  shown i n  F ig  S’) 65*
cuyvcL 66

(A#3) PHYSICAL SIGNIFICANCE OP PARK'S TRANSFORMATION

The i n t e r p r e t a t i o n  o f  P a r k 's  t r a n s f o r m a t io n  a s  a p p l i e d  

i n  sy nch ro nou s  m achine a n a l y s i s ,  may be d e s c r ib e d  by 

c o n s id e r in g  an  u n lo ad ed  3 -p h a se  m achine g e n e r a t in g  

s y m m e tr ic a l  and b a la n c e d  v o l t a g e s e T h e 'v o l ta g e  e q u a t io n s  

f o r  t h e  t h r e e  p h ase s  of. th e  machine can  th e n  be w r i t t e n  a s :

ss v  cos Q)tS'

v b 55 v..cos(cot -  12C?) s (A .13)

v c = v c o s  (cot -  240°) s
where v„ s S3 xa f d i fd

(A,14)

In  m achine a n a l y s i s ,  how ever, th e  u s u a l  p r a c t i c e o f  w r i t i n g

th e  p h a s e - v a r i a b l e s  i s

v a = v_s
— v „ c o s (~ 1 2 0 ° )s (A.15)

v b
= v  cos(«*240°) s

The r e s u l t s  o b ta in e d  by a p p ly in g  C la rk e * s  t r a n s f o r m a t io n  t o  

th e s e  two d i f f e r e n t  s e t s  o f  v o l t a g e - e q u a t i o n s  a r e  e n t i r e l y  

d i f f e r e n t *

When th e  p h a s e - v o l ta g e s  o f  e q u a t io n  (A013) a r e  

t r a n s fo rm e d  t o  a(3o components by a p p ly in g  e q u a t io n  (A05 ) f 

th e  f o l lo w in g  a r e  o b t a i n e d t
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The r e s u l t s  o b ta in e d  “by a p p ly in g  th e  same t r a n s f o r m a t io n  t o  

e q u a t io n  (A*15) a r e s

v a = v s
= 0 (A .17)

v o = 0

I n  t h e i p a r t i c u l a r  c a se  o f  an  u n lo ad ed  m achine where t h e  a x i s  

o f  p h ase  ' a '  c o in c id e s  w i th  t h e  m ag n e tic  a x i s  o f  t h e  r o t o r , 

t h e  dqo com ponents a r e :  

v  = v
“  1 (A. 18)

VP -  v d
I t  i s ,  t h e r e f o r e ,  t r u e  t o  say  t h a t  i p  t h e  c o n v e n t io n a l  

m achine a n a l y s e s ,  t h e  a p p l i c a t i o n  o f  P a r k ' s  t r a n s f o r m a t io n  

e l i m i n a t e s  t h e  p com ponents d u r in g  th e  p r o c e s s .  Machine 

a n a ly s e s  a r e  c a r r i e d  o u t  w i th  th e  a component w hich  under, 

b a la n c e d  and s y m m e tr ic a l  c o n d i t io n s  c o r re s p o n d s  t o  phase  ' a 1 

o f  a  3 -P h ase  machine*

While th e  a n a l y t i c a l  work i s  co n c e rn e d  w ith  

s y m m e tr ic a l  o p e r a t io n  o f  a  g e n e r a t o r ,  th e  t r a n s f o r m a t io n  

o u t l i n e d  above i s  a c c e p ta b le  s in c e  t h e  p h a s e - q u a n t i t i e s  a r e  

i d e n t i c a l  e x c e p t  th e  120° p h a s e -d isp la c e m e n t*  Under
39a s y m m e tr ic a l  c o n d i t io n s  a n a l y t i c a l  s t u d i e s  have been  done 

on t h e  b a s i s  o f  P a r k 's  t r a n s f o r m a t io n  assum ing  t h a t  th e
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g e n e r a te d  v o l t a g e s  w e  b a la n c e d  and sy m m e tr ic a l  and a r e  

n o t  a f f e c t e d  by th e  e x t e r n a l  c o n d i t io n s *  T h is  i s ,  how ever, 

u n r e a l i s t i c *  Due to  v a r y in g  c u r r e n t s  i n  t h e  t h r e e  p h ase s  

d u r in g  a sy m m e tr ic a l  o p e r a t io n  th e  r o t a t i n g  m0m*f. i n  t h e  a i r  

gap i s  n o t  o f  c o n s ta n t  m agnitude and harm onic  v o l t a g e s  a r e  

p roduced  i n  t h e  r o t o r  and s t a t o r  c i r c u i t s *  The u s u a l  

m achine model i n  th e  dqo r e f e r e n c e  fram e i s ,  t h e r e f o r e ,  

n o t  a d e q u a te  f o r  a n a ly s in g  a sy m m e tr ic a l  o p e r a t io n s  o f  a  

sy nch ron ous  m ach in e .
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APPENDIX B

THE RECIPROCAL PER-UNIT SYSTEM

The f i r s t  s t e p  i n  e s t a b l i s h i n g  a  p e r - u n i t  sy s tem  i s  t o

d e f in e  a  s e t  o f  b a se  q u a n t i t i e s .  The w id e ly  a c c e p te d  p r a c t i c e

i s  t o  ta k e  th e  peak v a lu e s  o f  th e  !ra ted  a rm a tu re  c u r r e n t  and

v o l t a g e  o f  t h e  g e n e r a t o r  a s  th e  b ase  q u a n t i t i e s  o f  th e

a rm a tu r e .  T h is  l e a d s  t o  t h e  f o l lo w in g  d e f i n i t i o n s :

i Q_ = r a t e d  phase  c u r r e n t  (peak )

v „  = r a t e d  phase  v o l t a g e  (peak ) ao

80 , VAo = 2 ^ a o  = ( r a *ed maohine o u t Pu t )

zao ~ “ o^ao “ ^ao “ i ao
» b a se  impedance 

y ao = La o i ao = base  f l u x - l i n k a g e  p e r  phase  

S im i l a r  q u a n t i t i e s  may be d e f in e d  f o r  th e  r o t o r  o i r o u i t s ,  b u t ,  

a t  t h i s  s t a g e ,  i t  i s  n o t  p o s s ib l e  t o  a s s i g n  any p h y s i c a l  v a lu e  

t o  t h e s e  c i r c u i t s *  N e v e r th e le s s ,  what i s  im p o r ta n t  i s  t o  f i n d  

a  r e l a t i o n  be tw een  t h e  s t a t o r  and th e  r o t o r  c i r c u i t  so t h a t  th e  

m u tu a l  in d u c ta n c e  i s  th e  same i n  p e r  u n i t  system * I t  co u ld  be 

e a s i l y  done i f  th e  e q u iv a l e n t  t u r n s  o f  t h e  s t a t o r  and th e  

r o t o r  c i r c u i t s  were known. In  p r a o t i c e ,  th e  t u r n s  r a t i o  i s  

n o t  u s u a l l y  known. In  any c a s e ,  th e  f l u x - l i n k a g e  e q u a t io n s  

o f  S e c t io n  ( 2 .2 , 1 )  can  now be e x p re s s e d  i n  p e r  u n i t  sy s tem , 

d i v i d i n g  ea ch  e q u a t io n  by th e  b ase  f l u x  l in k a g e  o f  th e  c i r c u i t  

t o  w hich  th e  e q u a t io n  a p p l i e d .
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Yd ^ a fd ^ fd o  dfd._ , Lakd1kdo i kd Ld * i d (T! ^T j “  UUV p .  t  y . -  L j \'U9 J
ao ao ao ao fdo &o ao kdo ao ao

where ^fdo ” Per  'un^  cu rren t

^kdo “ Per  un^  ^amPe:i? w in d in g  c u r r e n t  *

Now i n d i c a t i n g  a p e r  u n i t  q u a n t i t y  by a  b a r  u n d e r  a  

symbol
y  0 i s f a ^ a a  i .  + 1akdj-kdo, « _ L ± (B 3)
- d . ao^ao “ fd  Lao l a o \  " kd - d” d

S i m i l a r l y ,  d i v i d in g  y fd  by Lf f d o dfdo

v ij  t  ^ j .  Bk fd dkdo .  3  f f d dao j  / t >  ,  \
¥ fa “  S f fc l i fd  L i  ivfl " 2 1  ± i dm  -^ d -r c i  ^tf&Q̂ fao m d f fd o  fdo a

P or a  r e c i p r o c a l  p e r  u n i t  sy s tem  th e  c o n d i t i o n  t h a t  i s  to  be

s a t i s f i e d  is ,£® m  ecpballcrn* B3cwui &4

Ba fd dfdo = 2. Lfa d i ao / B<5)
Laoi ao 2 1f f d o i fdo

The n u m e r ic a l  v a lu e s  o f  und &**© th e  same and hence

from  e q u a t io n  (B«5)

Lffd 6 dfdo =  2 3C'ao'Lao 

or woBf fd o 1fd o  = 2 Xlao±ao

T his  t h e n  p ro v e s  t h a t  f o r  r e c i p r o c a l  m u tu a l  in d u c ta n c e s  th e  

v o l t - a m p e re  r a t i n g s  o f  t h e  f i e l d  w in d in g  sh o u ld  be th e  same 

a s  t h e  g e n e r a t o r  v o l t - a m p e re  r a t in g *  In  a s i m i l a r  way i t  can  

be shown t h a t  th e  same c o n d i t i o n  h o ld s  f o r  th e  damper c i r c u i t s  

a s  w e l l .

I t  i s  now r e q u i r e d  t o  f i n d  b ase  q u a n t i t i e s  f o r  th e  

f i e l d  w in d in g . Of th e  s e v e r a l  ways o f  d e f i n i n g  th e  b a se  

f i e l d  c u r r e n t ,  th e  one t h a t  i s  i n  w ide us© i s  t o  c o n s id e r  t h a t
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v a lu e  o f  f i e l d  c u r r e n t  w hich  produce i n  ea ch  s t a t o r  p h a s e ,  

u n d e r  open c i r c u i t  c o n d i t i o n s ,  a v o l t a g e  v a g iv e n  h y :

v  = to 1  , i  a  o ad ao.
T h e r e f o r e ,

^ o ^ a fd ^ fd o  = woLad3‘ao

o r  La f d i fd o  = I a d 1ao (B*7)
S i m i l a r l y  I a M i kd0 = \ &\ Q

1 , i ,  = L .1  (B .8 )akq kqo ad ao

S u b s t i t u t i n g  th e s e  r e l a t i o n s h i p s  i n . t h e  f l u x  l in k a g e  

e q u a t io n s  o f  S e c t io n  (2*2*1) a new s e t  o f  e q u a t io n s  i n  t h e  

r e c i p r o c a l  p e r  u n i t  sy s tem  a r e  o b ta in e d  a s  g iv e n  i n  S e c t io n  

(2 . 2 .2 ).
Prom e q u a t io n  (B .7 )  w hich i s  i n  MKS u n i t

± £ad__ ± ( B .9 )
fd 0  a fd  a0

^ fdo  can  from  th e  open c i r o u i t  c h a r a c t e r i s t i c s  .

o f  t h e  m achine and th u s  th e  n u m e r io a l  v a lu e  o f

fo u n d .
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APPENDIX 0 

REARRANGEMENT OF DIFFERENTIAL EQUATIONS

(C .1 )  GENERATOR
i

(a )  D i r e c t~ a x i s  F lux  L inkage 

From e q u a t io n  ( 3 d )

^ _ ad  ̂ kdp'________   fd

^ 1 + (Ta-’ + r n ^ n )p + Ta ,nV ?P2 Pfdv do kdo  ̂ do do*^

L , i
d 4. (Y* + T" 'in + T

_ K & d 1 ;p  d a  ■

1 +  (nr* 1 +  V. ,  ) p  +  T -  ^  " p ^  ^  ^v do kdo r  do do-^
B efo re  any re a r r a n g e m e n t ,  t h e . .q u a d r a t i c  e x p r e s s io n s  i n  

p b o th  . in  t h e  d en o m in a to r  and n u m era to r  o f  t h e  above e q u a t io n  

i s  f a c t o r i s e d  from  t h e  f o l lo w in g  i d e n t i t i e s ,  ,

_1 + = (1 +YiP.)(i+r2P)-
and 1 + Or* + T fl1)p  + ^ r | P 2 = (1 + 'r 3P ) ( l  + 'r 4P)

(0 . 1 )

The d i r e c t  a x i s  f l u x  l in k a g e  can  th e n  be w r i t t e n

i t  0  + + r ^ p ) ( l  + T/|P) #
^ d  = ad • • ( T T r 1T 7 I T T ^ p 7  « r ^  -  V d

' ■ , : ( 0 . 2 )  

T h is  can  be c o n v e n ie n t ly  a r ra n g e d  by  r e w r i t i n g

(1 + ) v-V {lc + t  p } l ,  i ,v M a i    J 4 i T ,«  _ . eg.,..; e q ^  d„ d
M  Lad  * ( i  + T ]p ) ( l  + T 2p) 0 r fd  r  ^ d  ”  (1 + T ,p )  (1 H-r^p)

(0 .3)

where 9 u s u a l l y  c a l le d ;  s u b t r a n s i e n t  in d u c ta n c e

r  ( 0 . 4 )
: 1 2 a



where r e p r e s e n t s  d i r e c t  a x i s  flux., b eh in d ; t h e  s u b - t r a n s i e n t  

in d u c ta n c e ,  t h e n  th e  f i r s t  o rd e r  e q u a t io n s  can  be form ed from  

( 0 .7 )

+d  •  {T — t 2 p7  '  ( 0 - 8)

w t o r e ( d ' e q * ( ' + ' >' lp 5

- / ( c#9)

E q u a t io n s  (0*8) and (0*9) may now be p u t  i n t o  th e  r e q u i r e d  

f i r s t  o r d e r  d i f f e r e n t i a l  fo rm .

From e q u a t io n  (C i9)

A  = + (0- ,0)
and

I t  i s  shown i n  S e c t io n  ( 0 ,2 )  t h a t  p (v f ^ )  may be form ed from  

e x c i t a t i o n  c o n t r o l  sy s te m . The p i^  te rm  i s  o b ta in e d  by'/r \ \  

l i n e a r  a p p ro x im a t io n  a s  d e s c r ib e d  i n  Appendix (0 .4 )#

(b )  R o to r  C u r re n t  

From e q u a t io n  (3*3)



e q u a t io n  ( 0 .1 )  t h i s  can be w r i t t e n  a s :

+ r kdop  ̂ v fd  + 'Tkdp Î'ad p id s
l f d  “  (1 + V 1p ) ( ,{ l +  ^ 2:p) r f d  (1 + ' r1p ) ( l  +  'r2 p  ̂ * r f d

The f i r s t  o r d e r  e q u a t io n s  a r e  th e n  found i n  th e  fo l lo w in g

way, t h e  p a t t e r n  b e in g  th e  same a s  u sed  f o r  d i r e c t - a x i s  f l u x

l i n k a g e .

_ + \ d o p ) v fd  . , ja d  k̂f ~ r fP^xd
fd  (1 + T 1P)(1 + t^ p ) r fd  fd  “ r fd  * (1 + T 1p)C1 + r 2p)

L T  (0 .1 2 )
where i.p! = « i d (C .13 )r a  r f d  - r ^ 2 a  ...

’St "  ^  ( ° . H )

I f ,  f u r th e r ^  i t ’ i s  assumed t h a t

1fd  = i fd  ” i fd  (0 .1 6 )

t | i e n  , i f " = 7 + ^  (0 .1 7 )

T +Tkdop  ̂ v fd  Lad k̂f " ~'fp  ̂ , fr  1"1)
where I ffl = T T + r ^ T  ^  T + r ^  xd ( 0 J 8 )

Then from  (C .17)

p i " -f d  ■ T „t  K d  - i f d )  ( 0 ’ 19)

and from  (0 ,1 8 )

p I f a  ’
(0 . 2 0 )

(c )  F i e l d  F lu x - l in k a g e  

From e q u a t io n  ( 3 <>2)
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,b T (1 + v fd
"  « *  ’ 1 ♦ . ) P + -va . * , a

«  * V l  ' .  ,

1 + (*Ta a> * )P + ^  5 UP^ ^  ^ v do k d o /p  do do-^

P ro c e e d in g  th e  same way th e  above e q u a t io n  may be

w r i t t e n  a s

(1 +'r&'oV) v f a  (1 + r kdP) 
a = fd  * (1 + r 1'p)T l’ + T2p) r fd  “ (1 +-T'1p) (1 +T*2p7 adxd

(0 . 2 1 )

The f i r s t  o rd e r  d i f f e r e n t i a l  e q u a t io n s  w i l l  th e n  be

^  -  (i  % ? ap) < °-2 2 >

where
*v*

^ f d  =  (1 + 'T ’1lp )  { Lf f d ^ 1 + ^ d o ^ r ^  “  + ’r k d p -) ^ a d ^  J  ( ° * 2 3 )

o r
v,

piw  -  ^  ( W 1+ Td i;p> ^  -  \ a < ' + v ^ '  - (0-24>
and fpom ( 0 o22)

P * r d -  ^ { t ' f d ' M  ‘ ° - 25>

(d ) D i r e c t  a x i s  damper w in d ing  c u r r e n t*

Prom e q u a t io n  (3*4)

, _ ^§d p ( i d ~ i f d )
kd r kd ° 1 + r kdop

80 p lkd = (C*26)
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( e ) Quadra t u r e - a x i s  F lu x - l in k a g e  ry 

From e q u a t io n  (3*5)

(1 * t !!p )
a r r r ^ j p i  V q

D e f in in g  th e  s u b - t r a n s i e n t  q u a d ra tu re  flux: l in k a g e  a s :

lb " = Up + L " i  (0 .2 7 )T CL Tq q q.

where 1 ” = 1^ (C028)

th e n

* TkqO *

th e n

< ' ■  ( 0 - 29)

( f ) Q u a d r a tu r e - a x i s  Damper W inding C u rre n t  

From e q u a t io n  (3*6)

i  -  h a  p i q
xkq ~ r kq • 1 + r k q »

(g) E q u a t io n  o f  M otion 

From e q u a t io n  (2*25)

Pd = Mp26 + Pe + kdpQ + P^

I n t r o d u c in g  an a u x i l i a r y  v a r i a b l e  g iv in g

p6 = U (0 .3 1 )

t h e  e q u a t io n  o f  m o tion  can  th e n  be w r i t t e n  a s

pu =  a .  {p _ k d p G _  p e  _  p L J  ( 0 . 5 2 )
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(Gq2)  SINGLE STEP FINITE DIFFERENCE METHOD

W h i l s t ,  i n  s o l v i n g  t h e  sy s tem  e q u a t i o n s ,  i t  i s  

n e c e s s a r y  t o  compute th e  r a t e  o f  change w i th  r e s p e c t  t o  

t im e  o f  s e v e r a l  machine v a r i a b l e s  such  a s  p ^ o r  e x p l i c i t

m a th e m a t ic a l  e x p r e s s io n s  f o r  th e s e  a r e  n o t  a v a i l a b l e  among t h e  

m achine e q u a t i o n s , They a r e ,  t h e r e f o r e ,  e v a lu a te d  by a  s im p le  

f i n i t e  d i f f e r e n c e  method i n  w hich th e  v a r i a b l e s  a r e  assumed 

t o  v a r y  l i n e a r l y  d u r in g  a  s t e p  l e n g th  and  t h e i r  r a t e s  o f  change 

a r e  th e n  computed by d iv i d in g  th e  in c re m e n t  o v e r  th e  s t e p  . 

by t h e  s t e p  l e n g t h .

R e f e r r i n g  t o  F i g .(8)

S in ce  0 i s  a  c o n s ta n t  th e  rea rran g em en t:  can  b e s t  be done by 

w r i t i n g  th e  above e q u a t io n  as

(0 .3 3 )

where th e  r a t e  o f  change o f  Y d u r in g  th e  n  t h .  
i n t e r v a l p

Y =s v a lu e  o f  Y a t  th e  b e g in n in g  o f  n  t h ,  
n  i n t e r v a l .

Y/ , \ -  v a lu e  !d f  Y a t  th e  b e g in n in g  o f  (n-1 ) t h
' i n t e r v a l .

( 0 .3 )  EXCITATION CONTROL SYSTEM

(a )  M agnetic  A m p l i f ie r  (1 ) 

From e q u a t io n  (2 ,2 9 )

v



A16

v* v-’ + 0 (C .34)

where v* = -  t b1 -  v s 2 ) (0 .3 5 )

so  t h a t  p v 9 = “ r  {k^ (v -  vs^ -  v g 2 ) -  (C .3 6 )

w i t h i n  t h e  ra n g e

v^min < < Y^max

(b) M agnetic A m p l i f ie r  (2)

F o llo w in g  th e  same s t e p ^ e q u a t io n  ( 2 .3 0 )  can be w r i t t e n  

a s  y^ = y 2 + (0*37)

y i e l d i n g  pv2 = r "  {'k 2v 1 “* ^  (0o38)

f o r  Y^min < y2 < v^max

(c )  0}he Main E x c i t e r  

From e q u a t io n  (2*31)

v fd

t h e r e f o r e  pvfd  = ~r- ( k ev 2 -  y^ }  (0 ,3 9 )
e

(d ) S u b s id ia r y  fe e d b a c k  s i g n a l s

From e q u a t io n  (2 ,3 2 )  
k ^ X p v 9 

VS1 -  1 + r 4p

S in c e  Cg i s  c o n s t a n t ,  from  e q u a t io n  (C .37 )

1 +T' P

2

s u b s t i t u t i n g  t h i s

pv2 => pv0 (0 ,4 0 )

k„T
^ s l =  -  y 2 ) -  Y gJ)|  (0*41)
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S i m i l a r l y  from  e q u a t io n s  (2 ,3 3 )  and (0 .3 9 )

PVS2 = i { " ^ (kev 2 -  v fd> ~ ^ 2 } <°*42)

( 0 ,4 )  PRIMS-MOVER AND GOVERNOR

(a )  Governor V alve P o s i t i o n  

From e q u a t io n  (2*35)

u i =  (1 +  r 7 p m  + r 8 p ;  +  u k

I n t r o d u c in g  two a u x i l i a r y  v a r i a b l e s , u 1 and v -

Ut = u* + ^  (0 .4 3 )
■v-*

and u '  = — + ^  " (0 .4 4 )

G .u
where v ^  = (C .4 5 )

Then from  ( 0 .4 3 )  and (0 .4 4 )

! * 3 -  (0.46)

ajxd p u f -  ^ ( v 3 "  u ' )  (0 .4 7 )

f o r  0 < < 1

(b ) T u rb in e

From e q u a t io n  (2*37)
P

P. “ s
i  1 + X P

hence
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APPENDIX' D

(D*1 ) MATHEMATICAL REPRESENT ATI OH OF THE BELVEDERE 
EXCITATION SYSTEM

The v o l t a g e  r e g u l a t o r  and th e  e x c i t a t i o n  sy s tem  f i t t e d  

t o  th e  t e s t  g e n e r a t o r  i n  th e  B e lv ed e re  Power S t a t i o n  i s  shown 

i n  b lo c k  s c h e m a t ic  form i n  Fig* 3 7  * The e q u a t io n s  o f  t h e  

d i f f e r e n t  e lem en ts  o f  t h e  e x c i t a t i o n  sy s tem  a r e :

M agne tic  A m p l i f i e r  ( 1 ) :

d  + t 1p )
V1 (1 + 'V 2p )(1  + ^ p ) v  (D.1)

f o r  v^m in < v^ < v^max

where v  -  (Bd -  vm -  v g1 -  v g2 -  y ^ )  (D .2)

M agne tic  A m p l i f i e r  ( 2 ) :

v  = k i v i .
2 { 1 + T ^ p )

f o r  V2min < V£ < V2.max

A*C. E x c i t e r  ( i n c lu d in g  r e c t i f i e r ) 2

kpVp
V - n =fd  1 +

f o r  v ^ m i n  < v ^d £  v ^ m a x

A m p l i f ie r  S t a b i l i z e r :

( D . 3 )

( D . 4 )

v  v  (D i5)‘ 1 1^ -  T „ p  V2 A W . ? /C3
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E x c i t e r  S t a b i l i s e r s

k^P V-Pr,

t . 2  "  < D ' 6 >

T erm in a l  V o ltag e  S t a b i l i s e r :  

kr-P v
 „,„■,■*! ., (j) y )S 3  1 +  T g p  - v u . u

The v a lu e s  o f  th e  tim e c o n s ta n t s  and t h e  g a in s  o f  

th e  d i f f e r e n t  e le m e n ts  a r e  g iv e n  i n v T ab le  VJX a lo n g  w i th  

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

The s o l u t i o n  o f  th e  e q u a t io n s  a r e  a c h ie v e d  i n  th e  

same p ro c e s s  o f  r e d u c t i o n  as  shown i n  Appendix 0 .

(D .2 ) PROGRAMMING- OF FIELD CURRENT CONSTRAINTS

The te c h n iq u e  o f  programming t h e  c o n s t r a i n t  f o r

f i e l d  c u r r e n t  h a v in g  o n ly  one p o l a r i t y ,  i s  i l l u s t r a t e d  i n
*

F i g . (6 7}  The n e c e s s a ry  changes th s it  a r e  r e q u i r e d  to  be

in c o r p o r a t e d  f o r  such  c o n s t r a i n t  a r e :

(1 ) Whenever th e  f i e l d  c u r r e n t  t r i e s  to  be  

l e s s  th a n  z e r o ,  i t  i s  to  be  k e p t  a t  z e r o .

(2) When th e  f i e l d  c u r r e n t  i s  e q u a l  t o  z e r o ,  

t h e  f i e l d  w in d in g  b eh av es  l i k e  an o p e n - c i r c u i t e d  c o i l  i f  

i t  i s  n o t  s h o r t  c i r c u i t e d  by an e x t e r n a l  r e s i s t a n c e  and 

co u p led  to  t h e  o t h e r  w in d in g s  on t h e  d i r e c t  a x i s .  Hence
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the operational ©quatlone f o r  f l u x - l i n k a g e s  and v o l t a g e s  

a r e  d i f f e r e n t '  from  th o s e  when th e  f i e l d - c u r r e n t  i s  n o t  zero*

(3) At th e  i n s t a n t  o f  t h e  f i e l d  c u r r e n t  "being 

z e r o ,  i t  i s  n e c e s s a ry  t o  s w i tc h  on to  a  d i f f e r e n t  s e t  o f  

d i f f e r e n t i a l  e q u a t io n s ,  t h e  i n i t i a l  c o n d i t i o n  o f  w hich come 

from  th e  l a s t  v a lu e s  o f  the  p re v io u s  e q u a tio n s*  C om puta tion  

th e n  c o n t in u e s  on th e  b a s i s  o f  new e q u a t io n s  u n t i l  th e  f i e l d  

c u r r e n t  a g a in  t r i e s  t o  b u i l d  up i n  t h e  p o s i t i v e  d i r e c t i o n .

( 4 ) At t h e  t im e  when th e .  f i e l d  c u r r e n t  t r i e s  to  

become p o s i t i v e ,  i t  i s  a g a in  n e c e s s a ry  t o  s w i tc h  back  to  

th e  fo rm e r  s e t  o f  d i f f e r e n t i a l  e q u a t io n s  a lo n g  w ith  th e  

p ro p e r  t r a n s f e r  o f  i n i t i a l  c o n d i t i o n s .

Por each  t im e  t h a t  th e  f i e l d  c u r r e n t  goes t o  z e r o ,  i t  

i s  e v i d e n t  from  (3) and (4 ) above, t h a t  two s e t s  o f  chan ges  

o f  d i f f e r e n t i a l  e q u a t io n s  and c o r re s p o n d in g  t r a n s f e r  o f  

i n i t i a l  c o n d i t i o n s ,  a r e  n e c e s s a r y .  P o r t h e  com puter t o  

d i f f e r e n t i a t e  betw een th e  two d i f f e r e n t  ch an g es , a m arker 

k ,  a s  shown i n  t h e  f i g u r e ,  i s  u se d .  So lo n g  a s  th e  f i e l d  

c u r r e n t  i s  p o s i t i v e ,  th e  m arker moves a lo n g  w i th  th e  

in d e p e n d e n t  v a r i a b l e ,  t i m e . As soon  a s  i ^  = 0 , th e  

m arke r s t o p s .  Bo th e  f i r s t  s e t  o f  changes  a s  i n  (3 ) above , 

comes i n t o  a c t i o n  when

i f &  “ 0

and k = t  = t^ ( f o r  ex am p le ) ,

and th e  second s e t  o f  ch an g es , a s  i n  (4 ) ab o v e , comes i n t o
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a o t i o n  when

±££ i s  s l i g h t l y  g r e a t e r  t h a n  z e ro  

b u t  k ^  t  = tg

a s  shown i n  t h e  diagram #

However, soon  a f t e r  i n c o r p o r a t in g  th e  changes i n  th e  

l a t t e r  c a s e ,  k i s  a g a in  s e t  t o  move a lo n g  w i th  t h e  t im e  

s c a l e  u n t i l  th e  n e x t  s t a g e  o f  c u r r e n t  c o n s t r a i n t  comes i n t o  

a c t i o n .  The whole p ro c e s s  i s  th e n  r e p e a t e d .
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APPENpIX B

(E .1 )  SYNCHRONOUS MACHINE EQUATIONS WITH TWO DAMPER 
WINDING'S ALONG EACH AXIS

The m achine e q u a t io n s  w i th  two damper w in d in g s  i n  d i r e c t

a x i s  and two i n  t h e  q u a d r a tu r e  a x i s  c a n .h e  w r i t t e n  i n  th e

r e c i p r o c a l  p e r  u n i t  sy s te n f  i n  th e  f o l lo w in g  way© S u f f i c e s

1 and 2 d e s ig n a t e  damper w ind ing  (1 ) and (2 ) r e s p e c t i v e l y *

F lux  e q u a t io n s :

d i r e c t  a x i s :

= La a i fd  + I ad i kd1 + I a d ;Lkd2 ~ I d ;Ld 

^ fd  = Lf f d 1fd  + Lad l kd1 + La d :Lkd2 "  Lad ±d 

li,kai = ■C,a d i fd  + ^ k k d P k a i  + La d i kd2 “  ^ d ^  

lVkd2== Ila d 1fd  + La a i kd1 + Lkkd21kd2 "  I,ad :Ld

0.1)

q u a d r a tu r e  a x i s :

^ q “ ^aq^kql * ^aq^kq2 “ ^q^q

^kql"' ^kkql^kql * Iiaqi kq2 “ Laq^q (®-2)

^kq2” ^kq^kql *  ^kkq2^kq2 ~ ^aq^q  
V o lta g e  e q u a t i o n s :

d ir e c t  a x is :

Vfa  = p^fd + r fd i fd

va = V d  ’  V e

0 ~ P^kdl + ^kd1^kdl

0 " p\ d 2  + Rkd2i kd2
quadrature a x i s :

vd = -  V q  +  V ®

0 ”  p ^kq1 + ^kq1 ^kq1 ^B*4 ^

0 = pt^kq2 + Bkq2i kq2

(B.3)
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C u rre n t  e q u a t io n s  s

( n e g le c t in g  r e s i s t a n c e  f o r  t h e  sak e  o f  
s i m p l i c i t y )

i d = (V -  \ c o s  &)/Xt  (B .5 )

1 = (Vbs i n  6 -  Vd )/Xt  (E .6 )

S u b s t i t u t i n g  from  e q u a t io n s  (B„3) and (B„4) i n t o  e q u a t io n  (E .5 )

X +i/i -  P ^  ~  + ^ p Q  - BVVcos 5t  a  ̂ 'q a q or b
o r  Xt i d -  iVdP© + Vb cos 6 + Ra i q = P 1̂  (B .7 )

S i m i l a r l y  from  e q u a t io n  (E»6) and (B .3 )

v *  - v i n  6 + V d + V e = plta  (E*8)
F or f i e l d  w ind in g

. v fd  -  ' f d V  = ' P V  O V )  ' (B .9 ) .  .
F o r  d i r e c t  a x i s  damper w ind ing s

- w ™  -  * V l  : ( E ' , 0 )

~RkA21k&2 ~ pl^ d 2  (B .1 1 )
F o r q u a d r a tu r e  a x i s  damper w ind ings

~Rkq1i kq1 = P ^kq1 (B .12)

-Rkq2^kq2 = pl*kq2 ' (B.1'3) .
R e p la c in g  th e  l e f t  hand s i d e s  o f  e q u a t io n s  (E #7) t o  ( E . 1 3 )

by y fs ,  t h e y  can  be r e w r i t t e n  as

y i = plW
y 2 = p^kd1 

y 3 ~ p i kd2 \ \^  

y4 = pl|,d 

y 5 ~ p tkq1
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y 6

y*j = PYr

kq2

q.
Now s u b s t i t u t i n g  from  e q u a t io n  (E .2 )  i n t o  t h e  f i r s t  

e x p r e s s io n  o f  (B014)? i t  can  be w r i t t e n  t h a t

y 7 3j (pi, , ) h- 1 (pi, 0 ) -  1 (pi )a q v±̂ kq1 aq &q2 q ^ q
P ro c e e d in g  i n  t h e  same way, e q u a t io n  (E .1 4 )  can now be 

w r i t t e n  i n  t h e  m a t r ix  form  i n  t h e  f o l lo w in g  way:

y 1

y<

y,

y.

y 6
yr

Lf f d L -ad L (XigL ■" U (xl

Xj ■ *■ aa •’iricdl L a d " h 0- (L

Lad L .ad . Lkkd2 aa

Lad L /ad ^ad _Ilad

Lkka1 Iiaa ~ L clc^

L.aq , Lkka2
■ooTl

aa
Laq , 1

m  ......
-L
_ j a

p i f d
p i kd1

p l kd2

P*-,

p i kq1
p i

M i .
P3-,

(E .2 ) PROCEDURE POR SOLVING THE EQUATIONS OP THE 
MACHINE MODEL

At th e  b e g in n in g  o f  t h e  s t e p :

(a )  th e  v a r i a b l e  m u tu a l in d u c ta n c e s  a r e  c a l c u l a t e d .

(b ) i n d u c ta n c e - m a t r ix  i s  r e s e t  w i th  th e  new v a l u e s .

(c )  y fs a r e  c a l c u l a t e d  on th e  b a s i s  o f  th e  c u r r e n t s f r o t o r

a n g le ,  f i e l d  v o l t a g e  and in s t a n t a n e o u s  f re q u e n c y  o b ta in e d

a t  th e  end o f  t h e  l a s t  i n t e r v a l .

(d ) th e  c o e f f i c i e n t  m a t r ix  i s  i n v e r t e d  and th e  d i f f e r e n t i a l  

e q u a t io n s  f o r  th e  c u r r e n t s  a r e  s o lv e d  by s t e p  i n t e g r a t i o n



p r o c e s s ,  At t h e  same tim e  o t h e r  d i f f e r e n t i a l  e q u a t io n s  

r e l a t i n g  t o  t h e  e x c i t a t i o n  and g o v e rn in g  sys tem san d  th e .  

dynamic e q u a t io n  o f  m otion  can  a l s o  be s o lv e d .

At t h e  end o f  th e  s t e p :

(a )  A lg e b ra ic  e q u a t i o n s . a r e  so lv e d  to  g e t  t h e  v a lu e s  o f  

n e c e s s a r y  q u a n t i t i e s  such  a s  o u tp u t  pow er, t e r m i n a l  

v o l t a g e ,  t o t a l  l o s s ,  in s ta n ta n e o u s  speed  and a i r - g a p  

f l u x .

The p ro c e s s  i s  r e p e a t e d .



APPENDIX F THE M IN  PROGRAM

The p rogram , f i n a l l y  w r i t t e n  i n  A t l a s  A u tocode t c o n s i s t s  

m a in ly  o f  s e v e r a l  r o u t i n e s  and b lo c k s  d e c la r e d  a t  th e  b e g in n in g  

o f  t h e  p ro g ram * Each of th e  r o u t i n e s  o r  b lo c k s  a r e  s e l e c t e d  

f o r  e x e c u t io n  a t  t h e  a p p r o p r i a t e  t im e d u r in g  th e  s o l u t i o n  . 

p e r io d *  Spaces r e q u i r e d  f o r  d a ta  s t o r i n g  and c o m p u ta t io n  w i t h i n  

a  r o u t i n e  o r  a  b l o c k 'a r e  d e c la r e d  a t  th e  b e g in n in g  o f  t h e  r o u t i n e  

w hereas  s t o r a g e  f o r  v a r i a b l e s  common to  s e v e r a l  r o u t i n e s  o f  

same t e x t u a l  l e v e l s  a r e  d e c la r e d  a t  t h e  b e g in n in g  o f  t h e  

program* Care h as  a l s o  been  ta k e n  t o  s e e Aa p e r io d  lo n g e r  

th a n  i t  i s  n e c e s sa ry *  In  t h i s  way th e  s t o r e - t i m e  h as  b een  

s u b s t a n t i a l l y  reduced* At th e  same t im e  an  a t te m p t  h a s  n o t  

been  made t o  re d u c e  th e  co m p u ta t io n  tim e to  t h e  most 

e f f i c i e n t  l e v e l*

The f o l lo w in g  b lo c k s  and r o u t i n e s  have been  u sed  i n  t h e  

p ro g ra m :

(1 )  Curve f i t t i n g  -  This computes th e  c o e f f i c i e n t s  o f  

th e  p o ly n o m ia l  e x p r e s s io n  f o r  th e  m a c h in e - s a tu r a t i o n  

c h a r a c t e r i s t i c s *

(2 ) Machine P a ra m e te rs  -  I t  c a l c u l a t e s  t h e  m achine 

p a ra m e te r s  ( u n s a t u r a t e d )  b ased  on open c i r c u i t  and s h o r t  

c i r c u i t  t e s t s  i n  t h e  r e c i p r o c a l  p e r - u n i t  system *

(3) I n i t i a l  C o n d i t io n s  -  T his  c a l c u l a t e s  t h e  n u m e r ic a l  

v a lu e s  o f  a l l  th e  m achine v a r i a b l e s  I n c lu d in g  t h e  v o l t a g e
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r e g u l a t i n g  system  and th e  t u r b i n e  and i t s  g o v e rn in g  sy s tem  

c o r re s p o n d in g  t o  th e  o p e r a t in g  c o n d i t io n s  o f  t h e  machine*

( 4 ) I n s t e p  -  This i s  a  l i b r a r y  r o u t i n e  f o r  s o l v i n g  

th e  d i f f e r e n t i a l  e q u a t io n s  by th e  K u tta -M erso n  Method*

( 5 ) F i e l d  C u r re n t  C o n s t r a in t  -  The f u n c t i o n  o f  t h i s  

r o u t i n e  i s  e x p la in e d  i n  Appendix D*

(6) V a r ia b le  P a ra m e te r  -  This b lo c k  c a l c u l a t e s  th e  new 

v a lu e s  o f  th §  machine p a ra m e te rs  d ep en d in g  on th e  

o p e r a t i n g  c o n d i t i o n  o f  t h e  g e n e ra to r*

(7 )  In p u t  and  O utput -  By t h i s  b lo c k  th e  t e s t  

c o n d i t i o n s  a r e  imposed on th e  machine a c c o rd in g  t o  p r e ­

a s s ig n e d  c o n s t r a in t s *

A f lo w  d iag ram  o f  t h e  program  i s  g iv e n  i n  F ig * 69 and a  

p r i n t  o u t  i s  a t t a c h e d  a t  th e  back  o f  t h e  t h e s i s .



B egin

A l lo c a t e  S t o r e s .  D e c la re  
 ___ R o u t in e s

1 S e l e c t  T e s t

Curve f i t t i n g

Machine P a ra m e te rs

V a r ia b le  Parame t e r s

I n i t i a l  c o n d i t io n s  o n ly  once 
d u r in g  t h e  s o l u t i o n  p e r io d

In p u t  O utput C o n tro l  
(Apply th e  t e s t  c o n d i t io n )

S o lu t io n  o f  Machine E q u a tio n s  
'1 )  I n s t e p
2) F i e ld  c u r r e n t  c o n s t r a i n t
3 ) Solve. A lg e b ra ic  e q u a t io n s

S o lu t io n  
P e r io d  Comnleted

P r i n t

no t com ple ted

Ena

F IG .69 FIOW DIAGRAM OF THE MAIN PROGRAM
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