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p o i n t  and problem o r i e n t e d  aggrega t ion  i s  performed 
t o  c o n s t r u c t  a l i n e a r  low o r d e r  model. A d e s i r e d  
c o n t r o l  i s  then  de termined  by t h e  c o n t r o l  sys tem 
des igned  f o r  t h e  m u l t i v a r i a b l e  space  of t h e  
s i m p l i f i e d  model. 

A power s y s t e v  i s  a l a r g e - s c a l e ,  n o n l i n e a r ,  
and m u l t i v a r i a b l e  system having  groups  of genera-  
t o r s ,  buses  and b ranches .  L i n e a r i z a t i o n  of t h i s  
n o n l i n e a r  m u l t i v a r i a b l e  system i s  c a r r i e d  o u t  
around an  o p e r a t i n g  p o i n t .  The l i n e a r  r e g u l a t o r  
h a s  d i s a d v a n t a g e s  t h a t  i t  i s  g e n e r a l l y  n o t  v a l i d  
f o r  l a r g e  d i s t u r b a n c e s  and t h a t  a l a r g e  amount of 
computa t ions  and in fo rma t ion  t r a n s m i s s i o n  a r e  
necessa ry  f o r  r e c o n s t r u c t i n g  l i n e a r i z e d  model a t  
each  o p e r a t i n g  p o i n t .  The proposed method a i m s  a t  
s o l v i n g  t h e  d i f f i c u l t i e s  and r e a l i z i n g  t h e  d e s i g n  
of t h e  m u l t i v a r i a b l e  feedback  c o n t r o l  system. A 
n o n l i n e a r  approximate  model is  c o n s t r u c t e d  which 
r e t a i n s  n o n l i n e a r i t y  of t h e  c o n t r o l l e d  power 
system dynamics which r e t a i n s  t h e  i n t e r a c t i o n s  
between t h e  s t a t e  v a r i a b l e s ,  e t c .  A n o n l i n e a r -  
r e g u l a t o r  i s  des igned  f o r  t h e  model which d e t e r -  
mines subopt imal  p o l i c y  under a s p e c i f i c  c o s t  
f u n c t i o n .  The pr imary  purpose  of t h e  proposed 
method i s  t o  e s t a b l i s h  a governor  and e x c i t e r  
c o n t r o l  system which i s  a d a p t a b l e  t o  t h e  l a r g e  
d i s t u r b a n c e s  and t h e  changes of  o p e r a t i n g  p o i n t s ,  
and s u c c e s s f u l  r e s u l t s  are  o b t a i n e d .  

INTRODUCTION 

The c o n t r o l  of power sys tems c o n s i s t i n g  of  i n t e r -  
connec ted  ne tworks  of t r a n s m i s s i o n  l i n e s  l i n k i n g  
g e n e r a t o r s  and l o a d s  i s  an  impor tan t  problem s i n c e  
t h e  power sys tem i s  a l a r g e  s c a l e  n o n - l i n e a r  m u l t i -  
v a r i a b l e  system. T r a d i t i o n a l l y ,  t h e  problem of 
d e s i g n  o f  power sys tems i s  s p l i t  i n t o  two s e p a r a t e  
problems. For s i m p l i c i t y ,  t h e  d e s i g n  of e x c i t a t i o n -  
c o n t r o l  sys tms  and gove rnor -con t ro l  sys tems a r e  
c a r r i e d  o u t  i ndependen t ly .  E x c i t a t i o n  c o n t r o l l e r s  
are  des igned  assuming c o n s t a n t  mechanica l  t o rque  
i n p u t  f o r  t h e  r e g u l a t i o n  of  t e r m i n a l  v o l t a g e  and 
improving g e n e r a t o r s  s t a b i l i t y  l i m i t ,  and t h e  

t a n t  f l u x  l i n k a g e  f o r  power f r equency  r e g u l a t i o n  
[1,3] .  
c o n t r o l l e r  d e s i g n  based on t h e  comple te  model i s  
more e f f e c t i v e  i n  improving t h e  performance of a 
power system. However, i nc reased  o r d e r  and 
n o n l i n e a r i t y  pose  d i f f i c u l t i e s  i n  des ign ing  an  
i n t e g r a t e d  c o n t r o l l e r .  

g o ~ f r n o r  control s y s t e m  i s  d e s i g n e d  a s s u m i n g  conz- 

An i n t e g r a t e d  e x c i t a t i o n  and governor  

Problems a r i s e  from how t o  f o r m u l a t e  t h e  p h y s i c a l  
phenomend and s o l v e  t h e  n o n l i n e a r  m u l t i v a r i a b l e  
problems. In d e a l i n g  w i t h  t h e  k inds  of problems, 
l i n e a r i z a t i o n  i s  c a r r i e d  o u t  around an  o p e r a t i n g  

During t h e  l a s t  decade ,  r e s e a r c h  work h a s  been i n  
p r o g r e s s  i n  t h e  a r e a  of  power-sys tem-cont ro l le r  
d e s i g n ,  and c o n s i d e r a b l e  work h a s  been done u s i n g  
l i n e a r  dynamic sys tem t h e o r y ,  t h e  o u t p u t  feedback  
c o n t r o l ,  t h e  m u l t i v a r i a b l e  r o o t  l o c u s ,  and t h e  
domain s e p a r a t i o n .  For l a r g e  p e r t u r b a t i o n s  of 
s t a t e  v a r i a b l e s ,  t h e  l inear -model  r e p r e s e n t a t i o n  i s  
n o t  adequa te ,  and t h e r e  i s  need of n o n l i n e a r  r ep re -  
s e n t a t i o n  of synchronous machines i n  c o n t r o l  sys tem 
d e s i g n .  

Recen t ly ,  some a t t e m p t s  have been made t o  des ign  
c o n t r o l l e r s  f o r  t h e  n o n l i n e a r  models of power 
sys tems.  Using a dynamic programming approach ,  an  
e x c i t a t i o n  and governor  c o n t r o l l e r  w a s  des igned .  A 
q u a s i l i n e a r i z a t i o n  t echn ique  w a s  used t o  o b t a i n  a 
n o n l i n e a r  e x c i t a t i o n  c o n t r o l l e r .  Nonl inear  op t ima l  
c o n t r o l  t h e o r y  and i d e n t i f i c a t i o n  methods w e r e  used 
t o  o b t a i n  a n o n l i n e a r  o u t p u t  f eedback  e x c i t a t i o n  
c o n t r o l l e r .  Dynamic s e n s i t i v i t y  approach  was used 
t o  d e s i g n  a l i n e a r  e x c i t a t i o n  and governor  
c o n t r o l l e r  14-11]  

The proposed method a i m s  a t  s o l v i n g  t h e  d i f f i c u l t i e s  
and r e a l i z i n g  t h e  des ign  of t h e  n o n l i n e a r  m u l t i v a r i -  
a b l e  i n t e g r a t e d  e x c i t a t i o n  and governor  feedback  
c o n t r o l  sys tem so  t h a t  t h e  c losed- loop  sys tem is  
s t a b l e  i n  a l a r g e  r e g i o n  i n  s t a t e  space ,  and asymp- 
t o t i c a l l y  t r a c k s  t h e  nominal t e r m i n a l  v o l t a g e ,  f r e -  
quency, and t i e - l i n e  power f low under load  and 
parameter  v a r i a t i o n s .  The n o n l i n e a r  approximate  
model which r e t a i n s  t h e  n o n l i n e a r i t y  of t h e  con t -  
r o l l e d  sys tem i s  f i r s t  developed t h e n  a n o n l i n e a r  
r e g u l a t o r  i s  des igned  f o r  t h e  model. Then t h e  
c o n t r o l  p o l i c y  i s  de termined  which i s  subopt imal  
ob ta ined  on t h e  b a s i s  of t h e  q u a d r a t i c  index  of t h e  
performance for one  p a r t i c u l a r  c o n d i t i o n  under s 
s p e c i f i c  c o s t  f u n c t i o n .  The developed t h e o r y  i s  
a p p l i c a b l e  t o  mul t imachine  cases, e s p e c i a l l y  by 
e s t a b l i s h i n g  a s u i t a b l e  d e c e n t r a l i z e d  c o n t r o l  
system t h e o r y  f o r  power sys tems.  

PROBLEM FORMULATION 

The sys tem model used a s  a b a s i s  f o r  t h e  development 
of t h e  p r e s e n t  paper  is  shown i n  F ig .  1. I t  comp- 
r ises  a s i n g l e  synchronous machine f e e d i n g  i n t o  an  
i n f i n i t e  bus ,  a prime-mover r e p r e s e n t a t i o n  and an 
e x c i t a t i o n  sys tem.  The g e n e r a t o r  i s  r e p r e s e n t e d  by 
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by a n o n l i n e a r  t h i r d - o r d e r  model based on P a r k ' s  t e d  by Wernl i  and Cook, i s  a p p l i e d  t o  t h e  m u l t i -  
e q u a t i o n s  w i t h  , and as t h e  t h r e e  s t a t e  v a r i a b l e  problem de f ined  p r e v i o u s l y .  
v a r i a b l e s .  

The synchronous machine e q u a t i o n s  a r e :  
Cons ider  t h e  n o n l i n e a r  sys tem g iven  i n  Eqn. ( I O )  

z ( t )  = f (2, w ,  t )  (10) 
d6 

(1)  For t h e  fo l lowing  c o s t  f u n c t i o n  
- = ( U - 1 ) W  
d t  

The e x c i t e r  v o l t a g e  r e g u l a t o r  and t h e  governor  
system e q u a t i o n s  are:  

(4)  
Po I Vf + - (v - vs) f 

dv 

d t  7 T o  
_ -  

"s vs + -  U 
dvs _ -  
d t  7 7 1  

e s  
(5) 

(7) 

These e q u a t i o n s  a r e  p re sen ted  i n  a s t a t e  v a r i a b l e  
form of 

= x2 

x2 = A x +A x S inx  +A SinZx +A x +A x 

x3 = A x .+ A x + A Cosx 

x4  = A9x4 + A 

x5 = A11x5 + A 

x b = A  x + A  x + A  x 

x = A  x + A  

x = A  x + A  x + A  x 

where 

1 2  2 3  1 3  1 4 6  5 8  

6 3  7 4  8 1 

x 10 5 

u 1 2  1 

13 6 14 2 15 7 

7 16 7 17 u 2  

8 18 8 19 6 20  2 + *2lX7 

x1 = 6 ,  x2  = 01 ( p 6 ) ,  x3 = q J f ,  x4 = V f ,  

x5 = vs, x6 = g , x7 = g f ,  and x = h. 8 

m 
1 T T 

J = T i l Z ( t )  Q Z ( t )  + W(t) RW(t)I d t  

The subop t ima l  cont ro l .  l a w  i s  g iven  by 

0 

D 

W(z , t )  = - R -1 B T ( z , w , t ) I  'z EiLi(z ,w, t ) lZ  (12)  
i = O  

PROPOSED NONLINEAR APPROXIMATE MODEL 

I t  i s  imposs ib l e  t o  u s e  t h e  t h e o r y  of n o n l i n e a r  
r e g u l a t o r  w i t h  t h e  e x i s t e n c e  of t h e  S i n  and Cos 
terms i n  e q u a t i o n s  (2) and ( 3 ) .  The re fo re ,  i t  i s  
proposed t h e  2nd and 3rd  approximate  f u n c t i o n s  of 
S i n  and Cos, which can cover  t h e  r e a l i s t i c  o p e r a t -  
i n g  r e g i o n .  Cons ider ing  t h e  magni tude  of d i s t u r -  
bances  t o  which t h e  proposed c o n t r o l  scheme i s  
a p p l i e d ,  t h e  v a r i a t i o n s  i n  t h e  r o t o r  a n g l e  6 (x. ) 1 
f o r  S i n  x I ,  S i n  2x1 and Cos  x1 a r e  thought  t o  be  

w i t h i n  a r e g i o n  of  10 and 111, and by u s i n g  t h e  
least  squa re  method, t h e s e  terms can b e  r e p r e s e n t e d  
as : 

(13) 
31 5 2x1 - rI)(2x1 - 211) 

4n 
Sin  2x __ 

II - 315 rl 311 and Cos xI S i n  (x + 7) - ,b (XI + 7) (x l  - 7' 
4 1  

S u b s t i t u t i n g  t h e s e  terms i n  the  s t a t e  e q u a t i o n s ,  
t h e  b, and x ,  e q u a t i o n s  a r e  g iven  a s :  3 

The v a l u e s  of A1 t o  A21 a r e  o b t a i n e d  from e q u a t i o n s  

( I )  t o  (9 )  and t h e  machine pa rame te r s  gi.:en i n  t h e  
Appendix 

NONLINEAR REGULATOR THEORY 

The u s e  of  t h e  n o n l i n e a r  r e g u l a t o r  t h e o r y ,  sugges- 

(2x -2x) +A x +A x (14) 1 4 6  5 8  

(15) 315 x 3rI 4 =A x +A x +A 1- (x  + -) (x  - -) I 3 6 3  7 4  a h I i 6  1 2  1 2  

Taking t h e  Tay lo r s  S e r i e s  expans ion  of E q n .  (9 )  
around t h e  a r b i t r a r y  o p e r a t i n g  p o i n t s  

x? and U? i t  f o l l o w s :  
1 '  

+AA (Ax )+AA (Ax )+AA (Ax1)/Ax+8,~u 2 ( 1 6 )  0 1 1  3 3  11 

where A i s  c o n s t a n t  p a r t  g iven  by  Eqn. ( 1 7 1 ,  AAl 
(Ax,) i s  t h e  f i r s t  term of t h e  v a r i a b l e  p a r t  and a 

f u n c t i o n  01 Axl, g iven  by L q n .  (18), AA3(Ax3) is 

t h e  second t e r m  and i s  a f u n c t i o n  of Ax3, g iven  by 

Eqn. ( 1 9 )  and A (Ax ) i s  t h e  t h i r d  t e r m ,  i s  a 
2 

11 1 
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2 
l u n c t i o n  of x1 , g iven  by Eqn. (20). Bo i s  g iven  

by Eqn. ( 2 1 ) .  

r 0  1 0  0 0 0 0 0 1  

AA (Axl)=Axl. I 

A = I  0 

0 0 0 0 0 ( ( 1 8 ) ,  ?(2) 0 0 

( 2 4 )  0 I and R = B ax 1 

0 0 0  A9 AIO 0 0 0 

O A O O O  0 0 0  11 

0 A14  0 0 0 h13 Alj 0 

0 0 0  0 0 0 A16 0 

0 0 A19 0 A I  
I " *20 " 

0 0 0 0 0 0 0 0 1  

0 0  0 0 0 0 0 0 1  

and 

0 0 0 0 0 0 AL7 0! 

For comparison, t h e  l i n e a r i z e d  model i s  g iven  
b e l o w :  

Ax = A AX + B AU 

where 

I- 0 1 0 0 0  0 0 0 
~ 

ltl cosx  0 0  

I 2 1 x3 A A SinxO 0 0 A4 0 A5 0 1  2 1 

A6 A 7 0  0 0 0 

0 0 Ag A10 0 0 0 

0 0 0 A l l  0 0 0 

14 0 '13 *15 

a= 0 

' 0  A 

i 0 0 0 0 0 0 A16 0 

Here, t h r e e  models have been e x e r c i s e d  namely, 
Son-Linear Model, p re sen ted  by Eqns. (19), Nonl inear  
Approximate Model, p re sen ted  by  Eqns. (9), ( 1 4 ) ,  
(15), (17-21), and t h e  L inea r i zed  Model expressed  
by Eqns. ( 2 2 - 2 4 ) .  

F i g u r e  2 shows t h e  a n g u l a r  v e l o c i t y  c o u r s e s  of t h e  
autonomous sys tem f o r  a s p e c i f i c  i n i t i a l  c o n d i t i o n  
v a l u e  

x(0) = c o l .  TO 1.0 10.5 1.05 0 0 0 01 
AA (Ax3)=nx3 . 0 (19) 1 - 3 

a t  t h e  fo l lowing  o p e r a t i n g  c o n d i t i o n s :  

I; =1 .0 ,  x ~ 1 . 0 ,  x = l O . i ,  x =1.05, x =0,  x =0, 0 0 0 0 0 0 1 1 2 3 4 5 6 

0 0 0 0 0  
- 

0 0 

0 0 
7 8 )0 ( 2 0 ) ,  

x =0 and x =O . 
Comparing t h e  r e s u l t s  of t h e  3 models,  w e  can 

3 
-'7 1 a '3,0 

ax 3 !  
0 0 0 0 0 0  

1 

0 0 0 0 0 0 0 0  

0 0  0 0 0 0 0 0  

0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 c  

0 0 0 0 0 0 0 0  
I 

obse rve  t h a t  t h e  n o n l i n e a r  approximate  model r e t a i n s  
t h e  dynamics of  t h e  n o n l i n e a r  model b e t t e r  t han  the 
l i n e a r i z e d  model on t h e  whole.  The d i f f e r e n c e  i s  
p a r t i c u l a r l y  c l e a r  from t h e  magnitude of t h e  
o s c i l l a t i o n s .  

D E S I G N  OF SUBOPTIMAL NONLINEAR REGULATOR 

To d e s i g n  a subopt imal  n o n l i n e a r  r e g u l a t o r  f o r  t h e  
n o n l i n e a r  approximate  model de r ived  p r e v i o u s l y ,  i t  
is  r e q u i r e d  t o  de t e rmine  t h e  subopt imal  c o n t r o l  l a w  
which minimizes  t h e  fo l lowing  c o s t  f u n c t i o n a l .  
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where t h e  assumed we igh t ing  m a t r i c e s  Q and R a r e  
as f o l l o w s :  

Q = I (Uni t  m a t r i x  of 8 x 8 )  

and R = l 2  (Unit  m a t r i x  of 2 x 2) 

Rewri t ing  Eqn. (16)  as f o l l o w s :  

8 

Taking up t o  t h e  second t e r m  of Eqn. ( 1 2 )  f o r  
convenience t h e  d e s i r e d  c o n t r o l  l a w  v i s  d e t e r -  
mined a s  f o l l o w s :  

( 2 7 )  
-1 7 ' -  

nu = -R 

where 1," and L1 (Ax) are g iven  a s :  

Bo LL0 + I , l  (Ox)] Ax 

-0.215 0.041 -0.121 0.101 0.252 -0.014 

0.042 -0.007 0.106 -0.046 -0.112 0.059 
L =[ 

0.086 0.1151 

-0.023 0.061 J 
r0.006 -0.001 -0.035 -0.001 -0.008 

0.018 -0.000 0.028 -0.003 -0.014 

-0.003 0.062 

1 L (Ax)=Ax 
1 

+0.003 0.045 0.0091 - 

0.065 0.012 0.010 0.008 0.062 

-0.006 -0.030 -0.002 -0.001 
+AX1 

0 .001 0.003 

-0.003 0.005 

ADAPTABILITY TO LARGE DISTURBANCES AKD 
CHANGES OF O P C M T I N G  POINTS 

For l a r g e  d i s t u r b a n c e s ,  t h e  n o n l i n e a r  r e g u l a t o r  
g iven  much b e t t e r  r e s u l t s  t han  t h e  l i n e a r  one. 

The r e sponse  cu rves  of  t h e  r o t o r  a n g l e  f o r  d s p e c i -  
f i c  i n i t i a l  v a l u e  x (O)=co l .  11.0 1 .0  10 .5  1 .05  
0 0 0 01. It  i s  c l e a r l y  shown t h a t  t h e  proposed 
r e g u l a t o r  i s  s u p e r i o r  t han  t h e  l i n e a r  one. 

F i g u r e  4 shows t h e  c o n t r o l s  u1 and ii2 f o r  t h e  t h r e e  
d e s i g n s .  F i g u r e  5 s!iows t h e  s ta tes  ob ta ined  when 
t h e s e  t h r e e  c o n t r o l s  a r e  a p p l i e d  t o  t h e  system. 
From F i g s .  4 and 5 ,  i t  i s  c l e a r  t h a t  t h e  n o n l i n e a r  
r e g u l a t o r  gave t h e  s o l u t i o n  ve ry  c l o s e  t o  t h e  
non1 i n e a r  approximate  model wh i l e  t h e  1 i n e a r  
s o l u t i o n  i s  q u i t e  away from t h e  n o n l i n e a r  one.  

CONCLCSIONS 

A l i n e a r  c o n t r o l  s t r a t e g y  does  n o t  gua ran tee  d e s i r -  
a b l e  per formance  u n l e s s  the  sys tem wi th  t h r  proposed 
s t r a t e g y  i s  ana lyzed  f o r  i t s  s t a b i l i t y .  The pr imary  
purpose  of  t h i s  work was t o  c o n s t r u c t  and des ign  a 
m u l t i v a r i a b l e  c o n t r o l  sys tem c o n s i s t i n g  of governor 
and e x c i t e r  c o n t r o l  sys tems w1iic.h i s  a d a p t a b l e  t o  
l a r g e  d i s t u r b a n c e s  and changes of o p e r a t i n g  p o i n t s ,  
t o  o b t a i n  a b e t t e r  dynamic r e sponse  and t o  i n c r e a s e  
t h e  damping t o r q u e s .  A s  s een  from t h e  r e s u l t s ,  t h e  
feedback  g a i n  u f  t h e  n o n l i n e a r  r e g u l a t o r  i s  a kind 
of dynamic g a i n s ,  and from t h a t  s e n s e  t h e  proposed 
system i s  said t o  be  a more advanced r e g u l a t o r  
t han  t h e  conven t iona l  l i n e a r  ones .  
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F i g u r e  2 .  E f f e c t  of n o n l i n e a r  approximate model. 
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