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ABSTRACT

A com prehensive d e s c r i p t i o n  o f  th e  a u to m a tic  g e n e r a t io n  c o n t r o l  

problem i s  g iv e n .  S ta te '  v a r i a b l e  models a r e  fo rm u la ted  f o r  th e  m a s te r  

c o n t r o l l e r  a lg o r i th m  d e s ig n  w hich a r e  c o n s i s t e n t  w i th  p r e s e n t - d a y  o p e r a t ­

ing  p o l i c i e s  o f  in te r c o n n e c te d  power sy s tem s . P ro ced u re s  a r e  developed  

to  s y s t e m a t i c a l l y  o b ta in  th e  o p t im a l  p a ra m e te rs  o f  a l i n e a r  feedback  

c o n t r o l  w hich m inim ize a q u a d r a t i c  c o s t  f u n c t i o n a l  form. The c o n t r o l l e r  

a lg o r i th m  d e s ig n  c o n ce p ts  a r e  i l l u s t r a t e d  n u m e r ic a l ly  on two and t h r e e -  

a r e a  in te r c o n n e c te d  system s fo r  v a r io u s  perfo rm ance  in d ic e s  and o p e r a t in g  

c o n d i t i o n s .  F i n a l l y ,  d eco m p o s it io n  methods a r e  examined in  o rd e r  to  

deve lope  a l o c a l  c o n t r o l l e r  and to  o p t im iz e  a m u l t i - a r e a  system  v i a  

reduced  com pu ta tion  e f f o r t .



Chapter 1

INTRODUCTION

As th e  demand f o r  e l e c t r i c a l  energy  has  in c r e a s e d ,  u t i l i t y  com­

p a n ie s  have expanded t h e i r  f a c i l i t i e s  a t  an  ab n o rm ally  r a p id  r a t e .  The 

once r e l a t i v e l y  s im p le  power system s have become I n t r i c a t e  i n t e r c o n ­

n e c te d  ne tw orks  w i th  v e ry  complex system  management p rob lem s. The 

n o r t h e a s t  b l a c k - o u t  o f  th e  mid 1 9 6 0 's  i s  an  i n d i c a t i o n  o f  th e  poten-. 

t i a l  r e p e r c u s s io n s  a s s o c i a t e d  w i th  a f a i l u r e  i n  t h i s  co m p lica ted  s y s ­

tem. However, t h i s  c a t a s t r o p h i c  o c c u r re n c e  h a s  p ro v id ed  some o f  th e  

im petus  f o r  th e  r e b i r t h  o f  power system s r e s e a r c h  in  th e  academic 

community. A lthough  th e  u t i l i t y  companies have had an  ongoing r e s e a r c h  

program , they  have been  c r i t i c i z e d  f o r  n o t  making a l a r g e r  e f f o r t .  I t  

has  been  su g g es te d  [MEE]* t h a t  a com prehensive  s tu d y  o f  f u tu r e  needs 

be u n d e r ta k e n  a t  an  e s t im a te d  e x p e n d i tu re  in  ex ce ss  o f  tw ice  th e  c u r r e n t  

r a t e .

An i n v e s t i g a t i o n  o f  th e  a p p l i c a b i l i t y  o f  system  te c h n iq u e s  such 

a s  o p t im a l  c o n t r o l  and e s t i m a t i o n  [ATH], and Liapunov s t a b i l i t y  th eo ry  

[KA1] to  th e  power in d u s t r y  i s  underway. The s u b j e c t  o f  t h i s  s tu d y  i s  

an  a n a l y s i s  o f  the  a p p l i c a t i o n  o f  advanced c o n t r o l  th e o ry  to  th e  a u to ­

m a tic  g e n e r a t io n  c o n t r o l  (AGC) problem . More s p e c i f i c a l l y ,  t h i s  d i s s e r ­

t a t i o n  in v o lv e s  th e  use  o f  o p tim a l c o n t r o l  th e o ry  to  fo rm u la te  an

* R efe ren ces  deno ted  by b r a c k e t s  a r e  l i s t e d  in  th e  b ib l io g ra p h y .



2

improved c o n t r o l l e r  a lg o r i th m  which r e f l e c t s  the  b a s i c  o p e r a t in g  

p o l i c i e s  o f  p re s e n t - d a y  power system s [C01]. Some w ork, most w i th in  

th e  academic community, has  been done in  t h i s  a r e a ,  however, much o f 

i t  i s  n o t  c o n s i s t e n t  w i th  p r e s e n t - d a y  power system p o l i c i e s .  T h is  

s tu d y  endeavors  to  c l e a r l y  d e f in e  th e  AGC problem and to  d e m o n s t ra te  

how advanced c o n t r o l  th e o ry  can  be used to  d e s ig n  a c o n t r o l l e r  w hich 

i s  c o m p a t ib le  w i th  i n d u s t r y  p r a c t i c e s .

Any d i s c u s s i o n  o f  th e  AGC problem r e q u i r e s  an u n d e r s ta n d in g  o f  

th e  c o n t r o l  a r e a  c o n c e p t .  A c o n t r o l  a r e a  i s  i n t e r p r e t e d  a s  a power 

system  w i th  a  common g e n e r a t i o n  c o n t r o l  scheme. T h is  system  may con­

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

u t i l i t i e s .  The te rm  c o n t r o l  a r e a  i s  a p p l i c a b le  to  e i t h e r  an  i s o l a t e d  

o r  an  in te r c o n n e c te d  system . The AGC problem i s  c o n c i s e ly  d e f in e d  

a s  m a t c h i n g . t o t a l  system  g e n e r a t io n  to  e x i s t i n g  load  demand w i th  

th e  most e f f i c i e n t  and r e l i a b l e  d i s t r i b u t i o n  among i n d i v i d u a l  u n i t s  

o f  the  c o n t r o l  a r e a .

In  o rd e r  to  c o m p le te ly  a p p r e c i a t e  th e  AGC p r a c t i c e s  o f  p r e s e n t -  

day power sy s tem s , an i n v e s t i g a t i o n  o f  i t s  e v o lu t io n  i s  n e c e s s a r y .

P r i o r  to  th e  i n t e r c o n n e c t in g  o f  a d jo in in g  power sy s tem s , each  system  

fu n c t io n e d  in d ep en d en t o f  i t s  n e ig h b o r .  T h is  mode o f  o p e r a t i o n  d e f in e s  

an i s o l a t e d  system . In  t h i s  a rrangem en t a system s t r i v e s  to  m a in ta in  

i t s  s ch ed u led  freq u en cy  and r e s t r i c t  i n t e r n a l  t r a n s m is s io n  l i n e  power 

flows such  t h a t  no l i n e  becomes o v e r lo a d ed ,  b u t  t o t a l  g e n e r a t io n  

m atches load  demand. Hence, c o n t r o l l e r s  r e g u l a t e  th e  f req u en cy  and 

power flow s in d ep en d en t o f  one a n o th e r  w h ile  e f f i c i e n t l y  d i s t r i b u t i n g  

g e n e r a t io n  among th e  u n i t s .
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Most modern power system s in  th e  U nited  S t a t e s  a r e  in te r c o n n e c te d  

w i th  t h e i r  n e ig h b o rs  to  in c r e a s e  system  s e c u r i t y  and f o r  more e f f i c i e n t  

o p e r a t io n .  The u l t im a te  g o a l  i s  a  n a t io n w id e  in t e r c o n n e c t io n  o f  a l l  

c o n t r o l  a r e a s  i n t o  one l a r g e  n e tw ork . A system  o f  t h i s  scope r e q u i r e s  

changes in  the  o p e r a t in g  p r a c t i c e s  o f  i n d i v i d u a l  c o n t r o l  a r e a s ,  b u t  

each  rem ains  r e s p o n s ib l e  f o r  m eeting  i t s  own load  demand, do ing  i t s  

sh a re  o f  system  f req u en cy  r e g u l a t i o n ,  and m a in ta in in g  p ro p e r  power 

flow to  th e  a d jo in in g  a r e a s .

As a member o f  an  in te r c o n n e c te d  sy s tem , a c o n t r o l  a r e a  a t te m p ts

to  r e g u l a t e  i t s  a r e a  c o n t r o l  e r r o r  (ACE), whereby i t  m eets  i t s  o b l i g a ­

t i o n  to  th e  in t e r c o n n e c t io n .  The ACE i s  a l i n e a r  com bina tion  o f  the

freq u en cy  and th e  n e t  in te r c h a n g e  power d e v i a t i o n s  r e l a t e d  by the  frej; 

quency b i a s  c o n s t a n t .  The freq u en cy  b i a s  d e te rm in e s  th e  amount o f  

o f f s e t  in  schedu led  n e t  in te rc h a n g e  power d e v i a t i o n  o f  th e  c o n t r o l  

a r e a  t h a t  v a r i e s  p r o p o r t i o n a t e l y  to  th e  freq u en cy  d e v i a t i o n  and i s  an 

i n d i c a t i o n  o f  th e  s t i f f n e s s  o f  th e  i n t e r c o n n e c t io n .

A b a s ic  u n d e rs ta n d in g  o f  th e  c o n t r o l l e r  o p e r a t io n  employed 

c u r r e n t l y  by in d u s t r y  f o r  th e  AGC problem  i s  im p e ra t iv e  to  th e  d i s ­

c u s s io n .  During norm al o p e r a t io n  a change in  load  demand does n o t  

n e c e s s a r i l y  command c o n t r o l l e r  a c t i o n .  The n a tu r e  o f  th e  c o n t r o l  i s  

p r im a r i l y  p e rm is s iv e ,  i . e . ,  i t  r e a c t s  to  an a c t u a l  ACE [R01, R02, R03] 

a f t e r  c e r t a i n  p r e - e s t a b l i s h e d  v a lu e s  a r e  a t t a i n e d .  Much o f  th e  c o n t r o l  

i s  perform ed by th e  n a t u r a l  g o v e rn in g  a c t i o n  o f  th e  a r e a  r a t h e r  than  

by supp lem en ta ry  r e g u l a t i o n .  The d e c i s i o n  f o r  supp lm en tary  c o n t r o l  

and i t s  c h a r a c t e r  r e s t s  w i th  a c e n t r a l  c o n t r o l  com puter w hich m o n ito rs  

the  ACE and th e  economic d i s t r i b u t i o n  among u n i t s  o f  th e  a r e a .  The
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n a t u r a l  go v e rn in g  a c t i o n  i s  c l a s s i f i e d  a s  p rim ary  AGC [ELI] w h i le  th e  

p e rm is s iv e  c o n t r o l  i s  c a l l e d  seconda ry  AGC [ELI],

E x te n s iv e  s t u d i e s  [BEN, C01, CNl, CN2, EL4, KIR, QUA, R01, R02, 

R03, VAN] on secondary  c o n t r o l  have been conducted  p r i n c i p a l l y  fo r  

c l a s s i c a l  o r  c o n v e n t io n a l  c o n t r o l  schemes. O ther works [BOH, CAV, ELI, 

M il]  have used advanced c o n t r o l  th e o ry  on th e  secondary  c o n t r o l  problem  

w i th o u t  d i r e c t i n g  s u f f i c i e n t  a t t e n t i o n  to  th e  b a s ic  o p e r a t i n g  p o l i c i e s  o f  

p re s e n t - d a y  power sy s tem s .

Most o f  th e  s t u d i e s  a p p ly in g  advanced c o n t r o l  th e o ry  f o r  th e  

d e s ig n  o f  th e  a u to m a tic  g e n e r a t i o n  c o n t r o l l e r  (AGCR) a r e  n o t  concerned  

w i th  secondary  c o n t r o l .  These s t u d i e s  a r e  e x p lo r in g  expanded usage  o f  

th e  c o n t r o l l e r  in  p r im ary  AGC a c t i v i t y .  By and l a r g e ,  th e  fo l lo w in g  

two new prim ary  c o n t r o l  fu n c t io n s  have em erged: 1 ) to  c l e a r  f a s t  t r a n ­

s i e n t s  o r  r e g u l a t e  th e  system  f o r  ev e ry  moment in  t im e, and 2 ) to  

in c r e a s e  th e  damping c o n s t a n t  o f  in te r c o n n e c te d  system s. N e i th e r  o f  

th e s e  fu n c t io n s  a r e  perform ed  by th e  t r a d i t i o n a l  AGC c o n t r o l l e r .

A t l e a s t  some o f  th e  works [BOH, CAV ELI, M il, RE1] have a t t e m p t ­

ed to  d i f f e r e n t i a t e  betw een p r im ary  and secondary  c o n t r o l  f u n c t io n s  

w h i le  o th e r s  [CA1, CA2, EL3, EL4, RE2] have n o t  a s  each  has  fo rm u la ted  

a c o n t r o l l e r  a lg o r i th m .  T h is  s tu d y  a t t e m p ts  to  e x p lo re  th e s e  f u n c t io n s  

a s  w e l l  a s  th e  t r a d i t i o n a l  one and combine a l l  o f  th e se  f u n c t io n s  i n t o  

one com prehensive c o n t r o l l e r  a lg o r i th m .  The a lg o r i th m  w i l l  in c o r p o r a te  

s u g g e s t io n s  o f  th e  p re l im in a r y  works [CA1, CA2, REl, RE2, RE4] w hich 

have sough t to  in c lu d e  n e c e s s a r y  c o n s t r a i n t s  o f  p r e s e n t - d a y  power 

system  p o l i c i e s .

Most s t u d i e s  r e l a t e d  to  th e  a p p l i c a t i o n  o f  advanced c o n t r o l  

th e o ry  to  th e  AGC problem  have dev o ted  l i t t l e  e f f o r t  t o  th e  s e l e c t i o n
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o f  th e  perform ance index . S ince t h i s  i s  one o f  th e  most s i g n i f i c a n t  

e lem en ts  in  the  pa ram ete r  s e l e c t i o n  p ro c e s s  o f  th e  c o n t r o l  scheme, i t  

i s  im p e ra t iv e  t h a t  th e  perform ance in d e x  be  s t r u c t u r e d  to  r e f l e c t  th e  

b a s i c  o p e r a t in g  p o l i c i e s  o f  in t e r c o n n e c te d  sy s tem s . F u r th e rm o re ,  th e  

r e l a t i o n s h i p  between th e  c e n t r a l  c o n t r o l  com puter and th e  perform ance 

in d e x  i s  d em o n stra ted .  P re l im in a ry  s t u d i e s  [CA1, CA2, REl, RE2, RE4] 

on perform ance  index  s e l e c t i o n  a r e  a v a i l a b l e .

F i n a l l y ,  c o n s id e r a t io n  i s  g iv e n  to  c o n t r o l l e r  fo rm u la t io n  f o r  

th e  m u l t i - a r e a  power system where te c h n iq u e s  from th e  b road  to p ic  o f  

h i e r a r c h i c a l ,  m u l t i l e v e l  c o n t r o l  [MES] a r e  a p p l i c a b l e .  A p p l i c a t io n s  

o f  th e s e  te c h n iq u e s  to  power system s a r e  found in  a few works [L3A, 

NIC, MI2], Only the  most e lem en ta ry  form o f  m u l t i l e v e l  s t u d i e s  

[ BUC, RE3] a r e  examined in  t h i s  s tu d y .



Chapter 2

AUTOMATIC GENERATION CONTROL

In  an e l e c t r i c a l  power system  an  e f f o r t  i s  c o n t in u o u s ly  made 

to  m a in ta in  th e  a p p r o p r i a t e  f req u en cy  and th e  n e t  in te rc h a n g e  power*

A c o n t r o l  system  i s  r e q u i r e d  to  r e g u l a t e  th e s e  q u a n t i t i e s  in  the  

p re sen c e  o f  ch an g in g  lo ad  demand. The o p e r a t i o n  o f  t h i s  system  i s  

known as  AGC. A tho rough  and com ple te  d e s c r i p t i o n  o f  th e  AGC problem 

i s  p re s e n te d  h e r e i n .  V a r io u s  u s e s  and l i m i t a t i o n s  o f  th e  AGCR a r e  

examined in  d e t a i l  to  i l l u s t r a t e  i t s  e f f e c t i v e n e s s  and to  show how 

a new d e s ig n  m igh t expand i t s  u s e f u l n e s s .  S u i t a b l e  models f o r  th e  

c o n t r o l  a r e a  a r e  d eve loped  which a r e  c o n s i s t e n t  w i th  the  sm a l l  d i s ­

tu rb a n c e s  n o rm a lly  managed by th e  AGCR.

2 .1 .  P h y s ic a l  P ro ce ss

The t r a d i t i o n a l  f u n c t io n  o f  th e  AGCR, i . e . ,  to  accommodate sm all 

v a r i a t i o n s  in  r e a l  power demand, i s  e x p lo re d .  The f e a s i b i l i t y  o f  

u s in g  th e  AGCR to  c l e a r  f a s t  t r a n s i e n t s  o r  r e g u l a t e  the  ACE f o r  ev e ry  

moment i n  time and to  improve system  s t a b i l i t y  m argin  i s  c o n s id e re d .  

These l a t t e r  two f u n c t io n s  have been su g g es ted  fo l lo w in g  p re l im in a r y  

i n v e s t i g a t i o n s  o f  r e a l i z i n g  th e  AGCR v i a  some advanced c o n t r o l  

s t r a t e g y .  There  a p p e a rs  to  be s u f f i c i e n t  ev id en ce  t h a t  an AGCR r e a l ­

iz ed  w i th  com ple te  s t a t e  v a r i a b l e  feedback  a s  opposed to  th e  con­

v e n t io n a l  s e l e c t e d  s t a t e  v a r i a b l e  feedback  s t r a t e g y  cou ld  pe rfo rm  

th e se  fu n c t io n s  a d m ira b ly .
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2 .1 - 1 .  T r a d i t i o n a l  AGC

The AGC concep t has  been  developed  a s  a method to  a s s i s t  th e  

c o n t r o l  a r e a  in  f u l f i l l i n g  i t s  o b l i g a t i o n  to  the  in te r c o n n e c te d  s y s ­

tem. F u n dam en ta lly , AGC i s  to  match a re a  g e n e r a t io n  to  a re a  load 

demand in  th e  most econom ical way and to  m a in ta in  power flow com m itt­

ments to  th e  a d jo in in g  a r e a s .  The AGC o b je c t iv e  i s  a ch ie v e d  by r e g u ­

l a t i n g  th e  ACE.

In  F ig u re  1, a s i m p l i f i e d  b lo c k  d iagram  o f  a t y p i c a l  AGCR i s  

shown. This  c o n t r o l l e r  i s  r e p r e s e n t a t i v e  o f  the  one u sed  in  p r a c t i c e  

in  p r e s e n t - d a y  power system s [R03].

The AGCR f u n c t io n s  a r e  p r im a r i ly  perform ed by:

1) M aster  C o n t r o l l e r  -  MC i s  th e  c o n t r o l  p o l i c y  fo r  th e  a r e a  

p r i n c i p a l l y  em ploying p r o p o r t i o n a l  and r e s e t  c a p a b i l i t y .

2) E r r o r  A d ap tiv e  C o n tro l  Computer -  EACC i s  a d e c i s i o n  making 

computer which i s  r e s p o n s ib le  f o r  d e te rm in in g  th e  p r o b a b i l i t y  

t h a t  c o n t r o l  a c t i o n  i s  needed f o r  r e g u l a t i n g  the  ACE. More­

o v e r ,  i t  makes a d ju s tm e n ts  in  th e  MC g a in ,  d e te rm in e s  th e  

frequency  o f th e  c o n t r o l  c y c le ,  and d i r e c t s  economic d i s ­

p a tc h  u p d a te .  EACC makes the  c o n t r o l  p ro c e s s  a d a p t i v e .

3) P o in t e r  Count Down C o n t r o l l e r  -  PCDC d e te rm in e s  th e  amount 

o f  p a r t i c i p a t i o n  o f  each  o f th e  g e n e r a t in g  u n i t s  in  t h e  

a c t i v i t y  o f  th e  c o n t r o l  a r e a .  A lso ,  in fo rm a t io n  i s  r e l a y ­

ed to  th e  MC to  a cc o u n t  f o r  r a t e  o f  g e n e r a t io n  change 

l i m i t a t i o n s  and to  a s s i s t  in  d e te rm in in g  a r e a  c o n t r o l  p o l i c y .

In  F ig u re  1, two a d d i t i o n a l  c o n t r o l  fu n c t io n s  a r e  n o te d :  1) an

emergency b y -p a ss  to  each  u n i t  and 2 ) a feed fo rw ard  p a th  to  accommodate 

sch ed u led  g e n e r a t io n  changes . I t  should  be no ted  t h a t  th e  c o n t r o l  p u ls e
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o u tp u t  i s  fo r  th e  j t h  u n i t  i n  th e  c o n t r o l  a r e a .

In summary, c o n t r o l  a c t i o n  i s  m o t iv a te d  e f f e c t i v e l y  in  th re e

d i f f e r e n t  ways. F i r s t ,  a  s u f f i c i e n t l y  l a r g e  o r  s u s ta in e d  d e v ia t i o n  

in  th e  ACE w i l l  t r i g g e r  th e  MC o r  emergency b y -p a s s .  Secondly , 

schedu led  changes i n  g e n e r a t i o n  o r  t i e  l i n e  committments a r e  accom­

modated s e p a r a t e l y .  T h i r d l y ,  an  economic d i s p a t c h  u p d a te  w i l l  change 

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

The n a tu r e  o f  th e  c o n t r o l  p ro c e s s  i s  c h a r a c t e r i z e d  a s  p e rm is s iv e  

s in c e  i t  p e rm its  a n  a c t u a l  ACE. A s a t i s f a c t o r y  system  perform ance 

r e l i e s  upon th e  i n e r t i a  o f  th e  l a r g e  in te r c o n n e c te d  system  to  accommo­

d a te  most immediate load  demand. T h is  l a r g e  system p e rm its  a s lu g g is h

c o n t r o l  scheme v i a  t r a d i n g  power flow  w i th  i t s  n e ig h b o rs .

A lthough t h e  ACE r e p r e s e n t s  a g e n e r a t i o n  d e f i c i e n c y  fo r  an 

a r e a ,  an e f f o r t  i s  n o t  a lw ays  made to  c o r r e c t  i t .  The p rim ary  o b je c t iv e  

i s  to  reduce  th e  ACE w h i le  m in im iz in g  th o se  g e n e r a t io n  changes t h a t  do 

n o t  make a c o n t r i b u t i o n  t o  improve system  perfo rm ance . From a p ra c ­

t i c a l  p o in t  o f  v iew , i t  i s  n o t  f e a s i b l e  to  always m inim ize  th e  ACE 

because  of r a t e  o f  g e n e r a t i o n  change l i m i t a t i o n ,  system  n o n l i n e a r i t i e s  

such a s  deadband, and f r u i t l e s s  c h a s in g  o f r a p i d l y  v a ry in g  lo a d s .

In  many ca se s  i t  i s  s u f f i c i e n t  to  a l lo w  th e  n a t u r a l  go v e rn in g  a c t i o n  

to  r e g u la te  [ROll.

A lthough th e  c o n t r o l  p ro c e s s  i s  p e rm is s iv e ,  i t  i s  a d a p t iv e .

EACC and PCDC p ro v id e  i n f o r m a t io n  fo r  MC u p d a te  to  accommodate changes 

in  o p e ra t in g  c o n d i t io n s  on th e  system . Emergency s i t u a t i o n s  and sched ­

u led  g e n e ra t io n  changes a r e  g iv e n  s p e c i a l  a t t e n t i o n .

In c o n c lu s io n ,  t h e  AGCR o p e r a t e s  s e q u e n t i a l l y  in  t h e  fo l lo w in g  

manner [C01]:
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1) A load  In c re a s e  i s  a b so rb ed  im m edia te ly  a t  the  expense 

o f  a d e c re a se  in  speed  o f  th e  r o t a t i n g  m achinery  in  th e  

a r e a ,  a borrow ing  o f  power from i t s  n e ig h b o rs ,  and a 

shedd ing  o f  f req u e n cy  s e n s i t i v e  lo a d s .

2) N a tu ra l  g o v e rn in g  a c t i o n  o f  th e  g e n e r a t io n  occu rs  

fo l lo w in g  a f req u en cy  d roop .

3) Supplem entary  go v e rn o r  a c t i o n  v i a  the  AGCR o ccu rs  in  th e

a r e a  in  which the  lo a d  demand changes.

4) An economic r e e v a l u a t i o n  o c c u rs  d u r in g  and fo l lo w in g  the  

a b s o r p t io n  o f  th e  lo a d  change .

A com ple te  a n a l y s i s  and r e d e s ig n  o f  th e  e n t i r e  AGCR i s  n o t  

th e  i n t e n t  o f  t h i s  s tu d y .  R a th e r ,  an  e f f o r t  i s  made to  improve the  

d e s ig n  o f  the  MC and to  d e m o n s tra te  how EACC and PCDC i n t e r a c t  in  th e  

s e l e c t i o n  o f  th e  c o n t r o l  scheme. The d e c i s i o n  making p ro c e s s e s  used  

by EACC and PCDC to  a r r i v e  a t  th e  d e s i r e d  c o n t r o l  p o l i c y  a r e  n o t  

c o n s id e r e d .  A s i m p l i f i c a t i o n  o f  F ig u re  1 i s  shown in  F ig u re  2 w hich  

em phasizes  th e  MC, EACC, and PCDC a s  w e l l  a s  how th e y  d e te rm in e  

a r e a  c o n t r o l  f u n c t io n s .

From F ig u re  2 , a c o n c is e  d e s c r i p t i o n  o f  th e  o p e r a t io n  o f  a 

c o n t r o l  a r e a  i s  o b ta in e d .  F o llo w in g  a lo ad  change in  c o n t r o l  a r e a  Al f  

t h e r e  i s  a d e v ia t i o n  in  th e  a r e a  f req u en cy  AFt and th e  a re a  n e t  i n t e r ­

change APt ie • These q u a n t i t i e s  a r e  combined w ith  th e  t i e  l i n e  b i a s

c o n s t a n t  Bj to  form the  ACEj, i . e . ,

ACEj -  Bt • AFt + APt l 6 i  •

Now .EACC examines the  c h a r a c t e r  o f  th e  ACE and d e c id e s  w h e th e r  

o r  n o t  c o n t r o l  a c t i o n  i s  r e q u i r e d .  Both EACC and PCDC su p p ly  n e c e s s a r y
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In fo rm a t io n  to  th e  MC to  d e te rm in e  th e  n a tu r e  o f  th e  c o n t r o l  a c t i o n  

I f  indeed  i t  i s  n eeded .

Next a t t e n t i o n  must be devo ted  to  the  r e q u i r e d  c a p a b i l i t i e s  

o f  th e  MC. There  a r e  two b a s ic  re q u ire m e n ts :  1) r e g u l a t e  the  ACE

and 2 ) a c t u a t e  d u r in g  b o th  normal and abnormal mode o f  a r e a  o p e r a t io n  

i n  acco rd an ce  w i th  th e  b a s i c  o p e ra t in g  p o l i c i e s  o f  in te r c o n n e c te d  

power system s [COl].

O bv ious ly , i f  the  c o n t r o l l e r  i s  to  r e g u l a t e  th e  ACE, th en  i t  

must have some ty p e  o f  p r o p o r t i o n a l  a c t i o n  to  p r o h i b i t  l a r g e  f l u c t u a ­

t i o n s .  This  i s  r e f e r r e d  to  a s  p rim ary  c o n t r o l  [ELI] s in c e  i t  r e a c t s  

q u ic k ly .  P r o p o r t io n a l  c o n t r o l  i s  s i m i l a r  to  the  n a t u r a l  g o v e rn in g  

a c t i o n ,  e x c e p t  th e  su pp lem en ta ry  c o n t r o l  i s  n o t  p e rm i t te d  to  a c t  a t  

ev e ry  moment in  t im e .  C le a r l y ,  th e  c o n t r o l l e r  must c o n ta i n  r e s e t  

a c t i o n  so t h a t  s t e p  load changes  can be ab so rb ed  by th e  a r e a .  T h is  

i s  a much s low er a c t i v i t y  and th u s  i t  i s  r e f e r r e d  to  a s  secondary  

c o n t r o l  [ELI].
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SYSTEM

FIGURE 2 . General Control P rocess



In  an n - a r e a  in te r c o n n e c te d  system , each  c o n t r o l  a re a  has  i t s  

own r e s p o n s i b i l i t i e s .  In  o rd e r  to  f u l f i l l  i t s  o b l i g a t i o n s ,  an  a r e a

m ust s t r i v e  to  m a in ta in  i t s  ACE a t  z e ro  in  th e  s te a d y  s t a t e .  I f  an

a r e a  i s  unab le  to  absorb  i t s  load  i n c r e a s e s ,  i t s  ACE i s  n o t  ze ro  

in  th e  s te a d y  s t a t e ;  however a l l  r e m a in in g  a r e a s  have ze ro  ACEs 

in  th e  s te a d y  s t a t e .

T h e re fo re ,  i f  a rea  A  ̂ e x p e r ie n c e s  an  i n c r e a s e  in  lo a d ,  then  th e  

norm al o p e r a t io n  mode im p lie s  t h a t  A  ̂ i s  c a p a b le  o f  a b so rb in g  the  load 

or

ACEj = 0  =* A^i °  APt ie = 0  f ° r  * “  2 , • • * ,  n .

The abnormal mode d e f in e s  o p e r a t io n  in  w hich Aj i s  n o t  c a p a b le  o f  ab ­

s o rb in g  a l l  o r  a  p o r t i o n  o f  an i n c r e a s e  in  lo a d  demand. T h e re fo re ,

ACEj  ̂ 0 =* AFj 7̂  0> APtie j 7̂  0

ACE* -  0  => AFj $ 0 , APt l e  i 0  f  o r  i  ^  j , i  » 1, 2 ,  • • • ,

In  summary, th e  MC must n o t  o n ly  accommodate i t s  own lo a d ,  b u t  

i t  m ust be c o n p a t ib le  w i th  i t s  n e ig h b o r s  r e g u l a t o r y  e f f o r t s .  The o f f ­

s e t  in  frequency  and n e t  in te rc h a n g e  power d u r in g  th e  abnormal mode o f 

o p e r a t i o n  i s  d e te rm ined  by th e  t i e  l i n e  b i a s  c o n s t a n t .  These o f f s e t s  

a r e  tem porary  f o r  i t  i s  assumed t h a t  th e  a r e a  i n  need  w i l l  c o r r e c t  

th e  e r r o r s  by add ing  a n o th e r  g e n e r a t i n g  u n i t ,  by c o n t r a c t i n g  a d d i t i o n a l  

power from a n o th e r  c o n t r o l  a re a  o r  by load  sh ed d in g .

The MC c o n s i s t s  o f  bo th  p r o p o r t i o n a l  and r e s e t  a c t i o n .  A 

c o n v e n t io n a l  r e a l i z a t i o n  o f  the  c o n t r o l l e r  u s e s  f req u en cy , n e t  

in te rc h a n g e  power, a n d /o r  the  ACE s in c e  th e s e  q u a n t i t i e s  a r e  d i r e c t l y
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a v a i l a b l e  in  the  o u tp u t  o f  th e  system .

2 .1 - 2 .  Expanded Usage o f  th e  AGCR

The AGCR c u r r e n t l y  used  w i th in  th e  power in d u s t r y  has  a slow 

re s p o n se  c a p a b i l i t y .  I f  a  c o n t r o l l e r  i s  developed  w i th  a q u ic k  r e ­

sponse  c a p a b i l i t y  w i th o u t  u n n e c e s s a r i l y  moving g e n e r a t io n ,  th en  an 

e f f o r t  to  r e g u l a t e  th e  ACE a t  a l l  time may be f e a s i b l e .  A com ple te  

s t a t e  v a r i a b l e  feedback  c o n t r o l l e r  (SVC), i . e . ,  one c o n s t r u c te d  o f  

a l l  th e  s t a t e  v a r i a b l e s  used  to  d e s c r ib e  th e  c o n t r o l  a r e a ,  i s  a f e a s i b l e  

r e a l i z a t i o n .  S ince  t h i s  c o n t r o l l e r  i s  o n ly  concerned w ith  sm a ll  load  

v a r i a t i o n s ,  l i n e a r  system  te c h n iq u e s  a r e  a p p l i c a b l e .  E x ten s iv e  

m ethodology [ATH] i s  a v a i l a b l e  f o r  l i n e a r  o p t im a l  feedback  c o n t r o l  

d e s ig n  w i th  an  i n t e g r a l  sq u a re  perfo rm ance  c r i t e r i o n .

A lthough  th e  c o n t r o l l e r  i s  developed  w i th  a q u ick  re sp o n se  

c a p a b i l i t y ,  i t  must be a d a p t iv e  in  o rd e r  to  r e t a i n  the  t r a d i t i o n a l  

o p e r a t in g  p o l i c i e s .  The re s p o n se  p r o p e r t i e s  of a SVC a re  a l t e r e d  v i a  

perfo rm ance  index  s e l e c t i o n .  T h e re fo re ,  th e  response  c h a r a c t e r i s t i c s  

o f  th e  SVC m&y be s y s t e m a t i c a l l y  changed by u s in g  EACC and PCDC to  

p ro v id e  in fo rm a t io n  fo r  s e l e c t i n g  the  perform ance  index . F o r  a 

s p e c i f i c  perform ance  in d ex , p a ra m e te r  o p t im iz a t io n  p ro c e d u res  [ATH] 

e x i s t  f o r  d e r iv in g  th e  b e s t  c o n t r o l  p o l i c y .  Th is  i s  p r e f e r a b l e  to  

th e  c l a s s i c a l  one o f  t r i a l  and e r r o r .

Two re q u ire m e n ts  rem a in .  F i r s t ,  th e  a v a i l a b i l i t y  o f  a l l  th e  

s t a t e  v a r i a b l e s  i s  im p l ie d .  T h is  goa l may be a ch iev ed  v ia  some s t a t e  

e s t i m a t i o n  a lg o r i th m .  S econd ly , th e  d e s i r e d  system t r a n s i e n t  p e rfo rm ­

ance  must be t r a n s l a t e d  i n t o  th e  i n t e g r a l  square  perform ance c r i t e r i o n .

As a f i n a l  p o in t  o f  c o n s i d e r a t i o n ,  SVC in c r e a s e s  the  damping
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c o n s ta n t  o f  the  system . S ince  th e  AGC p ro c e s s  i s  concerned  p r im a r i ly  

w i th  sm a ll  load d i s t u r b a n c e s ,  th e  s t a b i l i t y  o f  th e  system  i s  a s c e r t a i n e d  

from th e  c lo se d  loop r o o t s  o f  th e  system . When th e  SVC i s  compared 

w i th  th e  e f f o r t s  o f  a  c o n v e n t io n a l  r e a l i z a t i o n  [CAV, ELI, EL3, EL4, RE4], 

th e  form er i s  seen  to  improve th e  damping c o n s ta n t .

The q u ic k  re s p o n se  c a p a b i l i t y  o f  th e  SVC makes i t  f e a s i b l e  to  

a s s i s t  i n  c o n t r o l l i n g  th e  system  in  th e  p re sen c e  o f  l a r g e  d i s tu r b a n c e s  

such  a s  a  l i n e  t r i p  o r  a f a u l t .  A n a ly s i s  o f  t h i s  problem  in v o lv e s  

th e  s o l u t i o n  o f  a s e t  o f  h ig h ly  n o n l in e a r  e q u a t io n s .  T h e re fo re ,  i t  should  

be emphasized t h a t  t h e  c o n t r o l  scheme i s  n o t  o p t im a l  f o r  the  l a r g e  

d i s tu r b a n c e  problem. A lthough  th e  t r a d i t i o n a l  AGCR w i l l  a s s i s t  in  

t h i s  c a p a c i ty  [SCI, SC2], th e  SVC r e a l i z a t i o n  should  perform  much 

b e t t e r  because  o f  i t s  s u p e r io r  speed  q u a l i t i e s .

2 . 2 .  AGC ModelB

Since  th e  AGC c o n c e p t  i s  based  on f u l f i l l i n g  th e  o b l i g a t i o n  

o f  th e  c o n t r o l  a r e a ,  a  c a r e f u l  d e f i n i t i o n  and r e p r e s e n t a t i o n  o f  an 

a r e a  and i t s  e lem en ts  i s  n e ed ed .  In  a  s t r i c t  s e n s e ,  a load d i s t u r ­

bance cau se s  th e  v a r io u s  m achines o f  th e  c o n t r o l  a r e a  to  o p e ra te  a t  

d i f f e r e n t  speeds ; however, g roups  o f  m achines which a r e  s t i f f l y  

connec ted  e l e c t r i c a l l y  do swing n e a r  c o h eren cy  in  th e  p re sen c e  o f  

sm a l l  d i s tu r b a n c e s .  A c o l l e c t i o n  o f  s t i f f l y  co n n ec ted  m achines w i th  

a common c o n t r o l  p o l i c y  d e f in e s  a c o n t r o l  a r e a ,  th e  fundam enta l 

s u b - p o r t io n  o f  an in te r c o n n e c te d  system .

A lthough  t h i s  d i s s e r t a t i o n  has  d w e lled  on c o n t r o l  o f  r e a l  

power and frequency  (PF) o f  th e  c o n t r o l  a r e a ,  i t  i s  e v id e n t  t h a t  r e ­

a c t i v e  power and v o l t a g e  (QV) c o n t r o l  must a l s o  be a c h ie v e d .  For
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sm a l l  d i s t u r b a n c e s ,  s e v e r a l  works [CN1, CN2, BEN, ELI] have demon­

s t r a t e d  t h a t  PF and QV c o n t r o l s  o p e r a te  indep en d en t o f  one a n o th e r .

PF c o n t r o l  i s  u s u a l l y  ach ie v e d  th rough  s i g n a l s  in tro d u ced  in to  the  

g o v e rn o r  w hereas  QV c o n t r o l  i s  perform ed .via ^the e x c i t e r .  O ther s t u d i e s  

[HAN, SC3] have shown t h a t  th e  QV c o n t r o l  can  be e f f e c t i v e l y  used  to  

a s s i s t  th e  PF ch an n e l .  T h is  i s  the  o n ly  a s p e c t  o f  the  QV c o n t r o l  g iv en  

any  a t t e n t i o n  in  t h i s  s tu d y .

The dynamics o f  th e  PF chan n e l a r e  o f  p r i n c i p a l  concern  in  t h i s  

s tu d y .  The fo u r  b a s ic  e lem en ts  o f  a c o n t r o l  a re a  a r e  th e  dynamics 

o f  th e  r o t a t i n g  m ach inery , ( i n e r t i a  and dam ping), th e  g o v e rn o r ,  th e  

prim e mover, and th e  t r a n s m is s io n  ne tw ork  f o r  in te rc h an g e  power.

F ig u r e  3 i l l u s t r a t e s  the  in t e r c o n n e c t io n  o f  th e se  e lem en ts .  The models 

ch o sen  f o r  th e  v a r io u s  e lem en ts  a r e  c o n s i s t e n t  w i th  the  o b j e c t i v e s  o f  

t h i s  s tu d y .

2 . 2 - 1 .  R o ta t in g  Machinery Dynamics

The dynamics o f  th e  r o t a t i n g  m ach inery  a re  c h a r a c te r i z e d  by 

th e  power e q u i l ib r iu m  e q u a t io n

dWk ,

APi "  " d t  +  D*AF* (2A)

w here  AP4 i s  the  n e t  in c re m e n ta l  a r e a  power, Wkl i s  the  t o t a l  k i n e t i c

e n e rg y  o f  th e  a r e a ,  and Dj i s  th e  e f f e c t i v e  frequency  s e n s i t i v e  damp­

in g .  O b s te n s lb ly ,  the  n e t  a r e a  power d e v i a t i o n  i s  absorbed  v ia  a

tim e r a t e  o f  change of th e  t o t a l  k i n e t i c  energy  o f  the  r o t a t i n g

m ach inery  and by frequency  s e n s i t i v e  e le m e n ts .

The n e t  in c re m e n ta l  a r e a  power c o n s i s t s  o f  th r e e  p a r t s :

1) AP8i » fche In c re m e n ta l  power o u tp u t  from th e  p rim e- mover, 2) APD1 ,
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t h e  load d e v i a t i o n ,  and 3) APt . # > th e  ne t power in te r c h a n g e  d e v i a t i o n ,
1

where

m  A p g i  - A P 0 1  '  A P t l #  •
i

I t  has been shown [EL2] t h a t  th e  tim e r a t e  o f  change o f  th e  t o t a l  

k i n e t i c  energy  can  be r e l a t e d  t o  t h e  frequency  d e v i a t i o n ,  AFj • S ince  

th e  t o t a l  k i n e t i c  energy  Wkl i s  p r o p o r t io n a l  to  th e  s q u a re  o f  t h e  f r e ­

quency, th e n  f o r  some nom inal f r e q u e n c y ,  F0  the  t o t a l  k i n e t i c  energy  i s  

W0 1 . T h e re fo re ,

F -J3

n ' . r  (2 - 2)O

Assume a f i r s t  o rd e r  e x p r e s s io n  f o r  the  v a r i a t i o n  in  f req u en cy

Ft -  F0  +  AFj. (2 .3 )

Upon s u b s t i t u t i o n  o f  e q u a t io n  ( 2 .3 )  i n to  e q u a t io n  (2 .2 )  

r F0  + AFn 3  B§ +  2AFjF0  +  AF?

“ L F J ----------------- i -------------  Woi * ( 2 ‘4)u r o -* Fr o

For AFt s m a l l ,  e q u a t io n  ( 2 .4 )  becomes

r  ^AFj-,
~  + f  J  Woi*

T h e re fo re ,

dWkl  2 Wo l dAF, #

d t  F0  d t

S ince  p e r - u n i t  q u a n t i t i e s  a r e  g e n e r a l ly  u se d ,  AP* and Dt a r e  

e x p re ssed  in  p e r - u n i t  o f  th e  t o t a l  r a t e d  power o f  th e  a r e a ,  Pr l . The
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t o t a l  k i n e t i c  en e rg y  o f  th e  a r e a  i s  c o n v e n ie n t ly  r e l a t e d  to  th e  

p e r - u n i t  i n e r t i a  c o n s t a n t  Hj a s

Now

2H,Pr l  dAFt dAFt
  as ......... ■ ■ ■■ a M. ■ ■"

d t  F0  d t  n d t

where Mj i s  th e  " e f f e c t i v e "  p e r - u n i t  i n e r t i a  c o n s t a n t .

The e f f e c t i v e  a r e a  damping c o n s i s t s  o f  two p a r t s :  1) f req u e n cy

s e n s i t i v e  load  to rq u e s  and 2 ) f req u en cy  s e n s i t i v e  tu r b i n e  to r q u e s .  

Load to rq u e s  in t r o d u c e  p o s i t i v e  damping i n to  th e  system  w h i le  tu r b i n e  

to rq u e s  c r e a t e  n e g a t i v e  damping. The d e te r m in a t io n  o f  th e  v a r io u s  

components o f  t h e s e  to rq u e s  i s  e x c e e d in g ly  complex and th u s  i t  i s  n o t  

in c luded  h e re  [CBA],

Summarizing e q u a t io n  ( 2 .1 )  w i th  in c re m e n ta l  v a r i a b l e s  and in  

p e r - u n i t

dAF.
“l ~ + Dl “ i = “ si '  “ °l ’ “ t i . ,  

or a s  a t r a n s f e r  f u n c t i o n

AF*(b) ^ x 

A P?(s) "  s + Dj '

2 .2 - 2 .  Governor Dynamics w i th  Droop

F u n d am en ta lly ,  th e  g o v e rn o r  changes th e  prim e mover in p u t  

fo l lo w in g  a change in  th e  f req u en cy  o r  speed o f  th e  g e n e r a to r .  There
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a r e  b a s i c a l l y  two ty p e s ,  e i t h e r  iso ch ro n o u s  o r  w i th  speed d roop . An 

iso ch ro n o u s  u n i t  m a in ta in s  a c o n s ta n t  speed  a t  a l l  l e v e l s  o f  power 

produced by th e  prime mover w i th in  i t s  maximum c a p a c i ty .  A governo r  

w i th  a speed d ro o p in g  c h a r a c t e r i s t i c  a l lo w s  a  f req u en cy  in c r e a s e  and 

d e c re a se  ab o u t  some nom inal v a lu e  f o r  some s p e c i f i e d  l e v e l  o f  o u tp u t  

power. The l a t t e r  form i s  th e  most w id e ly  used  ty p e .

In  F ig u re  3 ,  an  in c re m e n ta l  model o f  th e  governor i s  shown. 

S e v e ra l  works [EL4, HAM] have an a ly z e d  th e  dynam ical p r o p e r t i e s  o f  

th e  governor and th ey  have shown t h a t  a s i n g l e  tim e la g  i s  an  ad eq u a te  

c h a r a c t e r i z a t i o n . .

The governo r  i s  c o n s t a n t l y  a c t i n g  to  red u ce  th e  f req u en cy  

d e v i a t i o n  v i a  i t s  droop c h a r a c t e r i s t i c .  The amount o f  d roop  i s  d e t e r ­

mined by th e  r e g u l a t i o n ,

where AFg and APS# a r e  th e  s t a t i c  f r eq u e n cy  d e v i a t i o n  and s t a t i c  

in c re m e n ta l  g e n e ra te d  power o f  the  a r e a  w i th o u t  th e  p re sen c e  o f  supple*  

m entary  c o n t r o l .  The supp lem en ta ry  c o n t r o l  APcl fo r  th e  a re a  i s  i n t r o ­

duced v ia  the  g o v e rn o r .

AFS
R =

F i n a l l y ,  an  in c re m e n ta l  e q u a t io n  f o r  t h e  go v e rn o r  i s

dAP v i 
Tvi d t ”  +  A ? V 1

m AF0 j ” £ AFj (2 , 6 )

o r  in  t r a n s f e r  f u n c t io n  form:

ie
APVi ( s )  i
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where

AP* ( s )  -  A P ^ C s )  -  £  A F ^ s ) .

2 .2 - 3 .  Prime Mover

The prim e mover i s  a t u r b i n e - g e n e r a t o r  w hich p ro v id e s  th e  gen­

e r a t e d  e l e c t r i c a l  power f o r  th e  c o n t r o l  a r e a .  The tu r b i n e  c o n v e r ts  th e  

a v a i l a b l e  energy  su p p ly  to  m echan ica l power to  d r iv e  th e  g e n e r a to r .

There  a r e  s e v e r a l  d i f f e r e n t  k in d s  o f  t u r b i n e s ,  b u t  each  i s  c o n t r o l l e d  

by a go v e rn o r  t h a t  m a n ip u la te s  a v a lv e  o r  g a te .

The e f f e c t  o f  th e  prime mover may be c h a r a c t e r i z e d  a s  a change 

in  v a lv e  p o s i t i o n  w hich cau se s  a  change in  g e n e ra te d  power. Under th e  

a ssu m p tio n  t h a t  QV c o n t r o l  i s  much f a s t e r  th a n  th e  PF c o n t r o l ,  the  

v o l t a g e  o f  th e  g e n e r a to r  rem ains  c o n s t a n t  d u r in g  PF ch an n e l  t r a n s i e n t s  

u n l e s s  th e  v o l t a g e  i s  d e l i b e r a t e l y  o f f s e t .  Hence, th e  g e n e r a to r  i s  

r e p r e s e n te d  a s  a g a in ,  u n i ty  in  v a lu e .  A s i m p l i f i e d  t r a n s f e r  f u n c t io n  

[PAR] f o r a  n o n re h e a t  tu r b i n e  i s  a  s i n g l e  tim e l a g .

T h e re fo re ,  th e  prime mover i s  r e p r e s e n te d  by a t r a n s f e r  fu n c t io n  

r e l a t i n g  th e  in c re m e n ta l  v a lv e  p o s i t i o n  APVi to  in c re m e n ta l  gen­

e r a t e d  power

APvi ( 8 ) 1  + 8Tgl

o r  in  e q u a t io n  form

Tg l + " APV1* (2'7>
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2 .2 - 4 .  Net In te rc h a n g e  Power

The n e t  in te rc h a n g e  power f o r  th e  i t h  a r e a  i s  assumed to  be 

d e s c r ib e d  by the  sy n ch ro n iz in g  power e q u a t io n

w here |E 1 | i s  th e  e f f e c t i v e  v o l t a g e  m agnitude  o f  th e  i t h  a r e a ,

|E j | i s  th e  e f f e c t i v e  v o l t a g e  m agnitude o f  th e  j t h  a r e a ,

6 t i s  th e  i n t e g r a l  o f  th e  f requency  o f  th e  i t h  a r e a ,  

i s  th e  i n t e g r a l  o f  th e  f requency  o f  th e  j t h  a r e a ,

Xj j i s  th e  r e a c ta n c e  o f th e  l i n e  c o n n e c t in g  t h e  i t h  a r e a  to  

th e  j t h  a r e a .

In  t h i s  s tu d y  an  in c re m e n ta l  n e t  in t e r c h a n g e  power e q u a t io n  i s  

need ed . T h e re fo re ,

s i n  ( 6 t -  6 j )

+  j L  a <6 i -  6 3 ) A ( 5 * "

where

s i n  ( 6 t - 6 3 ) ,
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a f t , . ,  2 ” 1E, I
^ jE j I  x t j l

Nov e v a lu a t e  th e  p a r t i a l  d e r i v a t i v e s  f o r  some nom inal o p e r a t in g  p o in t  

and d e f in e  the  f o l l o v in g

E q u a tio n  ( 2 .9 )  i s  a g e n e r a l  e x p r e s s io n  f o r  th e  in c re m e n ta l  n e t  

in te r c h a n g e  power caused  by v o l t a g e  and a n g u la r  e f f e c t s .  S ince  the  

a n g le  i s  th e  i n t e g r a l  o f  th e  freq u en cy  d e v i a t i o n ,  th e  a n g u la r  p a r t  o f

e q u a t io n  ( 2 .9 )  i s  c r e a t e d  by th e  PF ch an n e l .  The v o l t a g e  term s in

e q u a t io n  ( 2 .9 )  a r e  caused  by th e  QV c h a n n e l ,  and th u s  i l l u s t r a t e s  how

QV c o n t r o l  can a f f e c t  th e  PF ch an n e l .

S ince  th e  QV t r a n s i e n t s  a r e  much f a s t e r  th a n  th o s e  o f  the  PF 

c h a n n e l ,  no v o l t a g e  change i s  g e n e r a l ly  assumed in  PF a n a l y s i s .

(2 .8 )

The in c re m e n ta l  n e t  in te r c h a n g e  e q u a t io n  becomes

i f t
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T h e re fo re ,  e q u a t io n  (2 .9 )  s i m p l i f i e s  to

APti (2 . 10)



CHA.PTER 3

COMPONENTS OF THE ANALYSIS

3 .1 .  O p t im iz a t io n  M athem atics

T echniques  [ATH] f o r  th e  d e s ig n  o f  an  o p t im a l  l i n e a r  feedback  

r e g u l a t o r  a r e  q u i t e  w e l l  known. These methods a r e  based  on a l i n e a r  

s e t  o f  s t a t e  e q u a t io n s  and a  q u a d r a t i c  p e rfo rm ance  f u n c t io n a l  a s  i n p u t s  

t o  a  R i c a t t i  d i f f e r e n t i a l  e q u a t io n  which p ro v id e s  th e  o p t im a l  p a ra m e te rs  

f o r  th e  feedback  c o n t r o l .  I m p l i c i t  to  th e  r e a l i z a t i o n  i s  th e  a v a i l ­

a b i l i t y  o f  a l l  s t a t e  v a r i a b l e s .

The w id esp read  u sage  o f  th e s e  o p t im iz a t io n  te c h n iq u e s  has  been  

dev o ted  to  th e  d e s ig n  o f  p r o p o r t i o n a l  c o n t r o l l e r s .  F re q u e n t ly ,  a re g u ­

l a t o r  w i th  i n t e g r a l  a c t i o n  i s  so u g h t in  o r d e r  to  a c h ie v e  d e s i r a b l e  s te a d y  

s t a t e  perfo rm ance  p r o p e r t i e s  in  th e  p re s e n c e  o f  v a r io u s  k in d s  o f  d i s t u r ­

b a n ce s .  The a d d i t i o n  o f  i n t e g r a t i o n  may d e s t r o y  such p r o p e r t i e s  a s  

c o n t r o l l a b i l i t y  and o b s e r v a b i l i t y  w hich may be d e t r im e n ta l  to  th e  o p t i ­

m iz a t io n  r o u t i n e s .  Hence, a  c a r e f u l  ex am in a t io n  o f  th e  p ro ced u res  i s  

n e c e s s a r y .

3 .1 - 1 .  P r o p o r t i o n a l  O ptim al C o n tro l

The b a s i c  l i n e a r  tim e  i n v a r i a n t  r e g u l a t o r  problem  i s  c h a r a c t e r i z e d  

by th e  e q u a t io n s

x ( t )  -  A x ( t )  + B u (t)  

y ( t )  -  C x (t)
(3 .1 )
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where x ( t )  i s  an n - s t a t e  v e c t o r ,

A i s  an nxn-system  m a t r ix ,

u ( t )  i s  an  m -c o n tro l  v e c t o r ,

B i s  an n x m -co n tro l  m a t r ix ,  

y ( t )  i s  an  1 -o u tp u t  v e c t o r ,

C i s  an lx n -o u tp u t  m a t r ix .

An i n f i n i t e  tim e q u a d r a t i c  c o s t  f u n c t i o n a l  i s  d e f in e d  a s

CO
J  "  2 J  [ xT +  uT ( t ) Ru( t ) ]  d t

o

where Q i s  a p o s i t i v e  s e m i d e f i n i t e  n x n -m a tr ix  and R i s  a p o s i t i v e  d e ­

f i n i t e  mxm-matrix. Given th e  h y p o th e s i s  o f  c o n t r o l l a b i l i t y ,  i t  i s  w e l l

known [KA2] t h a t  a un ique  o p t im a l  c o n t r o l  e x i s t s  a s

u * ( t )  -  -R- 1 BTK x (t)

where K i s  an  u n iq u e  symmetric p o s i t i v e  d e f i n i t e  n x n -m a tr ix  s o l u t i o n  to  

the  m a t r ix  a l g e b r a i c  R i c a t t i  e q u a t io n

KA +  At K - KBR- 1 Bt K +  Q -  0 .

In  g e n e r a l ,  th e  c o n t r o l  w i l l  c o n t a i n  a l l  o f  th e  s t a t e  v a r i a b l e s .

3 .1 - 2 .  P r o p o r t io n a l  P lu s  I n t e g r a l  O ptim al C o n tro l

In  c l a s s i c a l  c o n t r o l  t h e o r y ,  r e s e t  o r  i n t e g r a l  c o n t r o l  i s  used  

to  e l im in a t e  s te a d y  s t a t e  e r r o r s  i n  th e  o u tp u t  o f  a  system . The s ta n d a rd  

o p t im a l  c o n t r o l  problem  p r o v id e s  a  scheme w i th  p r o p o r t i o n a l  a c t i o n  s in c e  

o n ly  i n i t i a l  c o n d i t io n  d i s tu r b a n c e s  a r e  assum ed, th u s  i t  c an n o t accommo­

d a te  s u s ta in e d  e x t e r n a l  d i s tu r b a n c e s  w i th  z e ro  s te a d y  s t a t e  e r r o r  in  th e  

o u tp u t .  However, a  new problem  fo r m u la t io n  can  p ro v id e  r e s e t  c a p a b i l i t y
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by augm enting  th e  o r i g i n a l  sy stem  e q u a t io n s  w ith  an  a p p r o p r i a t e  s e t  

o f  i n t e g r a l  e x p r e s s io n s .

The S ta b le  c lo s e d  loop system  o f  e q u a t io n  ( 3 . 1 ) ,

x ( t )  = D x(t)  + d

where D i s  a c o n s ta n t  n x n -m a tr ix  and i s  i n v e r t i b l e  and d i s  a c o n s t a n t  

n - v e c t o r ,  w i l l  have a s te a d y  s t a t e  v a lu e  o f

x .s  "  _ D rld ‘

G e n e ra l ly ,  xBB i s  n onzero  p ro v id e d  d i s  nonzero .

I f  x ( t )  i s  augmented w i th  a  s e t  o f  i n t e g r a l  e q u a t i o n s ,  z ( t )  o f  

o r d e r  r ,  th e n  a  new system  i s  fo rm u la ted  a s

x ( t )
S3 “ l  j  o ' ~x(t)'

4 -

d"

z ( t ) Da ! 0_ z ( t )
T

0

where Dx and D2  a r e  n x n - m a t r i c e s ,  r e s p e c t i v e l y  o r  more s u c c i n c t l y  a s

x ( t )  = D x(t)  + d. 

The s te a d y  s t a t e  e r r o r  f o r  th e  new system  i s

A-l  A
X ,8 -  -D d.

£ - 1Now, i f  D i s  e x p re s s e d  in  p a r t io n e d  form a s

(3 .2 )

Z u  I z ia

-a i  j ^aa

w here Zl a , Zl a , Z2 l , and Z2 2  a r e  nxn , n x r ,  rx n ,  and r x r  m a t r i c e s ,  

r e s p e c t i v e l y ;  th e n  i t  i s  e v id e n t  t h a t
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( 3 .3 )

A s u f f i c i e n t  c o n d i t i o n  f o r  z e ro  e lem en ts  in  x Si i s  t h a t  c o r re sp o n d in g  

rows o f  ZX1 a r e  z e r o .  The s u f f i c i e n t  c o n d i t io n  on Z11L h as  been  shown 

[P01], b u t  i t  i s  r e p e a te d  in  p a r t  to  d em o n s tra te  an  u n d e rs ta n d in g  o f  

th e  use  o f  i n t e g r a l  a c t i o n  in  o p t im a l  feedback  c o n t r o l  d e s ig n .

F i r s t ,  a s e t  o f  i n t e g r a l  e q u a t io n s  o f  o rd e r  r  £ m [P02] d e f in e d  

on th e  o r i g i n a l  s e t  o f  v a r i a b l e s ,  e q u a t io n  ( 3 .1 ) ,

z ( t )  = T x ( t ) (3 .4 )

where T i s  an  r x n - m a t r ix  w i th  i t s  rows th e  same a s  th e  f i r s t  r  rows o f  

a nxn i d e n t i t y  m a t r ix .  C l e a r l y ,  th e  e lem en ts  o f  x ( t )  can  be a r ra n g ed  

to  f u l f i l l  t h i s  r e q u i re m e n t .

Now, e q u a t io n  ( 3 .1 )  i s  augmented w i th  e q u a t io n  ( 3 .4 )  y i e l d i n g

x ( t )
SB

A ' 0“ x ( t )
+

y

_z(t)_ T 0 _z(t )_ 0 _

y ( t )  -  [c ! 0]
x ( t )

z ( t )

u ( t )

(3 .5 )

o r  more c o n c i s e ly

x ( t )  ■ A x ( t )  +  B u(t)  

y ( t )  -  C x ( t ) ,
(3 .6 )

where x ( t )  i s  an  augmented ( n - f r ) - s t a t e  v e c t o r ,

A i s  an augmented ( n + r )x (n + r ) - s y s te m  m a t r ix ,  

u ( t )  i s  th e  o r i g i n a l  m -c o n t ro l  v e c t o r ,
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A

B i s  an augmented (n + r )x m -c o n tro l  m a tr ix ,  

y ( t )  i s  th e  o r i g i n a l  1 - o u tp u t  v e c t o r ,
A

C i s  an augmented lx ( n + r ) - o u t p u t  m a t r ix .

As b e f o r e ,  a c o n t r o l  f o r  e q u a t io n  (3 .5 )  i s  d e s i r e d  w hich w i l l  

m in im ize  th e  perfo rm ance  f u n c t i o n a l

GO

** a  2 J  + « T( t ) R u ( t ) ]  d t
o

w here Q i s  a p o s i t i v e  s e m i d e f i n i t e  c o n s t a n t  (n+ r)x (n -H r)-m atrix  d e f in e d  

a s

w i th  P a s  a p o s i t i v e  d e f i n i t e  r x r - m a t r i x .  The c o n t r o l  t h a t  m in im izes  

5  i s

u * ( t )  = -R- 1  BT Kx ( t )  (3 .8 )

A

w here K i s  th e  symmetric p o s i t i v e  d e f i n i t e  ( n + r )x (n + r ) -m a t r ix  s o l u t i o n  

to  th e  m a t r ix  R i c a t t i  a l g e b r a i c  e q u a t io n

A A A A A A _ A _  A A _

ATK +  KA - KBR-iBTR + Q » 0 ( 3 .9 )

p ro v id e d  th e  p a i r  (A,S) i s  c o n t r o l l a b l e  [KA2].

C a re fu l  c o n s i d e r a t io n  o f  th e  c o n t r o l l a b i l i t y  c o n d i t i o n  i s  im­

p e r a t i v e  because  th e  a d d i t i o n  o f  i n t e g r a t i o n  t o  th e  c o n t r o l l a b l e  p a i r  

(A,B) o f  e q u a t io n  (3 .1 )  may cause  th e  augmented p a i r  (A,B) o f  e q u a t io n

( 3 .6 )  to  be u n c o n t r o l l a b l e  [P02]. However, i t  has been  shown [P03] 

t h a t  p ro v id ed  th e  p a i r  (A,B) i s  c o n t r o l l a b l e ,  th en  th e  p a i r  (A,B) i s  

c o n t r o l l a b l e  i f :
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1) For a n o n s in g u la r  A the  ra n k  o f  TA“ 1B i s  r

2) For a s i n g u l a r  A th e  ra n k  o f  T(A + BF) 1 i s  r  where F i s  

any m a t r ix  w hich  makes (A + BF) n o n s in g u la r .

The r e l a t i o n s h i p  betw een th e  c o n t r o l ,  e q u a t io n  ( 3 . 8 ) ,  and the  

p a r t i t i o n e d  system  o f  e q u a t io n  (3 .5 )  i s  o b ta in e d  by p a r t i t i o n i n g

K
Ki Kj,
A •  A

4  Ks
(3 .1 0 )

where K1} Kg, and Kg a r e  o f  th e  d im ensions  nxn, n x r ,  and r x r  r e s p e c t i v e ­

ly .  Then e q u a t io n s  ( 3 . 5 ) ,  ( 3 . 7 ) ,  ( 3 . 8 ) ,  and (3 .1 0 )  a r e  s u b s t i t u t e d  

i n to  e q u a t io n  (3 .9 )  p ro d u c in g  t h r e e  s e p a r a t e  e q u a t io n s

(ATki +  TTk j )  + (KXA + KgT) - K1 BR"1 Bt K1 + Q ■ 0 

(ATkj3 +  TTkg) -  k 1 BR“ 1 BTka = 0 

Klj BR- 1 BT Kg - P -  0.

(3 .1 1 )

Now, i f  e q u a t io n  (3 .1 0 )  and e x p r e s s io n s  f o r  B and x ( t )  a r e  sub­

s t i t u t e d  i n t o  e q u a t io n  ( 3 . 8 ) ,  then

u * ( t )  = -RT1 Bt [Kxx ( t )  + KgzCt) ]. (3 .12 )

A f te r  s u b s t i t u t i n g  e q u a t io n  (3 .1 2 )  i n t o  e q u a t io n  ( 3 .5 ) ,  th e  c lo sed  loop  

system  m a t r ix  i s  e x p re s s e d  a s

A -  BR- 1 BTKi BR-l BTKa 

T 0

In  o rd e r  to  fo r c e  th e  a p p r o p r i a t e  e lem en ts  o f  xa , i n  e q u a t io n  (3 .3 )  to

z e r o ,  th e n  from
A A mm 1

D D = I
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i t  i s  found t h a t

T Zn  = 0 .  (3 .1 3 )

S ince  th e  rows o f  T a r e  th e  same as  th e  f i r s t  r  rows o f  a nxn u n i t  

m a t r ix ,  th e n  th e  f i r s t  r  rows o f  ZX1 must be z e r o .  Hence, r e s e t  a c t i o n  

i s  a c h ie v e d .

Sometimes, i t  i s  d e s i r a b l e  to  r e g u l a t e  th e  s te a d y  s t a t e  o u tp u t  to  

z e ro  r a t h e r  th a n  in d iv id u a l  s t a t e s ;  i . e . ,  from e q u a t io n s  (3 .1 )  and

(3 .3 )

yIB = -  CZxid 

where Z n  i s  d im ensioned  n x l  f o r  t h i s  c a se .  Choose

T = C

th u s  from e q u a t io n  (3 .1 3 )

CZn = 0

hence

y8B = o.

From t h i s  a n a l y s i s ,  f o u r  o b s e r v a t io n s  a r e  made. F i r s t ,  th e  

above fo r m u la t io n  w i l l  g iv e  an o p tim a l c o n t r o l  scheme w i th  d e s i r a b l e  

s te a d y  s t a t e  c h a r a c t e r i s t i c s .  Secondly , th e  scheme i s  an  o p t im a l  

l i n e a r  feedback  c o n t r o l  in  th e  absence  o f  e x t e r n a l  d i s t u r b a n c e s .

T h i r d ly ,  th e  i n t e g r a l  s t a t e s  w i l l  no t ap p ea r  in  th e  c o n t r o l  scheme 

u n le s s  th e s e  s t a t e s  a r e  w eighted  in  th e  c o s t  f u n c t i o n a l ;  i . e . ,  P in  

e q u a t io n  (3 .1 1 )  must be p o s i t i v e  d e f i n i t e .  F i n a l l y ,  i t  i s  seen  in  

e q u a t io n  (3 .1 1 )  t h a t  th e  i n t e g r a l  g a in s  a r e  d e te rm in ed  in d e p e n d e n t ly  

o f  th e  p r o p o r t i o n a l  ones b u t  th e  converse  i s  n o t  t r u e .



31

3 .2  . S t a t e  V a r ia b le  Model

In  o rd e r  to  a p p ly  th e  c o n ce p ts  o f  o p t im a l  c o n t r o l  th e o ry  to  th e

AGO problem , th e  p r o p e r t i e s  b o th  p h y s ic a l  and o p e r a t i o n a l  must be

t r a n s l a t e d  i n t o  an a p p r o p r i a t e  s t a t e  v a r i a b l e  r e p r e s e n t a t i o n .

3 .2 - 1 .  S t a t e  V a r ia b le  Model— PF Dynamics

The p h y s i c a l  c h a r a c t e r i s t i c s  assum ing t h a t  th e  PF and QV 

e f f e c t s  a re  s e p a r a b le  a r e  r e c a l l e d  from  e q u a t io n s  ( 2 . 5 ) ,  ( 2 . 6 ) ,  ( 2 .7 ) ,

and ( 2 . 1 0 ) and r e s t a t e d  a s

The b a s i c  o p e r a t i n g  p o l i c y  o f  in t e r c o n n e c te d  system s [C01], i . e . ,  

a z e ro  s te a d y  s t a t e  ACE i n  th e  p re se n c e  o f  a  s t e p  in c r e a s e  i n  load  de­

mand, must be t r a n s l a t e d  i n t o  a m a th e m a tica l  r e l a t i o n .  T h is  s te a d y  

s t a t e  c h a r a c t e r i s t i c  i s  a c h ie v e d  by p ro v id in g  th e  c o n t r o l l e r  w i th  the  

i n t e g r a l  o f  th e  ACE ( d e f in e d  IACE). Hence a new model e q u a t io n  i s

S ev e ra l  e a r l i e r  s t u d i e s  [CAV, ELI, EL3] have f a i l e d  to  r e f l e c t  t h i s  

p ro p e r ty .

Now, e q u a t io n s  (3 .1 4 )  -  (3 .1 8 )  a r e  c o n v e r ted  i n to  a s t a t e  v a r i ­

a b le  r e p r e s e n t a t i o n  a s  a  system  o f  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t io n s .  

C le a r ly ,  AFt , APgl , and APVl a r e  fundam enta l c h o ic e s  f o r  s t a t e  v a r i a b l e s .

Mi “i f -  + M F t  = APgl -  AP0 1  -  APt l a (3 .1 4 )

(3 .1 5 )

Tr 1 + APgl = APV1 (3 .1 6 )
d t

(3 .1 7 )

IACE = B^AFj +  APt l e | (3 .1 8 )
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In  t h i s  s tu d y  and o t h e r s  [ E l l ,  E14, RE1, RE3], a t  l e a s t  one t i e  l i n e  

f lo w  APij em anating  from th e  a r e a  i s  d e f in e d  a s  a s t a t e  v a r i a b l e  r a t h e r  

th a n  th e  a n g le s  as  s t a t e  v a r i a b l e s  [E12, E13] o r  c h a r a c t e r i z i n g  APjj as  

a d i s tu r b a n c e  i n p u t .  The n e t  in te r c h a n g e  power i s  th e n  c o n s t r u c te d  

from th e  in d iv id u a l  t i e  l i n e  f low  s t a t e  v a r i a b l e s .  F i n a l l y ,  th e  IACEi 

i s  chosen  a s  th e  l a s t  v a r i a b l e  f o r  th e  d e s c r i p t i o n  o f  th e  i t h  a r e a .

The fo l lo w in g  n o t a t i o n  i s  ad o p ted  to  d e s c r ib e  th e  i t h  a r e a :

> h*
1

”xX~
X2 APC i =

APVl *3O,<1 * *4 t> II

IACE! _x5_ l
T h e re fo re  th e  m a t r ix  e q u a t io n  o f  an n - a r e a  in te r c o n n e c te d  system  i s

xi

*3

•

0  I 
I

0  I

f - 'l vi i

. 2 „ i

0  I
____ I

D 1 n 1
0  ^

Mi Mi
u

Mi 0  1

0
1

"  V
i

T8 1
0

1

0  1
1

1

TViRi
0 - _ I _

Tvi
0 0  1 

1

Txa
•

0 0

•

0

•

"Tia i

•
•

Bi 0

•
•

0

•
•

1

•
•_ •

•
•
•

•
•

X 1

*3

u, 1 I 
Ma '

o ;
____i

V,
(3 .1 9 )
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The o u tp u t  i s  d e f in e d  in  two d i f f e r e n t  ways. F i r s t ,  an o u tp u t  

t h a t  c o n s i s t s  o f  th e  m easu rab le  v a r i a b l e s ,  i . e . ,  th e  f req u en cy  and 

in te r c h a n g e  power d e v i a t i o n s ,  i s  c o n s id e re d .  Hence,

yB =

y»i 1 0  0  0  1 . . .t
y»2

# =

•• 
• 

•l-l 
1 1 1

O
i . •

O 
l 1•1

o
I

•••
• • • • • •

H

A second o u tp u t  c o n s i s t s  o f  th o s e  q u a n t i t i e s  t h a t  a r e  to  be r e g u l a t e d ,  

i . e . ,  th e  ACEs. T h e re fo re

y0
y0i o i  !

M

A com ple te  s e t  o f  e q u a t io n s  in  s ta n d a r d  form have been p re s e n te d  

f o r  a  c o n t r o l  a r e a  w i th  th e  p h y s ic a l  v a r i a b l e s  s e g r e g a te d  from th e  i n ­

t e g r a l  o n e s .  I t  i s  s i g n i f i c a n t  to  n o te  t h a t  th e  p h y s i c a l  v a r i a b l e s  end 

on number 4 n - l .  The re a so n  i s  t h a t  o n ly  n -1  t i e  l i n e  power f low  s t a t e  

v a r i a b l e s  a r e  needed to  c h a r a c t e r i z e  an  n - a r e a  in te r c o n n e c te d  system . 

Such c a s e s  a s  in te r c o n n e c te d  a r e a s  w i th  d i f f e r e n t  r a t e d  powers and mul­

t i p l e  in t e r c o n n e c t io n s  between a r e a s  a r e  c o n s id e re d  i n  d e t a i l  a s  needed.

3 .2 - 2 .  S t a t e  V a r ia b le  Model — QV Dynamics

G e n e ra l ly ,  i t  has been assumed t h a t  th e  QV c o n t r o l  o p e r a te s  i n ­

d e p e n d e n tly  o f  th e  PF c o n t r o l .  In  e q u a t io n  ( 2 . 9 ) ,  i t  i s  shown t h a t  

v o l t a g e  v a r i a t i o n  can e f f e c t  th e  n e t  in te r c h a n g e  power d e v ia t i o n ,  hence 

th e  QV c o n t r o l  i n f lu e n c e s  the  PF dynam ics. T h is  i s  im p o r ta n t  because  

s e v e r a l  works [HAN, SC3] have shown t h a t  th e  v o l t a g e  v a r i a t i o n  i s  e f ­

f e c t i v e  in  im proving  th e  system  damping. In  o r d e r  to  i n c o r p o r a t e  th e s e  

e f f e c t s  i n t o  th e  s t a t e  model, a s l i g h t  r e f o r m u la t i o n  i s  needed .
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V o lta g e  v a r i a t i o n ,  A|Ej | ,  a f f e c t s  both  the ' in te rc h a n g e  power a s  

s e e n  from e q u a t io n  (2 .9 )  and th e  e f f e c t i v e  load  in  each a r e a  [COL] by 

an  amount (ap„i /B |E t | > a JEj I .  The v o l t a g e  v a r i a t i o n  which i s  produoed 

by th e  e x c i t e r  in  e f f e c t i v e  z e ro  tim e  i s  one o f  the  c o n t r o l  in p u ts  to  

th e  PF c h a n n e l .  T h e re fo re  th e  r e f o r m u la t io n  i s  r e s t r i c t e d  to  chang ing  

th e  B m a t r ix ,  th e  number o f  c o n t r o l s ,  th e  R m a t r ix  o f  the  perfo rm ance  

in d e x ,  and th e  d e f i n i t i o n  o f  th e  ACE.

The o n ly  e q u a t io n  a f f e c t e d  by th e  v o l ta g e  v a r i a t i o n  i s  t h a t  o f
f

AFj s in c e  b o th  th e  n e t  in te r c h a n g e  power and th e  load  e n t e r  t h i s  equa- 

t i o n .  I t  sh o u ld  be no ted  t h a t  th e  IACEj e q u a t io n  i s  no t a f f e c t e d  be­

c au se  o n ly  t h a t  p a r t  o f  th e  n e t  in te r c h a n g e  power produced by th e  a n g le  

change i s  c o n s id e re d  a s  a p a r t  o f  th e  ACE. T h e re fo re ,  th e  power f low  

p roduced  by th e  i n t e n t i o n a l  o f f s e t  o f  th e  v o l ta g e  i s  n o t  c o n s id e re d  a s  

p a r t  o f  th e  ACE.

Hence, th e  new B m a t r ix  i s

0  0

0  0

B = A 0
v 1

0  0

0  0

and th e  c o n t r o l  i s

U = [APc l  APo a  . . .  A|Ej ,  | A | E j3 | .  . . ]

w ith  an  a p p r o p r i a t e  in c r e a s e  i n  th e  o r d e r  o f  R.

S p e c ia l  a t t e n t i o n  i s  d i r e c t e d  a t  th e  e n t r i e s  in  th e  new B m a t r ix .

1

'M + T.

0

± TMx 2

0

0

0

-  — T
Ms S

0 (3 .2 0 )
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From e q u a t io n  (2 .8 )  i t  i s  seen  t h a t  Tt can be e i t h e r  p o s i t i v e  o r  nega­

t i v e  w ith  th e  outcome dependent upon th e  nom inal s t a t e  o f  th e  a n g le s  o f  

each  a r e a .

3 .3 .  Perform ance Index  a s  a Q u ad ra t ic  F u n c t io n a l

In  most s t u d i e s ,  l i t t l e  a t t e n t i o n  has been devo ted  to  th e  s e l e c ­

t i o n  o f  th e  perform ance  i n d i c e s .  T h is  s i n g l e  f a c t  has  le d  to  much o f  

th e  c r i t i c i s m  o f  o p t im a l  c o n t r o l l e r  d e s ig n  s in c e  th e  v a r io u s  p e rfo rm ­

ance  f u n c t i o n a l s  have n o t  a d e q u a te ly  r e p r e s e n te d  th e  d e s i r a b l e  o p e r a t in g  

p o l i c i e s .  The f a m i l i a r  i n t e g r a l  sq u a re  e r r o r  (ISE) m easure  i s  used a s  

th e  perfo rm ance  in d e x .  Much e f f o r t  i s  needed to  d e v is e  a  perfo rm ance  

in d ex  which r e f l e c t s  th e  b a s ic  o p e r a t in g  p o l i c i e s ,  in c lu d e s  some system  

l i m i t a t i o n s ,  and i s  e a s i l y  m o d if ied  to  accommodate ch ang ing  o p e r a t in g  

c o n d i t io n s  in  th e  system .

S e v e ra l  e a r l i e r  works [CA1, RE3, R01, R02] i n d i c a t e  t h a t  two 

n e c e s s a ry  e lem en ts  f o r  th e  perform ance index  a r e  th e  ACEt and IACEj 

O b v io u s ly ,  th e  ACEj i s  in c lu d e d  to  r e f l e c t  b a s i c  o p e r a t i n g  p o l i c y  and 

to  i n s u r e  sm all  f l u c t u a t i o n s  i n  th e  ACE!. T h is  c h o ic e  does le a d  to  

l a r g e r  freq u en cy  and power sw ings, b u t  a t  an  a c c e p ta b le  l e v e l  i n  ex­

change f o r  b e t t e r  ACEt c h a r a c t e r i s t i c s .  The IACEj i s  in c lu d e d  to  

m inim ize  a r e a  su p p lem en ta ry  c o n t r o l  a c t i v i t y  [R01] and to  in s u r e  th e  

ap p ea ra n ce  o f  th e  IACEt in  th e  c o n t r o l  scheme ( s e e  e q u a t io n  ( 3 .1 1 ) ) .

P h y s i c a l l y ,  t h e r e  a r e  r a t e  o f  g e n e r a t io n  change (RGC) l i m i t a ­

t i o n s  f o r  th e  prime mover. T h is  i s  n o t  r e f l e c t e d  i n  th e  l i n e a r  model, 

however th e  r e s p o n s i b i l i t y  o f  r e s t r i c t i n g  e x c e s s iv e  RGC re m a in s .  The 

RGC APgl i s  l im i t e d  by in c lu d in g  i t  i n  th e  perfo rm ance  in d ex  a s  a  l i n e a r  

co m b in a tio n  o f  th e  g o v e rn o r  and prime mover v a r i a b l e s  a s  in  e q u a t io n

( 3 .1 6 ) .
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F i n a l l y ,  th e  c o n t r o l  APet must be in c lu d e d  to  s a t i s f y  e q u a t io n  

( 3 .1 1 ) .  T h is  a d d i t i o n  re d u c es  th e  c o n t r o l  e f f o r t  and d e te rm in e s  in  

p a r t  th e  re sp o n se  c h a r a c t e r i s t i c s  o f  th e  c o n t r o l l e r .  The r e l a t i v e  

w e ig h t in g  between th e  c o n t r o l  and th e  s t a t e s  i s  th e  most im p o r ta n t  

f a c t o r .

T h e re fo re ,  th e  perfo rm ance  in d ex  f o r  an n -a re a  i n te r c o n n e c te d

sy s tem  i s  e x p re ssed  in  1SE a s  
00

J  = J Z (q^ACEj8  + f^*IACEjs + Yi * - APvi" A| Bi * + APC la ) d t
° 1 = 1  j

c o r re sp o n d in g  to

Q =

“ l B x a

0

0

•Lg i

0

Y i
”  T  3  

Ae i

< * i B i  1 
1

0  1 

1

• • •

0  -

a l  B i

•

V i

0

Y*TT 
A* 1

0

• *
°

1 
M

 

1

•  •  • 

•  • •

•

•
•

•
•  1 
•  1

•  • • (3 .2 1 )

P =

Pi

0

0

Bg

1  0  

0  1

where TE t i s  dependen t upon th e  number a r e a s  and th e  number o f  t i e  

l i n e s .

The chosen  perfo rm ance  in d ex  c o n s i s t s  o f  a l l  t h e  e s s e n t i a l  e l e ­

m ents  g o v e rn in g  th e  o p e r a t i o n  o f  an in te r c o n n e c te d  power sy s tem . I t  

sh o u ld  be n o ted  t h a t  each  e lem en t o f  th e  perform ance index  has  a 

w e ig h t in g  p a ram ete r  ex ce p t  th e  c o n t r o l .  In  th e s e  s tu d i e s  i t  s u f f i c e s  

to  f i x  R a s  th e  u n i t  m a t r ix  and to  v a ry  the  w e ig h t in g s  in  Q.
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C l e a r l y ,  th e  s e l e c t i o n  o f  th e  w e ig h t in g  p a ram e te rs  w i l l  d e te rm in e  

th e  n a tu r e  o f  th e  r e s p o n s e .  The s e l e c t i o n  p ro c e ss  can be made compat­

i b l e  w i th  t h e  AGCR by r e l e g a t i n g  th e s e  d e c i s io n s  to  th e  EACC and th e  

PCDC. One o f  th e  p r i n c i p l e  f u n c t io n s  o f  th e  EACC i s  to  c o n t r o l  th e  

speed  o f  re s p o n s e  o f  th e  a r e a  which i s  a ch iev ed  p r i n c i p a l l y  by v a ry in g  

and P j . RGC l i m i t a t i o n s  a r e  g e n e r a l l y  de term ined  by PCDC which i s  

done by s e l e c t i n g  Y i• The RGC i s  a f f e c t e d  i n d i r e c t l y  by and p l 
th ro u g h  th e  speed  o f  r e s p o n se  o f  th e  c o n t r o l l e r .  A l l  o f  t h e  p a ra m e te rs  

a f f e c t  th e  s t a b i l i t y .

S p e c ia l  a t t e n t i o n  i s  to  be dev o ted  to  th e  s e l e c t i o n  o f  Pj b e ­

cause  o f  i t s  pronounced in d ep en d en t e f f e c t .  From e q u a t io n  ( 3 .1 2 ) ,  th e

IACE g a in  i s  d e te rm in ed  by Kg which i s  found indep en d en t o f  th e  o th e r

p a r t i t i o n e d  v a r i a b l e s  o f  e q u a t io n  ( 3 .1 0 ) .  Kg can be d e te rm in ed  by 

e q u a t io n  ( 3 .1 1 ) .  Thus, th e  i n t e g r a l  p a r t  o f  th e  c o n t r o l  U j ( t )  i s  

s e p a r a te d  from  e q u a t io n  (3 .1 2 )  as

Now, a  d i r e c t  r e l a t i o n s h i p  between th e  w e ig h t in g  p a ra m e te rs  

( i = l , 2 ,  . . ,  n) and Kj i s  e s t a b l i s h e d  f o r  an n - a r e a  system . R e c a l l  

e q u a t io n  (3 .1 1 )

A

A

A

ux ( t )  = -RT1 Bt K a z ( t )  = K z ( t ) . (3 .2 2 )

Ka1 BR- 1 BTkj3 -  P = 0

and th e n  s u b s t i t u t e  th e  fo l lo w in g  m a t r i c e s  f o r  an  n - a r e a  system :

N s  4n -  1 r  = n
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then

Thus w ith

V  R„ Ka = P

Z h t » V. , »  = Bj 
i = 1

2  h t a k8 8  k8t = 0  
1=1

f o r  j = l , 2 , . . .  n

f o r  s , t = l , 2 , . . .  n 

3 s ^ t .

One s o l u t i o n  to  t h i s  sy s tem  o f  e q u a t io n s  i s

k0 . = 0 f o r  i , s = l , 2 , . . . .  n 

s ^ i

f o r  i , s = l , 2 ,  . . .  n 

s = i .

Hence,

*a

^ i i  ^ i a  ' ^ l  ^ 1 4  ^ i b  ^ i b  0 IB

sax ^aa 0  ^a4 ^as ^ b  <*/Ba ^ai

Now s u b s t i t u t e  Kg i n t o  e q u a t io n  (3 .2 2 )  which y i e l d s

u t ( t )  = -  Z a/b7 2 i ( t )
1=1

(3 .2 3 )

From e q u a t io n  (3 .2 3 )  th e  g a in  o f  each  i n t e g r a t o r  i s  seen to  be

th e  sq u a re  r o o t  o f  each  o f  th e  c o rre sp o n d in g  main d ia g o n a l  e lem en ts  in

P. F u r th e rm o re ,  t h e r e  i s  no c o u p l in g  between i n t e g r a t o r s .

Three c r i t e r i a  a r e  used to  r e f l e c t  th e  perform ance  o f  the  system  

and each  i s  g iv e n  a t t e n t i o n  in  s e l e c t i n g  th e  w e ig h t in g  p a ram e te rs .  F i r s t ,  

th e  t r a n s i e n t  r e s p o n s e  i s  o bserved  f o r  d e s i r a b l e  re sp o n se  c h a r a c t e r ­

i s t i c s .  S econd ly , t h e  l o c a t i o n  o f  th e  c lo s e d  lo o p  r o o t s  de te rm ine  th e
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degree  o f  s t a b i l i t y  o f  th e  system . U l t im a te ly ,  th e  RGC i s  c o n s id e re d  

when deemed n e c e s s a r y .

T h e re fo re  th e  fo l lo w in g  a lg o r i th m  i s  su g g es ted  f o r  th e  s e l e c t i o n  

o f  th e  p e rfo rm ance  in d ex  w e ig h t in g  f a c t o r s .  F i r s t ,  th e  speed o f  r e ­

s e t  i s  chosen  by s e l e c t i n g  8 j because  o f  i t s  d i r e c t  r e l a t i o n  to  th e  

c o n t r o l .  Then an  a p p r o p r i a t e  v a lu e  f o r  i s  chosen to  red u ce  ACE 

f l u c t u a t i o n s  and to  s e t  th e  q u ick  speed  re sp o n se .  F i n a l l y ,  yt i s  ad ­

ju s t e d  to  l i m i t  th e  RGC to  an a c c e p ta b le  l e v e l .



CHAPTER 4 

COMPOSITE SYSTEM ANALYSIS

Composite system  a n a l y s i s  c o n s i s t s  o f  d e te rm in in g  th e  b e s t  con­

t r o l  f o r  th e  e n t i r e  in te r c o n n e c te d  sy s tem . T h is  p ro ce d u re  i s  h o t  gen­

e r a l l y  pu rsued  in  p r e s e n t  day o p e r a t io n  s in c e  each  a r e a  i s  in d ep en d en t  

and i s  p r i m a r i l y  concerned  w i th  su p p ly in g  i t s  own lo a d .  The problem  o f  

d e te rm in in g  an  o p t im a l  p o l i c y  f o r  each  a r e a  w i th  r e s p e c t  to  th e  rem ain ­

d e r  o f  th e  in te r c o n n e c te d  system w i l l  be  a d d re s s e d  in  th e  n e x t  c h a p te r .

The h ig h  o rd e r  o f  th e  system s p r o h i b i t s  any  m ean in g fu l  a n a l y t i c a l  

s o l u t i o n .  H o p e fu l ly ,  t h e  d e s ig n  c o n c e p ts  have been  i l l u s t r a t e d ,  and 

th u s  s im u la t io n  s t u d i e s  o f  two and t h r e e  a r e a  system s w i l l  d e m o n s t ra te  

a  n u m e r ic a l  a p p l i c a t i o n  o f  th e  c o n c e p ts .  In  t h i s  s tu d y  th e  fo l lo w in g  

nom ina l n u m e r ic a l  v a lu e s  a r e  used f o r  th e  c o n t r o l  a r e a :

Ht = 5s

Dj «= 8 .3 3  x 10“ 3  pu mw/hz

Tgl -  .0 8 s

TV1 -  .3 s

Rj = 2 . 4  h z /p u  raw

™ Dj +  1/Rj = .42458 pu mw/hz 

Pr l  = 2000 raw

Tj j = . 545 pu raw

APDl ™ .001 pu raw

F0  = 60 hz

41
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Tj “  .314 pu raw 

a * D !
—---- ; ■ 1 . 0  pu mw/pu v .

4 .1 .  Two-Area In te r c o n n e c te d  System .

A s tu d y  o f  a tw o-a rea  I n te r c o n n e c te d  system  a s  In  F ig u re  4 I s  

u n d e r ta k e n  to  i l l u s t r a t e  th e  developm ent p ro c e d u re  o f  a  c o n t r o l l e r  a l ­

g o r i th m . A l l  a s p e c t s  o f  the  c o n t r o l l e r  d e s ig n  w i l l  be c o n s id e re d  i n ­

c lu d in g  norm al and abnormal o p e r a t i o n ,  e f f e c t  o f  d i f f e r e n t  b i a s  s e t t i n g s ,  

u n eq u a l  a r e a s ,  QV c o n t r o l  e f f e c t  on PF o p e r a t i o n ,  and th e  e f f e c t  o f  

d i f f e r e n t  pe rfo rm ance  in d i c e s .  These v a r io u s  t o p i c s  w i l l  be developed  

from e q u a t io n s  ( 3 .1 9 ) ,  (3 .2 0 )  and ( 3 .2 1 ) .

A tw o -a re a  system  r e q u i r e s  n in e  s t a t e  v a r i a b l e s  fo r  an  indepen ­

d e n t  d e s c r i p t i o n .  The frequency  d e v i a t i o n ,  th e  in c re m e n ta l  g e n e ra te d  

power, th e  in c re m e n ta l  v a lv e  p o s i t i o n ,  and  th e  ]ACE o f  each  a r e a  a r e  

chosen  a s  s t a t e  v a r i a b l e s .  Only one s t a t e  v a r i a b l e  i s  r e q u i r e d  to  d e s ­

c r i b e  th e  n e t  in te r c h a n g e  power d e v i a t i o n  s in c e  t h e r e  i s  o n ly  one t i e  

l i n e  power flow  betw een th e  a r e a s .  C l e a r l y ,

▲REA AREA

FIGURE 4 . S im p l i f i e d  Two-Area System

P
Apt i « a ~ "a i a ^ i a  a  "p  Apia  

*  * r 3
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where a ia  a c c o u n ts  f o r  d i f f e r e n c e  in  th e  r a t e d  power o f  each  a r e a .

T h e re fo re  th e  fo l lo w in g  e q u a t io n s  a r e  a p p l i c a b l e  to  a  tw o -a rea

system :

where

x  “  Ax +  Bu + Dv

J  = i j  (xTQx + uTR u )d t .
(4 .1 )

X* =  [AFi A P gl A P y i AP 6 S A P y a

u i & c l v i * . r
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The gain  m atrices fo r  v a rio u s performance ind ices a re  given in  

Appendix A.
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4 .1 .  Equal A rea S im u la tio n

In  c o n n e c tio n  w ith  th e  d e s ig n  o f  th e  c o n t r o l l e r  a lg o r i th m , th e r e  

i s  a need  to  e s t a b l i s h  th e  e f f e c t  o f  c e r t a i n  p a ram e te rs  on system  p e r ­

form ance and to  d e m o n stra te  th e  o p e ra t io n  o f  the  c o n t r o l  scheme d u r in g  

norm al and abnorm al o p e r a t io n .  As a m a tte r  o f  c o n v en ien ce , the  s tu d y  

i s  d iv id e d  in to  two g ro u p s : 1 ) v a r i a t i o n  o f  th e  perfo rm ance index

w e ig h tin g s , 2 ) v a r i a t i o n  o f  th e  b ia s  s e t t i n g  f o r  a f ix e d  perform ance

index  w e ig h tin g  d u r in g  norm al and abnorm al o p e ra t io n . The n u m e ric a l 

v a lu e s  from th e  in t r o d u c t io n  to  t h i s  c h a p te r  a re  used  how ever, w ith  

AP0 a “  0  •

P erfo rm ance Index  W eig h tin g s

A c o l l e c t io n  o f  s tu d ie s  f o r  v a r io u s  c h o ic e s  o f  , (3j , and 

o f  e q u a tio n  (3 .2 1 ) a r e  sum m arized in  T ab le  I .  The m easure o f  p e rfo rm ­

ance  o f  each  scheme i s  r e f l e c t e d  by th e  t r a n s i e n t  re s p o n se , th e  damping 

c o n s ta n t ,  and th e  maximum RGC.

The fo llo w in g  o b s e r v a t io n s  a r e  made u s in g  c a se  CQ a s  a r e f e r e n c e  

(se e  F ig u re s  5 , 6 , 7 , and T ab le  I ) :

1) C3  and Ca in d ic a te  t h a t  in c r e a s in g  th e  w e ig h t o f  Q r e l a t i v e  

to  R im proves th e  damping c o n s ta n t  in  exchange f o r  an in ­

c re a se  in  th e  maximum RGC. The t r a n s i e n t  re sp o n se  i s  dom­

in a te d  by r e a l  r o o t s .  (See F ig u re  8  and T ab le  I . )

2 ) The t r a n s i e n t  re sp o n se  i s  o p tim ized  [VAN], i . e . ,  th e  c lo se d

loop ro o ts  a r e  a l ig n e d  such  t h a t  a l l  a r e  f a r t h e r e s t  away

from th e  ju) a x i s  s im u lta n e o u s ly , when Bj i s  g r e a t e r  th a n  Oj

a s  ev id en ced  by  c a s e s  Ca and C4 . (See F ig u re s  5 , 6 , and 8 . )

3 ) Speed o f  r e s e t  i s  d e te rm in e d  by B j . (See F ig u re s  5 and 6 . )
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4 ) From c a se s  C7 , C8 , and C0 , th e  in c re a s e  o f  th e  y, w e ig h tin g  

s i g n i f i c a n t l y  red u ces  th e  RGC a t  th e  expense o f  d eg ra d in g  th e  

t r a n s i e n t  re s p o n se  and a  r e d u c tio n  in  damping c o n s ta n t .  (See 

F ig u re s  7 and 8  and Table I . )

TABLE I

P erfo rm ance Index W eigh tings 
B ias » pfcl

CASE ACE
* 1

IACE
Pi

GRC
Yi

Maximum 
GRC %/min

C0 1 1 0 11 .40

Cx 1 0 1 0 15 .00

ca 1 1 0 0 15 .35

c 3 1 0 1 0 0 17 .40

c 4 . 1 1 0 11.07

cB 1 •  JL 0 9.72

ce . 1 •  JL 0 9.06

c7 1 1 . 1 9 .30

c 8 1 .5 6 .4 0

c9 1 1 1 5 .0 9
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B ias P a ra m e te r V a r ia t io n  

The c h o ic e  o f  th e  b ia s  p a ra m e te r d e te rm in e s  the  amount o f  o f f s e t  

b e tw een  th e  freq u en cy  d e v ia t io n  and th e  n e t  in te rc h a n g e  power d e v ia t io n .

In  s e v e r a l  s tu d ie s  [COl, EL2, KIR] th e  freq u e n cy  b ia s  c o n s ta n t  i s  eq u a ted  

to  th e  a r e a  freq u en cy  re sp o n se  c h a r a c t e r i s t i c  (AFRC) Pal. T h is  v a lu e  o f 

b ia s  in s u r e s  t h a t  th e  s t a t i c  v a lu e  o f  th e  ACE w ith o u t supp lem entary  c o n t r o l  

i s  z e ro  fo llo w in g  a  s te p  change in  lo a d . However, i f  supp lem en tary  

c o n t r o l  i s  used  w hich c o n ta in s  th e  3ACE, th e n  th e  ACE w i l l  a u to m a t ic a l ly  

r e t u r n  to  z e ro  r e g a r d le s s  o f  th e  c h o ic e  o f  b ia s  fo llo w in g  a s te p  change

in  lo a d  d u r in g  norm al o p e ra t io n .

A d d i t io n a l ly ,  th e  p erfo rm ance  o f th e  c o n t r o l l e r  d u rin g  abnorm al 

mode o f  o p e ra t io n  needs to  be c o n s id e re d . Two p a r t i c u l a r  p r o p e r t i e s ,  

i . e . ,  sy stem  s t a b i l i t y  and ze ro  s te a d y  s t a t e  ACE f o r  th e  a re a  g iv in g  a id  

fo llo w in g  a  s te p  change in  lo a d , a r e  d em o n stra ted  fo r  v a r io u s  b ia s  

s e t t i n g s .

I t  h as  been  su g g es te d  [EL2] th a t  th e  b ia s  c h o ice  fo r  dynamic 

o p e r a t io n  sh o u ld  n o t be b ased  on s t a t i c  re q u ire m e n ts . In  t h a t  s tu d y  [EL2] 

a  b ia s  v a lu e  o f  o n e -h a lf  th e  AFRC i s  recommended f o r  o p tim a l p e rfo rm ­

an ce  o f  th e  system  u s in g  a  perfo rm ance in d e x  w hich does n o t r e f l e c t  th e  

e f f e c t  o f  th e  ACE. In  a  l a t e r  d is c u s s io n  [C 02], i t  i s  s t a t e d  t h a t  one- 

h a l f  th e  AFRC f o r  th e  b ia s  s e t t i n g  h as  been  d is c a rd e d  because  i t  does 

n o t  w ork w e ll  in  p r a c t i c e .  F u rth e rm o re , th e  d is c u s s io n  [C02] in d ic a te s  

t h a t  b ia s  v a lu e s  g r e a te r  th a n  th e  AFRC w ork much b e t t e r .

A s tu d y  o f  th e  e f f e c t  o f v a r io u s  b ia s  s e t t i n g s  in  T able  I I  and 

F ig u re s  9 , 10, and 11 a r e  based  on a  s p e c i f i c  perform ance in d e x , nam ely 

a i * *•» Ri ** 1 * an<* Yi "  0 * The fo llo w in g  o b s e rv a tio n s  a r e  made:

1) L a rg e r b ia s  s e t t i n g s  c au se  a f a s t e r  system  re sp o n se  tim e
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w ith  more o v e rsh o o t and a  s m a l le r  ACE in  th e  a s s i s t i n g  a re a  

th e  a re a  d u r in g  norm al o p e ra t io n .  (See F ig u re s  9 and 1 0 .)

2) A b ia s  s e t t i n g  e q u iv a le n t  to  th e  AFRC has th e  l a r g e s t  damping 

c o n s ta n t  d u r in g  b o th  norm al and abnorm al o p e ra t io n .  When 

com paring sm a ll b ia s  s e t t i n g s  to  la r g e  o n es , th e  l a t t e r  i s  

seen  to  p roduce  system s w ith  a  l a r g e r  damping c o n s ta n t .

(See F ig u re  1 1 .)

3) Large RGC i s  a s s o c ia te d  w ith  l a r g e r  b ia s  s e t t i n g s .  (See 

T ab le  I I . )

4 ) System s w ith  la rg e  b ia s  s e t t i n g s  a r e  dom inated by complex 

ro o ts  w h ile  r e a l  r o o ts  dom inate  system s w ith  sm a ll b ia s  

s e t t i n g s .  (See F ig u re  1 1 .)

These exam ples i l l u s t r a t e  th e  v a r i a t i o n  in  th e  perfo rm ance th a t  

i s  a s s o c ia te d  w ith  each  b ia s  s e t t i n g .  I f  d i f f e r e n t  p e rfo rm ance  in d ic e s  

a r e  used  f o r  each  b ia s  s e t t i n g ,  th en  l a r g e r  damping c o n s ta n t ,  improved 

t r a n s i e n t  re sp o n se  and low er RGC a r e  p o s s ib le .  F in a l ly ,  s in c e  th e  

d is c u s s io n  [C02] does n o t  s p e c i f y  w hat i s  m eant by th e  b e s t  pe rfo rm an ce , 

t h i s  s tu d y  s u f f i c e s  to  i l l u s t r a t e  s p e c i f i c  d e s i r a b le  p r o p e r t i e s  a s s o c i ­

a te d  w ith  each  b ia s  s e t t i n g .



TABLE I I  

B ias V a r ia t io n

B ias ACE IACE
Pi

RGC
Yi

Maximum 
RGC %/Min

NORMAL OPERATION

j p . . 1 1 0 10 .60

p . . 1 1 0 11 .40

2 0 al 1 1 0 13 .30

ABNORMAL OPERATION

2 ^ * 1 1 1 0 6 .0 8

Pm 1 1 0 7 .5 0

2 Pal 1 1 0 8 . 2 2
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4 .2 - 2 .  U nequal A reas

T h is  s e c t io n  i s  d e s ig n e d  to  d e m o n s tra te  th e  e f f e c t  o f  d i f f e r e n t  

a r e a  s i z e s  upon th e  perfo rm ance  o f  an  in te rc o n n e c te d  system . In  each  

c a se  a  d is tu rb a n c e  i s  in tro d u c e d  in to  th e  s m a lle r  a re a  to  m easure th e  

e f f e c t  o f  th e  l a r g e r  one on th e  fo rm er ones p e rfo rm an ce . Each i n t e r ­

co n n ec te d  system  i s  com prised  o f  two a r e a s  w ith  one b e in g  an  i n t e g r a l  

m u l t ip l e  o f  th e  o th e r .  The p a r t i c u l a r  n u m e ric a l exam ples a r e  m u l t ip le s  

o f  2 , 4 ,  and 10 fo r  th e  same p e rfo rm an ce  in d e x , nam ely = 1 ,  = 1 ,

and = 0 . The r e s u l t s  o f  th e  s tu d y  a r e  shown in  F ig u re s  12 and 13.

One o f  th e  m ost i n t e r e s t i n g  p r o p e r t i e s  o f  th e  o p tim a l c o n t r o l l e r  

i s  t h a t  th e  ACE o f  th e  s m a l le r  a r e a  i s  v i r t u a l l y  th e  same r e g a r d le s s  

o f  th e  s iz e  o f  th e  l a r g e r  a r e a .  T h is  r e s u l t  i s  o b ta in e d  by a  t r a d e ­

o f f  betw een th e  freq u en cy  and in te rc h a n g e  power d e v ia t io n s .  As th e  

l a r g e r  a re a  in c re a s e s  in  s i z e ,  th e  fre q u e n c y  d e v ia t io n s  in  th e  s m a lle r  

one sw ing p o s i t iv e  a s  th e  power flow  betw een  th e  a r e a s  in c r e a s e s ,  t h e r e ­

by m a in ta in in g  a  n e a r  c o n s ta n t  ACE. T h ere  i s  no s i g n i f i c a n t  change in  

th e  damping c o n s ta n t o r  in  RGC.
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4 .1 - 3 .  QV C o n tro l E f f e c t

In  s e v e ra l  s tu d ie s  [AND, DAV, KEL, YUY] o p tim a l c o n t r o l  th e o ry  

has been  a p p l ie d  to  e x c i t e r  c o n t r o l  fo r  t r a n s i e n t  s t a b i l i t y .  O ther 

s tu d ie s  [DUR, EL3] have used  o p tim a l c o n t r o l  th e o ry  fo r  e x c i t e r  c o n t r o l  

in  an  e f f o r t  to  in f lu e n c e  th e  PF c h a n n e l. The s tu d y  in  t h i s  s e c t io n  

i s  d i r e c te d  tow ard t h i s  l a t t e r  u se  o f  e x c i t e r  c o n t r o l .

In  s e c t io n  3 .2 - 2 ,  th e  system  e q u a tio n s  have been  m o d ified  to
/v

acc o u n t fo r  QV e f f e c t s .  T h is  h a s  been  a ch ie v e d  by chang ing  th e  B -m atrix  

to  th e  form o f 'e q u a t io n  (3 .2 0 )  w hich f o r  a  tw o -a rea  system  i s

BT

0

v 1

. 0

i r apoi + T 1 o

0

- i - T
M i 1

LVS

—  T o JJ~ . ^ n a - +T I  o 
°  ^ - a |Ea | + T s -l

0 0 0

0 0 0

0 0 0

0 0 0

I t  may be n o ted  t h a t  th e  n u m e ric a l v a lu e s  o f  Tt  and T2  may be e i t h e r  

p o s i t i v e  o r  n e g a t iv e .

The R -m atrlx  o f  th e  c o s t  fu n c t io n a l  m ust be m o d ified  so t h a t  th e  

two new c o n t r o ls  a r e  accommodated. The new m a tr ix  i s

<"i
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and uig a r e  a d ju s te d  to  p e n a l i s e  th e  e £ £ e c t o f  each  QV c o n t r o l  

w h ile  th e  Q -m a trix  i s  h e ld  c o n s ta n t  w ith  a, “ 1 , B, " 1 ,  and y, ■ 0 .

As s t a t e d  in  s e c t io n  3 .2 - 2 ,  th e  s ig n  o f  T, m ust be g iv en  c a r e f u l  

c o n s id e r a t io n .  An e x am in a tio n  o f  F ig u re s  14 and 15 and T ab le  I I I  

v e r i f i e s  t h i s  c o n c e rn . The a d d i t io n  o f  QV c o n t r o l  does s i g n i f i c a n t l y  

red u ce  th e  ACE m ag n itudes and re d u c e s  th e  RGC by e f f e c t i v e l y  sh ed d in g  

lo ad  v ia  chan g in g  th e  v o l ta g e .  However th e  d e g re e  o f e f f e c t iv e n e s s  i s  

d e te rm in ed  by s ig n  o f  T , , hence th e  nom inal s t a t e  i s  im p o r ta n t. The 

damping c o n s ta n t  i s  v i r t u a l l y  u n a f f e c te d  by QV c o n t r o l .

TABLE I I I  

E f f e c t  o f  QV C o n tro l

CO, APdE 3
7. Maximum

A |E i| a | e2 | RGC %/Min

00 . 0 0 1 0 0 0 0 0 11 .40

POSITIVE T,

1 0 .00082 -.0 0 0 0 3 -.0 1 5 8 - 0057 10.38

1 .00067 -.0 0 0 1 6 -.0 6 6 5 -.0 3 1 2 6 .5 4

. 1 .00060 -.0 0 0 4 7 - .0 7 9 7 -.0 9 3 8 2 .9 4

NEGATIVE T,

1 0 .00099 .00004 -.0 0 2 6 .0077 1 1 . 2 2

1 .00086 .00018 - .0 3 3 1 .0369 10 .14

. 1 - .0 0 0 0 5 .00048 -.2 0 9 2 .0956 6 .2 4
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4 .2 .  T hree A rea System

A m u l t i - a r e a  system  h as  s e v e r a l  l n t e r - a r e a  t i e  l i n e s  th e re b y  

p ro v id in g  th e  o p p o r tu n i ty  fo r  c i r c u l a t i n g  power flow s w i th in  th e  i n t e r ­

c o n n ec ted  sy stem . As power i s  exchanged among a re a s  th e  d i r e c t i o n  o f  

movement and th e  amount i s  d e te rm in ed  by th e  s i z e  o f  th e  t i e  l i n e  and 

th e  dynam ics o f  th e  a r e a s .  A tw o -a rea  system  does n o t  e x h ib i t  th e  

d i r e c t i o n  o f  movement p ro p e r ty .  The s im p le s t  m u l t i - a r e a  system  w ith  

th e s e  p r o p e r t i e s  h as  th r e e  a r e a s  w hich i s  shown in  F ig u re  16. The sy s ­

tem e q u a tio n s  f o r  a  th r e e - a r e a  system  a re  s i g n i f i c a n t l y  d i f f e r e n t  from 

th o se  o f  a tw o -a rea  system .

/ A B B A

A B B A  V
A P

FIGURE 16. S im p lif ie d  T hree-A rea  System

In  th e  c a se  o f  a  th r e e - a r e a  sy stem , th e r e  a r e  a t  m ost th re e  t i e  

l i n e  power f lo w s , b u t n o t  a l l  a r e  in d e p en d e n t. The fo llo w in g  d e m o n s tra te s  

th e  dependence o f  one o f  th e  t i e  l i n e  flo w s. The flow s a r e

t f i a  -  Tia  « i  -  6 a >

"  Ta 3  (6 a " 6 a )

^ 3 1 - ^ 3 1 ( 6 3 - 6 1 ) .
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The e x p re s s io n  fo r  AP31 does n o t in tro d u c e  any in fo rm a tio n  

w hich  i s  n o t  p r e s e n t  in  th e  e x p re s s io n s  fo r  A P ia and APa 3 . T h e re fo re , 

by com bining th e  e x p re s s io n s  f o r  A P ia and APa 3 , i t  i s  e a s i l y  shown th a t

r-Ta 3 APl a  +  Tl 2 APa 3 -| 
AP31 -  -T a i  I ----------------------------------- IL» m rp -J *

*83 A1S

The e x p re s s io n  fo r  AP31 i s  s im p l i f ie d  to

■̂ 31 T3 1
^P3l  “  APj.8 “ T 23i ia  Aa 3

o r

AP3 i  “  “ ^ l ^ P l a  “ ^ 3 ^ 2 3  .

C le a r ly ,  one power flow  i s  d ep en d en t.

T h e re fo re , th e  n e t  in te rc h a n g e  power fo r  each  a r e a  i s

APt l e i  “  &Pi3 “ AP3 i  =  ( l + b j j A P ^  +  b2 APs 3

^ t l e 3 “  ̂ P33 “ ^P12

APt l e a  ™ AP3 1  “ AP23 “  " ^ iA P l a  +  ~ ( b a + l ) A P a 3  •

Now, th e  s e t  o f  e q u a tio n s  fo r  an  in te rc o n n e c te d  system  w ith  e q u a l 

a r e a  dynam ics b u t w ith  d i f f e r e n t  s iz e  t i e  l i n e  betw een a r e a s  can be 

e x p re sse d  in  th e  form o f  e q u a tio n  ( 4 .1 ) .  The perform ance index  i s  chosen  

a s  oj “  1 , Pj ■ 1 , and Vj "  0 . The m a t r ic ie s  f o r  B, D, and R and th e  v e c ­

t o r s  u and V a r e  l o g i c a l ly  ex ten d ed  to  accommodate th e  t h i r d  a r e a .  The 

A and Q m a tr ic e s  a r e  n o t  a s  s im p le  and th u s  th e y  a r e  g iv e n :
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A c o l l e c t i o n  o f  th r e e - a r e a  system s w ith  d i f f e r e n t  s e t s  o f  t i e  

l i n e  s iz e s  i s  d is p la y e d  in  F ig u re  17. In  each  c a s e ,  an  o p tim a l con­

t r o l l e r  i s  d e r iv e d  f o r  th e  same perfo rm ance  in d e x , nam ely * 1 , “  1 »

and yl = 0 ; th e n  th e  system  i s  s im u la te d  w ith  a s te p  d is tu rb a n c e  in  

a re a  1 o n ly . The s i g n i f i c a n t  r e s u l t s  o f  th e s e  c a s e s  a r e  summ arized in  

T ab le  IV. The n u m e ric a l v a lu e s  in  T ab le  IV a r e  re c o rd ed  a t  th e  peak  

v a lu e  o f ACE]̂  w hich  o c c u rs  a t  a b o u t . 6  seco n d .

I l l

FIGURE 17. Three-Area T est Cases



TABLE TV 
T hree A rea System

N et In te rc h a n g e  Power Tire l in e  Power Flow
CASE ACE 1 ACE 2 ACE 3 Pi p 2  . P3 &i3 AP2  3 APai

I -.0 0 1 2 8 .00014 .00014 -.0 0 0 6 8 .00034 .00034 -.0 0 0 3 4 0 .00034

I I -.0 0 1 2 3 .00009 .00014 -.0 0 0 5 5 . 0 0 0 2 1 .00034 -.0 0 0 1 9 . 0 0 0 0 2 .00036

I I I -.0 0 1 2 3 .00014 .00009 -.0 0 0 5 5 .00034 . 0 0 0 2 1 -.0 0 0 3 6 - . 0 0 0 0 2 .00019

IV -.0 0 1 2 6 .00015 .00008 -.0 0 0 5 6 .00037 .00019 -.0 0 0 3 7 0 .00019
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The fo llo w in g  o b s e rv a tio n s  a r e  made f o r  th e  th r e e - a r e a  s t u d i e s :

1) F or a  sy stem  w ith  eq u a l t i e  l i n e s ,  th e r e  i s  no power flow  

betw een th e  a s s i s t i n g  a r e a s ,  hence each  a re a  sh a re s  e q u a lly .

2) F or a  system  w ith  u n eq u al t i e  l i n e s ,  th e r e  i s  power flow  

betw een th e  a s s i s t i n g  a r e a s  w ith  th e  flow  in  th e  d i r e c t i o n  

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

3) The s iz e  o f  th e  t i e  l in e  betw een th e  a s s i s t i n g  a r e a s  had l i t t l e  

e f f e c t  on th e  system  re s p o n se .

4 ) I f  a tw o -a re a  system  i s  compared to  a  th r e e - a r e a  system  

w here th e  r e s p e c t iv e  dynam ics o f  each  a re a  and th e  t i e  l in e s  

a r e  e q u a l ,  i t  i s  n o te d  t h a t  th e  l a t t e r  system  h as  sm a lle r  

freq u en cy  d e v ia t io n s  and a  low er RGC th a n  th e  fo rm er system . 

A lth o u g h  th e  e f f e c t i v e  tr a n s m is s io n  seen  by th e  d is tu rb e d  

a r e a  o f  a  th r e e - a r e a  system  i s  tw ic e  a s  la rg e  a s  t h a t  seen 

by th e  d is tu rb e d  a re a  o f  a  tw o -a re a  sy stem , th e  n e t  i n t e r ­

change power to  th e  d is tu r b e d  a re a  i s  in c re a s e d  o n ly  by 

a b o u t 50 p e rc e n t .



CHAPTER 5 

DECOMPOSITION METHODS

In  th e  p re v io u s  c h a p te r ,  th e  su p p lem en ta ry  c o n t r o l  f o r  each  a re a  

h as  been  o p tim ized  f o r  a  perfo rm ance in d ex  w hich r e f l e c t s  th e  o p e ra t io n  

o f  th e  e n t i r e  in te rc o n n e c te d  system . T h is  i s  n o t  n e c e s s a r i ly  th e  most 

d e s i r a b le  form o f  c o n t r o l ,  and fu r th e rm o re , t h i s  i s  n o t th e  ap p ro ach  

employed in  p r a c t i c e .  S in ce  each  a re a  i s  f i n a l l y  r e s p o n s ib le  f o r  su p p ly ­

in g  i t s  own lo a d , an  a l t e r n a t i v e  c o n t r o l  s t r a t e g y  i s  one t h a t  i s  o p tim a l 

fo r  i t s  a re a  o n ly . In  a d d i t io n ,  an a r e a  does n o t  w ant to  ta k e  su p p le ­

m en tary  c o n t r o l  a c t i o n  when th e  a d jo in in g  a re a  has a  d is tu r b a n c e .

In  t h i s  c h a p te r  two d i f f e r e n t  a p p ro ach es  a r e  tak en  to  d e r iv e  an 

o p tim a l c o n t r o l l e r  f o r  each  a re a  o f  th e  in te rc o n n e c te d  system . These 

l o c a l  c o n t r o l l e r s  a r e  compared w ith  th e  ones found by  th e  method o f 

C h ap ter 4 . The m ethods o f  t h i s  c h a p te r  a r e  exam ined fo r  two re a s o n s :

1 ) to  d e r iv e  an  o p tim a l c o n t r o l l e r  f o r  each  a re a  and 2 ) to  in tro d u c e  

m ethods fo r  o p tim iz in g  a  m u l t i - a r e a  system  v ia  red u ced  co m p u ta tio n  e f f o r t .

5 .1 .  I n f i n i t e  Bus A n a ly s is

One o f  th e  c l a s s i c a l  to o ls  employed in  power system  s tu d ie s  has 

been  th e  i n f i n i t e  bus c h a r a c t e r i z a t i o n  o f  sy stem s. In  s t a b i l i t y  a n a ly s is  

t h i s  ty p e  o f  ap p ro ach  has been  used  s u c c e s s f u l ly .  The e x p lo i t a t i o n  o f  

th e  i n f i n i t e  bus c o n ce p t in  e f f o r t  to  g e n e ra te  a  lo c a l  c o n t r o l l e r ,  i . e . ,  

one w hich em ploys in fo rm a tio n  o n ly  a b o u t i t s  own a r e a ,  i s  o f  p rim ary  

i n t e r e s t .  For an  in te rc o n n e c te d  system  o f  s e v e r a l  a r e a s ,  an o p tim a l 

c o n t r o l  s t r a t e g y  r e q u i r e s  a  monumental c o m p u ta tio n a l e f f o r t  and a  good
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com m unication ch an n e l fo r  im p lem en ta tio n . The i n f i n i t e  bus app ro ach  

o b v ia te s  th e se  d i f f i c u l t i e s .

A system  i s  c l a s s i f i e d  a s  an  i n f i n i t e  bus when a  change in  lo ad  

pow er, e i t h e r  r e a l  o r  r e a c t i v e ,  does n o t  change th e  system  freq u en cy  o r 

v o l ta g e .  In  p re v io u s  exam ples o f  t h i s  s tu d y  th e  freq u en cy  o f  th e  

a d jo in in g  a r e a s  does change. T h is  i s  im p o rta n t becau se  th e  freq u en cy  

d e v ia t io n  d e te rm in e s  th e  a n g le  w hich i s  p r o p o r t io n a l  to  th e  power flow  

betw een th e  a r e a s .  For t h i s  s tu d y  i t  i s  d e s i r a b le  to  e x p lo re  th e  p o s s i ­

b i l i t y  o f  t r e a t i n g  a d jo in in g  a r e a s  a s  i n f i n i t e  b u ses  f o r  o p t im iz a t io n  

p u rp o se s  th en  s im u la te  th e  system  w ith  f u l l  dynam ics.

The i n f i n i t e  bus ap p ro ach  may be c l a s s i f i e d  a s  a  method o f  a g g re ­

g a t io n .  I f  a  dynam ical system  SB i s  chosen  to  r e p r e s e n t  th e  s i g n i f i c a n t  

dynam ics o f  a  system  SA, th e n  SB i s  s a id  to  be an  a g g re g a te  model o f  SA 

[WES], The fu n dam en ta l q u e s t io n  a r i s e s  a s  to  w hat j u s t i f i c a t i o n  can  be 

g iv en  fo r  th e  s e l e c t i o n  o f  SB. I f  a  power system  i s  "w eakly c o u p le d ,"  

i . e . ,  th e  s i z e  o f  th e  t i e  l i n e s  a r e  s m a ll ,  th e n  th e re  i s  l i t t l e  i n t e r ­

a c t i o n  betw een th e  a r e a s .  An i n f i n i t e  bus r e p r e s e n ta t io n  i s  j u s t i f i e d .  

For la r g e  t i e  l i n e s  th e  system  i s  c l a s s i f i e d  a s  " s t i f f l y  co u p led "  and 

th u s  i n f i n i t e  bus r e p r e s e n ta t io n  may b e  in v a l id .

U sing th e  i n f i n i t e  bus ap p ro ach  o n ly  r e q u i r e s  m o d if ic a t io n  to  

one c o n t r o l  a r e a  e q u a t io n ,  i . e . ,  n e t  in te rc h a n g e  pow er. The i n f i n i t e  

bus r e p r e s e n ta t io n  o f  th e  in te rc h a n g e  power i s

APt l# i  “  (5 .1 )

W ith t h i s  r e p r e s e n ta t io n  each  a r e a  i s  s e p a ra te d  from th e  a d jo in in g  o n e s , 

and th e  e f f e c t i v e  t i e  l i n e  to  th e  i n f i n i t e  b u s  a re a  becomes th e  sum o f  

th e  in d iv id u a l  t i e  l i n e s  em anating  from th e  a r e a .



74

U sing th e  i n f i n i t e  bus r e p r e s e n ta t io n ,  th e  in d iv id u a l  c o n t r o l  

a r e a s  become d i s j o i n t  w ith  one a n o th e r .  T h e re fo re , th e  c o n t r o l  fo r  each  

a re a  i s  d e r iv e d  from  th e  v a r ia b le s  o f  t h a t  a re a  o n ly . The o p t im iz a t io n  

o f  an  n -a re a  system  i s  c o n v e r te d  to  n  o p tim iz a tio n s  o f  s in g le  a r e a s .

The system  i s  red u ced  to  in d ep en d en t 5 th  o rd e r  su b -sy s te m s . The fo llo w ­

in g  p ro ced u re  w i l l  c o n s id e r  a  lo c a l  c o n t r o l l e r  u s in g  th e  f u l l  dynamics 

o f  th e  a d jo in in g  a r e a s .

5 .2 .  S uboptim al C o n tro l A n a ly s is

S in ce  i t  may be d e s i r a b le  to  f in d  a lo c a l  c o n t r o l l e r  f o r  each  

a r e a ,  a p ro c e d u re  w hich  i s  d ependen t on th e  dynam ics o f  th e  a re a s  b u t 

in d ep en d en t o f  t h e i r  c o n t r o l  i s  e x p lo re d . The c l a s s  o f  d e te r m in is t i c  

c o n t r o l l e r s  fo r  th e  l i n e a r  q u a d r a t ic  problem  w hich does n o t in c o rp o ra te  

a l l  s t a t e  v a r i a b le s  o f  th e  system  i s  c a l l e d  a  su b o p tim a l c o n t r o l ,  A 

m ethod [LEV] f o r  d e te rm in in g  t h i s  su b o p tim a l c o n t r o l  has been  p re se n te d  

and a n u m e ric a l a lg o r ith m  [BUC] f o r  th e  a p p l i c a t i o n  o f  th e  method i s  

a v a i l a b l e .

The su b o p tim a l c o n t r o l  problem  may be summarized a s  s o lv in g  th e  

e q u a tio n s

x ( t )  = A x (t)  +  B u (t)
(5 .2 )

g ( t )  = G x(t)
. . S’

f o r  a  c o n t r o l

u ( t )  » - L g ( t )  ■ -L G x(t) 

w hich  m in im izes th e  perfo rm ance index



75

J  * j  J  [xT ( t ) Q x ( t )  + uT ( t ) R u ( t ) ] d t .
o

I f  th e  e q u a tio n s  a re  w r i t t e n  in  c lo se d  loop form

x ( t )  = (A -B L G )x(t),

th en  th e  s o lu t io n  to  th e  p roblem  i s  o b ta in in g  L. I t  has  been  shown [LEV] 

th a t  L can  be found in d ep en d en t o f  th e  i n i t i a l  c o n d i t io n s  on e q u a tio n

(5 .2 )  i f  th e  o p t im iz a t io n  p ro c e s s  m in im izes th e  e x p ec ted  v a lu e  o f  J  

w h ile  assum ing a u n ifo rm ly  d i s t r i b u t e d  s e t  o f  i n i t i a l  c o n d i t io n s  on a  

u n i t  h y p e rsp h e re .

B efo re  th e  su b o p tim a l c o n t r o l  c o n ce p t can  be a p p l ie d ,  some mod- 

i f i c a t i o n  to  th e  power system  e q u a tio n s  i s  n e c e s s a ry .  Only one c o n t r o l  

o f  th e  in te rc o n n e c te d  system  i s  c o n s id e re d , th e r e f o r e  th e  B -m atrix  i s  

reduced  to  one colum n. F u r th e rm o re , th e  1ACE o f  th e  a d jo in in g  a re a  

i s  e l im in a te d  s in c e  i t  i s  n o t  a c t u a l l y  a  p a r t  o f  th e  system  dynam ics.

The c o s t  f u n c t io n a l  r e f l e c t s  o n ly  one c o n t r o l  a r e a .  The e q u a tio n s  fo r  

a tw o -a rea  and a  th r e e - a r e a  system s a re  reduced  to  8 th  and 1 2 th  o rd e r  

r e s p e c t iv e ly .

5 .3 .  S im u la tio n  R e s u lts

An a p p l i c a t i o n  o f  i n f i n i t e  bus (IB ) and su b o p tim a l c o n t r o l  (SC) 

a p p ro ach es  to  o p t im iz a t io n  i s  p re s e n te d  f o r  b o th  sy m m etrica l tw o -a rea  

and sy m m etrica l th r e e - a r e a  sy s tem s . The n u m e ric a l v a lu e s  from C hap ter 4 

a re  u sed  and a d is tu rb a n c e  i s  in tro d u c e d  in to  one a re a  o n ly . In  th e  

th r e e - a r e a  c ase  o n ly  one o f  th e  a s s i s t i n g  a re a  t r a n s i e n t  re sp o n se s  i s  

shown s in c e  th e  o th e r  one i s  i d e n t i c a l .  The t r a n s i e n t  re sp o n se s  and 

th e  c lo se d  loop  r o o t s  f o r  each  method o f  o p t im iz a t io n  a r e  d is p la y e d  in  

F ig u re s  18 th r u  22.
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F i r s t  c o n s id e ra t io n  i s  d i r e c te d  a t  th e  IB a p p ro ach . In  th e  

tw o -a re a  s tu d ie s  fo r  sm a ll t i e  l in e  c o n s ta n t ,  i . e . ,  T1 2  £ .545 c o r r e s ­

ponding  to  a  maximum t r a n s f e r  o f  1 0 % o f  th e  r a te d  power o f  th e  a r e a ,  

o n ly  a  s l i g h t  d e g ra d a tio n  o f  th e  t r a n s i e n t  perfo rm ance and some lo s s  in  

damping c o n s ta n t  i s  n o te d . F or a la r g e  t i e  l in e  c o n s ta n t  (T1 2  = 2 .7 2 5  

c o rre sp o n d in g  to  a maximum t r a n s f e r  o f  50% o f  th e  r a t e d  power o f  th e  

a r e a ) ,  th e r e  i s  s i g n i f i c a n t  change in  th e  t r a n s i e n t  perfo rm ance  and th e  

damping c o n s ta n t .  The th r e e - a r e a  system  p erfo rm ance  i s  o n ly  deg raded  

s l i g h t l y .  T h is  i s  s i g n i f i c a n t  b ecau se  th e  e f f e c t i v e  t i e  l i n e  c o n s ta n t  

o f  each  a r e a  i s  1 .09  c o rre sp o n d in g  to  a  maximum t r a n s f e r  o f  20% o f  th e  

r a t e d  power o f  th e  a r e a .  From t h i s  s tu d y  a  t i e  l i n e  w ith  a  maximum 

c a p a c i ty  o f  20% o r l e s s ,  IB o p t im iz a t io n  can  be u sed  e f f e c t i v e l y ,  how ever, 

f o r  a  t i e  l i n e  w ith  a  c a p a c i ty  o f  50% th e  system  p erfo rm ance  i s  deg raded  

s i g n i f i c a n t l y .

The SC p ro ced u re  i s  o b v io u s ly  v e ry  s u c c e s s f u l .  The d e g ra d a tio n  

o f  th e  t r a n s i e n t  perfo rm ance i s  o n ly  s l i g h t  in  a l l  c a s e s  s tu d ie d ,  however 

th e re  i s  some lo s s  o f  damping c o n s ta n t  b u t n o t  a s  s e v e re  a s  th e  IB 

m ethod. E v id e n t ly ,  th e  SC p ro c e d u re  p rod u ces  a  lo c a l  c o n t r o l l e r  w hich 

v e ry  n e a r ly  o p tim iz e s  th e  e n t i r e  in te rc o n n e c te d  system .
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CHAPTER 6  

CONCLUSIONS

T his s tu d y  h as  endeavored  to  c l e a r l y  d e f in e  th e  AGC problem  and 

to  d e m o n stra te  how o p tim a l c o n t r o l  th e o ry  can  be a p p l ie d  and be com pat­

ib le  w ith  p r e s e n t  day p r a c t i c e s  and o p e ra t in g  p o l i c i e s .  A g e n e ra l  p ro ­

c ed u re  has been  p re s e n te d  f o r  th e  a n a ly s i s  o f  an  n - a r e a  system  w ith  

s p c e i f i c  a p p l i c a t io n  to  two and th r e e - a r e a  sy s tem s . The v a r io u s  c o n t r o l  

schemes a r e  chosen  to  m inim ize a  p a r t i c u l a r  c o s t  f u n c t io n a l  form . A l l  

c a se s  have been  t e s t e d  f o r  a  s te p  in p u t d is tu r b a n c e .

Based on th e  c a s e s  u sed  in  t h i s  s tu d y  th e  fo llo w in g  c o n c lu s io n s  

have been  fo rm u la te d :

1) As th e  p e rfo rm an ce  in d ex  i s  changed , i . e . ,  ofj , Bj , and 

a r e  v a r ie d ,  a t r a d e - o f f  among t r a n s i e n t  re s p o n s e , damping 

c o n s ta n t ,  and th e  maximum RGC o c c u rs .

2 ) The speed o f  r e s e t  i s  d e te rm in ed  in d ep en d en t o f  th e  rem a in d er 

o f  th e  o p t im iz a t io n  p ro c e ss  fo r  an  o p tim a l in te rc o n n e c te d  

system  c o n t r o l l e r .

3 ) A b ia s  s e t t i n g  e q u a l to  th e  AFRC o p tim iz e s  th e  t r a n s i e n t  

re sp o n se  [VAN]. System s w hich  o p e ra te  w ith  a b ia s  s e t t i n g  

g r e a t e r  th a n  th e  AFRC have a l a r g e r  damping c o n s ta n t  and 

f a s t e r  re sp o n se s  th a n  system s w ith  b ia s  s e t t i n g s  l e s s  th a n  

th e  AFRC, b u t h ig h e r  RGC.

4 ) For a  system  w ith  tw o -a re a s  o f  d i f f e r e n t  s i z e ,  th e re  i s  an  

in c re a s e  in  freq u en cy  o s c i l l a t i o n  and an  in c re a s e  in  power
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flow  betw een th e  a r e a s  b u t th e  ACE In  th e  s m a lle r  a re a

I s  u n a f fe c te d  f o r  th e  c a se s  c o n s id e re d  in  t h i s  s tu d y .

5) The u se  o f  QV c o n t r o l  to  In f lu e n c e  th e  PF dynam ics i s

s u c c e s s f u l  in  damping th e  ACE sw ings by sh ed d in g  load  and 

in c re a s in g  th e  n e t  in te rc h a n g e  power v ia  o f f s e t t i n g  th e  

v o l ta g e .

6 ) From th e  th r e e - a r e a  s tu d y , a  r e d u c t io n  in  freq u en cy  d e v ia t io n

and maximum RGC a r e  n o ted  in  exchange fo r  an  in c re a s e  in  n e t

in te rc h a n g e  power when compared to  a  s im i la r  tw o -a rea  system .

7) The IB co n cep t i s  s u c c e s s f u l  in  re d u c in g  co m p u ta tio n  e f f o r t  

and p ro d u c in g  a  good lo c a l  c o n t r o l l e r .

8 ) A lo c a l  c o n t r o l l e r  produced by th e  SC ap p ro ach  i s  n e a r  o p tim a l 

f o r  th e  e n t i r e  in te rc o n n e c te d  system .
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APPENDIX A

The fo llo w in g  m a tr ic e s  r e p r e s e n t  th e  o p tim a l g a in  c o e f f i c i e n t s  

f o r  th e  tw o -a re a  c a se s  an a ly zed  in  s e c t io n s  4 .1  and 5 .3 .  The fo llo w in g  

n o ta t io n  i s  ad op ted  f o r  i n t e r f a c in g  th e s e  m a tr ic e s  w ith  th e  m a te r ia l  

p re s e n te d  i n  th e  t e x t :

u = KgX

w here K g i s  an m x(n+r) m a tr ix  and

xT = [ F x Pgl PV1 Fs Pg 2  Pva Pi s  IACE! lA C iy .

Kg f o r  each  c a se  i s  as fo l lo w s :

Case Cq from  T ab le  I

- .4 2 4  - .6 6 1  - .1 6 3  .079  .115 .026 .176  -1 .0 0 0  .000

.079 .115 .026 - .4 2 4  - .6 6 1  - .1 6 3  - .1 7 6  .000  -1 .0 0 0

Case C^ from  T ab le  I

•1 .386  -1 .7 1 9  - .3 8 6  .284 .271 .052 - .1 9 1  - .9 9 4  .000

.284 .271  .052  -1 .3 8 6  -1 .7 1 9  - .3 8 6  .191 .000 - .9 9 4

Case C£ from  T ab le  I

- .8 6 3  -1 .1 3 5  - .2 6 7  .130  .147  .031  - .0 3 4  -3 .1 6 2  .000

.130  .147 .031  - .8 6 3  -1 .1 3 5  - .2 6 7  .034 . .000  -3 .1 6 2

C ase Cg from  T ab le  I

■1.712 -1 .9 7 8  - .4 3 2  .319 .282  .052  - .5 2 2  -3 .1 6 2  .000

.319 .282 .052  -1 .7 1 2  -1 .9 7 8  - .4 3 2  .522 .000  -3 .1 6 2
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.225

.019

.291

.067

.086

.011

.439

.065

.446

.014

.439

.031

.262

.125

.828

.007

Case C, from  T ab le  I  4

- .3 6 7  - .0 9 3  .019  .035 .008 .074 -1 .0 0 0  .000

.035 .008 - .2 2 5  - .3 6 7  - .0 9 3  - .0 7 4  .000  -1 .0 0 0

Case C,. from  T ab le  X

- .4 9 9  - .1 2 5  .067 .110  .026 .229 - .3 0 8  .000

.110  .026  - .2 9 1  - .4 9 9  - .1 2 5  - .2 2 9  .000  - .3 0 8

Case C- from  T ab le  I  6

- .1 5 8  - .0 4 1  .011  ' .024  .006 .062 - .3 1 4  .000

.024 .006 - .0 8 6  - .1 5 8  - .0 4 1  - .0 6 2  .000  - .3 1 4

Case Cj from  T ab le  I

- .6 0 1  - .5 5 9  .065 .110  .019 .446 -1 .0 0 0  .000

.110  .019 - .4 3 9  - .6 0 1  - .5 5 9  - .4 4 6  .000 -1 .0 0 0

Case CQ from  T ab le  I  o

- .2 4 0  -1 .5 8 5  .014  .050  .005 .920  -1 .0 0 0  .000

.050  .005 - .4 4 6  - .2 4 0  -1 .5 8 5  - .9 2 0  .000  -1 .0 0 0

Case Cg from  T ab le  I

- .1 9 9  -2 .4 6 5  - .0 3 1  - .0 3 4  - .0 0 3  1 .179 -1 .0 0 0  .000

- .0 3 4  - .0 0 3  - .4 3 9  - .1 9 9  -2 .4 6 5  -1 .1 7 9  .000 -1 .0 0 0

From T ab le  I I  w ith  th e  B ias  = ^3aI f o r  norm al o p e ra t io n

- .4 2 5  - .1 0 7  .125 .186  .045 - .1 3 9  -1 .0 0 0  .00(1

.186 .045 - .2 6 2  - .4 2 5  - .1 0 7  .139  .000 -1 .0 0 0

From T ab le  I I  w ith  th e  B ia s  = 2 8 al f o r  norm al o p e ra t io n  

-1 .1 5 5  - .2 7 1  .007 .034  .007 .824  -1 .0 0 0  .000

.034 .007 - .8 2 8  -1 .1 5 5  - .2 7 1  - .8 2 4  .000  -1 .0 0 0
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.423
U nequal A reas— 2 Times 

- .6 5 8  - .1 6 2  .060 .091 . 0 2 1 .109 - 1 . 0 0 0 .029"

.609 .094 .021 - .3 9 5 - .6 1 7 - .1 5 3  - .057 .029 - 1 . 0 0 0

U nequal A re a s --4  Times

.426 - .6 6 1 - .1 6 3  .051 .081 .019 .074 - 1 . 0 0 0 -  .044

.063 .085 .019 - .3 7 9 - .5 9 4 - .1 4 7  - .017 .004 - 1 . 0 0 0

U nequal A reas— 10 Times

.429 - .6 6 4 - .1 6 3  .050 .076 .019 .052 - 1 . 0 0 0 -  .054"

.060 .079 .018 - .3 6 9 - .5 7 9 - .  144 - . 0 0 1 .054 - 1 . 0 0 0

QV C o n tro l f o r  P o s i t iv e T£ w ith <% = 1 .

.370 - .5 7 9 - .1 4 3  .054 .078 .018 .151 - r .885 - .0 3 3

.053 .078 .018 - .4 0 7 - .6 3 7 - .1 5 7  - .165 - .0 4 7 - .9 7 7

.079 .075 .015 - .0 4 8 - .0 4 3 - .0 0 8 .072 .137 - .0 6 3

.024 .024 .005 .007 .009 . 0 0 2 . 0 1 0 .051 .023

QV C o n tro l f o r  N eg a tiv e T± w ith U)j = 1 .

.338 - .5 3 5 - .1 3 3  - .0 3 0 - .0 4 3 - . 0 1 1 . 1 2 1 - .8 6 1 - . 1 9 f

.026 - .0 4 2 - . 0 1 1  - .1 8 6 - .2 9 1 - .0 7 2  - .063 - .1 4 0 - .4 6 6

. 0 1 0 . 1 2 2 .028 .161 .144 .029  - .092 .266 .355

.291 - .2 1 9 - .0 3 9  .454 .358 .067 - .617 - .4 1 1 .788

I n f i n i t e  Bus O p tim iz a tio n  w ith  T ^  = »545

.433 - .6 7 1 - .1 6 5  .000 . 0 0 0 . 0 0 0 .038 - 1 . 0 0 0 ,ooon

. 0 0 0 . 0 0 0 .000  - .4 3 3 - .6 7 1 - .1 6 5  - .038 . 0 0 0 - 1 . 0 0 0 _

S uboptim al C o n tro l w ith  T ^  = *545

.414 - .6 5 4 - .1 4 1  .000 . 0 0 0 . 0 0 0 .229 - .9 9 3 .OOO'

. 0 0 0 . 0 0 0 . 0 0 0  - .4 1 4 - .6 5 4 - .1 4 1  - .229 . 0 0 0 - .9 9 3

Com posite O p tim iz a tio n  w ith = 2 .725

.507 - .8 7 7 - .2 0 9  .162 .331 .073 .740 - 1 . 0 0 0 . 0 0 0

.162 .331 .073 - .5 0 7 - .8 7 7 - .2 0 9  - .740 . 0 0 0 - 1 . 0 0 0 _
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I n f i n i t e  Bus O p tim iz a tio n  T j^  = 2 *725 

.605 - .9 5 1  - .2 2 8  .000  .000  .000  .404  -1 .0 0 0

.000  .000  .000  - .6 0 5  - .9 5 1  - .2 2 8  - .4 0 4  .000  -

S ubop tim al C o n tro l w ith  T .^  = 2*725 

.465 - .8 2 1  - .1 6 1  .000  .000  .000  .791 - .9 5 9

.000  .000  .000  - .4 6 5  - .8 2 1  - .1 6 1  - .7 9 1  .000

.000

1.000

. 000"

- .9 5 9
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