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A B S T R A C T

T h is  th e s is  c o n s id e r s  the  p rob lem  of o n - l in e  u p d a t in g  

o f a pow er sy ste m  contro l ce n tre  data base  u s in g  telem etered 

in fo rm ation . T h e  ap p ro a c h  adop ted  to so lve  the p rob lem  is  

State  E stim ation , in w h ich  sta t is t ic a l te c h n iq u e s  a re  used  to 

red uce  the  level o f  u n c e rta in ty  e x is te n t  in  the  o r ig in a l data .

T h e  th e s is  c o n ta in s  two co n tr ib u tio n s  to the  su b jec t: 

the f ir s t  one is re lated  to the deve lopm ent o f  an im p ro ved  v e r ­

s io n  o f a sta tic  state  e stim ator w h ich  u s e s  a s  c r ite r io n  the  sum 

o f  the m oduli o f  the estim ate re s id u a ls ;  the  se con d  is  the  d eve l­

opm ent o f  a c la s s  o f  t r a c k in g  sta te  e st im a to rs  b a se d  on the com­

b in a t io n  o f  n o n -q u a d ra t ic  sta t ic  a lg o r ith m s ,  in c lu d in g  the  one 

re fe rre d  to ab o ve , w ith  a p ro c e d u re  fo r  the p re d ic t io n  o f  the 

sy ste m  sta te  b a se d  on t im e -se r ie s  te ch n iq u e s. T h e  main ob jective  

o f  both  deve lopm en ts  was to ob ta in  e st im a to rs  with an acceptab le  

p e rfo rm an ce  in the p re se n ce  o f  g r o s s  m easu rem ent an d  topo log ica l 

e r r o r s .

T h e  re s u lt s  o f a c o m p re h e n s ive  com pa ra tive  s t u d y  o f  the 

p e rfo rm ance  o f  the d eve loped  a lg o r ith m s  a g a in s t  p r e v io u s ly  a v a il­

ab le  m ethods is a lso  p re se n te d .



A C K N O W L E D G E M E N T S

T h e  a u th o r  w ish e s  to e x p r e s s  h is  most s in c e re  th a n k s  to 

h is  re se a rc h  s u p e r v is o r .  D r  A lf r e d  B ra m e lle r, fo r  h is  gu id a n ce , 

a s s is t a n c e  a n d  e n cou ragem en t in the  d eve lopm en t o f th is  re se a rch  

p ro ject.

T h e  fin a nc ia l s u p p o r t  a n d  leave  o f  a b se n c e  g ra n te d  b y  

the "U n iv e r s id a d e  Federa l do  R io  de J a n e iro ",  B ra z i l,  and  the  

"C o n se lh o  N ac iona l de D e se n v o lv im e n to  C ie n tff ico  e T ecno l6 g ico  - 

C N P q " ,  B ra z i l ,  is fu lly  a p p re c ia te d .

T h a n k s  a re  a lso  d u e  to all f r ie n d s  an d  co lle a gu e s  w ho 

h a ve  he lped  d ire c t ly  o r  in d ire c t ly  in the  deve lopm en t o f  t h is  w ork  

b u t  a re  too m any to allow a nom inal c ita t ion .

F in a lly ,  the a u t h o r 's  d e e p e st g ra t itu d e  is  e x p re s se d  to h is  

w ife, L u z ia ,  fo r h e r c o n s ta n t  h e lp ,  encou ragem en t and  k in d  u n d e r ­

s t a n d in g  d u r in g  the lo n g  y e a r s  o f  t h is  w o rk .
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A B O U T  T H E  A U T H O R

T h e  au tho r o f th is  th e s is  w as b o rn  in A q u id a u a n a , Mato 

G ro s s o ,  B ra z il,  on Decem ber 13, 1947. He rece ived  h is  B . S c .  

in E le c tr ica l E n g in e e r in g  from  the Federa l U n iv e r s it y  o f Parana ,

B ra z i l,  in 1971 an d  the M .S c .  in E le c tr ica l E n g in e e r in g  from 

the  Fed e ra l U n iv e r s it y  o f R io  de  Jan e iro , B ra z il,  in 1973. From  

J a n u a ry  1974 to A u g u s t  1977 he h a s  been w o rk in g  a s  a le c tu re r 

at the Federa l U n iv e r s i t y  o f R io  de Jan e iro . In  th is  post he 

w as in v o lv e d  in le c tu r in g  u n d e rg ra d u a te  an d  p o stg ra d u a te  c o u r se s  

and  re se a rc h  in pow er sy ste m  e n g in e e r in g .  From  O ctob e r 1977 

to the p re se n t  time he w as g ra n te d  a leave  o f ab sence  from h is  

job a n d  a s c h o la r sh ip  from  the Nationa l C o u n c il for Sc ie n tif ic  

a n d  T ec h n o lo g ica l D eve lopm ent -  C N P q ,  B ra z i l,  to attend  a P h .D .  

c o u r se  at U M lS T .  A s  a re su lt  o f  the re se a rc h  w ork  in vo lved  in 

th is  c o u r se ,  th ree  p a p e rs  w ere p u b lis h e d  w h ich  are  listed  below .

A f te r  the com pletion o f  the  c o u rse ,  he w ill re tu rn  to h is  le c tu r in g  

p o s t  in B ra z il.

P u b l ish e d  p a p e rs

1. "P o w e r Sy ste m  T r a c k in g  S ta te  E stim ation  and  B a d  Data P r o c e s s in g " ,  

p re se n te d  at the 12th IE E E - P IC A  C o n fe re n ce , Ph ilade lph ia , U S A ,  

M ay  1981. C o -a u th o r s :  P .A .  C o o ke  an d  A . Bram eller.

2. "A  Fa st  D ecoup led  S ta te  E stim ato r U s in g  L ine a r P ro g ra m m in g ",  

p re se n te d  at the 2nd In te rn a tio n a l Sym po sium  S P S O -8 1 ,  W roclaw , 

P o lan d , June  1981. C o -a u th o r :  A .  B ram e lle r.

3. "N o n q u a d ra t ic  S tate  E stim ation : A  C om pariso n  o f M e th o d s",  

p re se n te d  at the 7th P S C C  C o n fe re n ce , L au san n e , S w itz e r la n d ,

J u ly  1981. C o -a u th o r s :  S . H .  K a ra k i and  A . B ram elle r.



D E C L A R A T IO N

T h e  w ork  re fe rre d  to in th is  th e s is  h a s  not been su b m itte d  

in s u p p o r t  o f an a p p l ic a t io n  fo r a n o th e r  d eg ree  o f  th is  o r  a n y  o th e r 

u n iv e r s i t y  o r o th e r  in s t itu t io n  o f le a rn in g .

D .M . T A L C A O
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W LC w e igh ted  least s q u a re s

B D S b ad  data s u p p re s s io n

Q S R q u a d ra t ic - s q u a re  roo t

P L C p ie ce -w ise  lin e a r c r ite r io n

LP lin e a r  p ro g ra m m in g

F D S E fa st  d ecoup led  sta te  e stim ato r (W LS )

b . f . s . b a s ic  fe a s ib le  so lu t io n

r . h . s . r ig h t  h a n d  s id e

X sta te  ve c to r

Z m easu rem ent ve c to r

V e r r o r  ve c to r

h ( •) n o n lin e a r  v e c to r  v a lu e d  fu n c tio n  re la t in g  s ta te  

a n d  m easu red  v a r ia b le s

H Jacob ian  m atrix

R m atrix  o f w e ig h ts

A g a in  m atrix  (VVLS e stim ato r)

A ga in  m atrix  ( B D S  e stim ato r)

V ,  0 vo lta g e  m ag n itu d e , p h a se  a n g le  ve c to rs

P. Q act ive  re a c t ive  in jec tio n s  o r  line  flow s

r , x , y n e tw o rk  elem ent re s is ta n c e ,  reactance  and  

s h u n t  su sc e p ta n c e

a m easu rem ent e r r o r  s ta n d a rd  dev ia t ion

E { } exp ec te d  va lu e

N (u , a) n o rm a lly  d is t r ib u te d  random  va r ia b le  w ith  mean p 

an d  s ta n d a rd  d e v ia t io n  a

( * )  u n d e r lin e d  sy m b o ls  re p re se n t  v e c to rs  o r  m atrice s
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N n um b er o f sta te s

su b  / s u p e r s c r ip t s

k time in te rva l

i ite ration  co u n te r

p, q a c t ive , re ac t ive  va r ia b le s  

m m easurem ent num ber





M o d e rn  so c ie ty  d ep e n d s  la rg e ly  on  e le c tr ic ity  for in d u s t r ia l 

p ro d u c t io n ,  t ra n sp o r t ,  home com fo rt, le isu re , m edical ca re  e tc. 

In t e r r u p t io n s  in the pow er s u p p ly ,  e ve n  o f a small d u ra t io n , can  

c a u se  s e r io u s  econom ic lo sse s , d isco m fo rt  and  e ven  pu t life at 

r i s k .  A ls o  the  q u a lity  o f the e le c tr ica l e n e rg y  d e liv e re d , m easu red  

b y  d e v ia t io n s  o f vo lta ge  and  f re q u e n c y  from  nom inal v a lu e s ,  sh o u ld  

a tta in  ce rta in  s t a n d a r d s  in o rd e r  to m ake p o s s ib le  the safe  u se  o f 

so p h is t ic a te d  e lectrica l and  e le c tro n ic  d e v ic e s  ava ilab le  n o w a d a y s  

in in d u s t r y ,  b u s in e s s  in gene ra l a n d  a t home. T h e se  re q u ire m e n ts  

h a v e  to be met in the most econom ic w ay  and  w ith  a m inimum o f  

e n v iro n m e n ta l d e te r io ra t io n .

T h e  ach ievem ent o f  a re liab le  s u p p ly  o f  e le c tr ic ity  is ob ta ined  

b y  m e a su re s  taken  bo th  at the p la n n in g  and  o p e ra t in g  s ta g e s .  In  

the  sy ste m  p la n n in g ,  some sp a re  c a p a c ity  sh o u ld  be a llocated  in 

o rd e r  to allow  the sy stem  to cope w ith  fu tu re  e v e n tu a lit ie s .  T h i s  

r e s e r v e  m a rg in  re p re se n t s  a la rge  in ve stm en t in  e x tra  equ ip m en t 

a n d  h a s  to be lim ited. T h e re fo re ,  r e g a r d le s s  o f  the s t re n g t h  

p la n n e d  in to  a pow er sy stem , p a rt  o f  the  ta sk  o f m a in ta in in g  a 

h ig h  leve l o f re lia b ility  is  p e rfo rm ed  in its d a y - t o -d a y  o p e ra t io n .

A  b a s ic  fu n c t io n  fo r e n s u r in g  a se cu re  op e ra t io n  o f  the  

p o w e r sy ste m  is the c lo se  m o n ito r in g  o f  the c u r r e n t  sta te  o f 

o p e ra t io n .  A s  a re su lt  o f the s y s t e m 's  g ro w th  in s ize  an d  com ­

p le x it y  a n d  in te rconnec tio n  w ith  n e ig h b o u r in g  sy s te m s,  a la rg e  

am ount o f  telem etered data sh o u ld  be  ga th e re d  in o rd e r  to a s s e s s  

the  sy ste m  op e ra tion  con d it io n  at som e in s ta n t  o f  time. P ro c e s s  

c o n t ro l d ig ita l com pu te rs  h a ve  been  u se d  in the last two d ecad e s  

to he lp  the  o p e ra to rs  in h a n d lin g  th e se  data. T h is  fu n c t io n  r e ­

q u ir e s  som e so r t  o f  data p r o c e s s in g  a lgo rith m  w h ich  can  a lso  be
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u sed  to "c lean  u p "  the in h e re n t  e r r o r  in t ro d u ce d  b y  the te le ­

m ete ring  sy stem , before  it can  be d isp la y e d  to the o p e ra to r  

an d  u se d  b y  o the r app lica tion  p ro g ra m s .  O ne  p o s s ib le  a p p ro a c h  

in the  developm ent o f su c h  a lg o r ith m s  is the u se  o f the  te c h ­

n iq u e  called  State  Estim ation .

T h e  f ir s t  w o rk s  in pow er sy ste m  state  e stim ation  w ere  

p u b lish e d  in 1 970 and  con ta ined  the re su lt s  o f  th ree  in d e p e n d e n t

g r o u p s :  T h e  M IT  g r o u p ( 79 ' 8 0 ' 81 ) , the B P A  g r o u p ( 2 2 ' 5 5 '  56)

(27)
an d  the A E P  g ro u p  . From  then  on the sub jec t h a s  ca lled  

the  attention  o f m any re s e a rc h e r s  from u n iv e r s it ie s ,  re se a rc h  

c e n tre s  and  in d u s t r y .  R e fe re n ce  (7 8 ), p u b lish e d  in 1974 c o n ­

ta in s  a review  o f most o f  the w o rk  p ro d u ce d  in the e a r ly  y e a r s  

o f  the se  s tu d ie s .  In  B r ita in ,  C E R L  h a s  pe rfo rm ed  some in v e s t ­

ig a t io n  on the subject w ith  v ie w s  o f  app lica tion  to the C E G B

sy s te m ^ 36 ' 4 9 ,73 *. Some o f  th o se  m ethods n ave  been im plem ented

(33)in p ra c t ice  w ith  rep o rted  accep tab le  p e rfo rm ance

A t  U M IS T  an e x te n s iv e  re se a rc h  e ffo rt in pow er sy ste m  

sta te  estim ation h a s  been c a r r ie d  ou t . T h is

w o rk  h a s  co ve re d  the sub jec t from  an  in itia l a s se ssm e n t  o f  its 

a p p lic a b ility  to the deve lopm ent an d  im provem ent o f new a lg o r ith m s.  

T h e  w ork  was o rien ted  to w a rd s  the  deve lopm ent o f  g e n e ra l m ethods, 

w h ich  cou ld  be u sed  in a n y  p ow e r sy ste m , ra th e r  than  p a r t ic u la r  

v e r s io n s  o n ly  su itab le  to sp e c if ic  a p p lic a t io n s .  A n o th e r  p r e ­

occupa tio n  in these  s tu d ie s  w a s the  deve lopm ent o f e ff ic ie n t  

a lg o r ith m s in term s o f s t o r a g e  an d  com pu t in g  time re q u ire m e n ts ,  

w h ich  in vo lve d  the use  o f a d v a n c e d  p ro g ra m m in g  te c h n iq u e s ,  fo r 

in stan ce  s p a r s it y .  A s  major r e s u l t s  o f th is  w o rk , e ff ic ie n t  a lg o ­
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rith m s fo r sta tic  sta te  estim ation, in c lu d in g  fa c ilit ie s  fo r  detection  

an d  iden tifica tion  o f g r o s s  m easurem ent e r r o r s  a n d  n e tw o rk  

to po logy  de te rm ination , w ere p ro d u c e d ^ 11 ' 51 ^ .

T h e  w ork  re p o rte d  in  th is  th e s is  is a n a tu ra l e x te n s io n  o f 

the one re fe rre d  to ab o ve . From  co -o p e ra t io n  betw een  the 

re se a rc h  g ro u p  at U M IS T  an d  in d u s t r y ,  it w as u n d e rs to o d  that 

to h ave  the p re v io u s ly  d eve lope d  a lg o r ith m s  im plem ented e ffic ­

ie n tly  in a p ro c e s s  c o n tro l com pute r fo r  rea l-tim e  o p e ra t io n , 

it w ould  be n e c e s sa r y  to  m ake them ope ra te  in a d yn a m ic  mode,

i. e. to make the  a lg o r ith m s  ab le  to c o n t in u o u s ly  u p da te  a data 

b ase  w ith in form ation  ob ta ined  from  c o n se c u t iv e  s c a n s ,  u s in g  a s  

m uch in form ation  from  the  p a st  a s  p o s s ib le ,  in o rd e r  to reduce  

time requ irem ent and  im prove  the  re d u n d a n c y  o f the  ava ilab le  

in fo rm a t io n .

In  the f i r s t  step  o f  the p ro ject, a com pa ra tive  s tu d y

• ( 22 )between two ava ilab le  a p p ro a c h e s  to the p rob lem , nam ely dynam ic  

i 62)
an d  t r a c k in g ' e stim ation , w as c a r r ie d  ou t in o rd e r  to a s s e s s  

w h ich  one w ou ld  be the most adequa te . T h e  d yn a m ic  a p p ro a c h , 

w h ich  has a lre a d y  been a n a ly se d  in re fe re n ce  (5 8 ) ,  w a s  fo u n d  

to have  inadequate  theore tica l b a c k g ro u n d  and  s e r io u s  com putationa l 

d if f ic u lt ie s .  T h e  se cond  one, w h ich  e x te n d s  the  s ta t ic  state  

estim ation  te ch n iq u e  to the  time v a r y in g  ca se , h a s  the  a d va n ta g e  

o f s im p lic ity  an d  p re v io u s ly  accum u lated  e x p e r ie n c e  a n d ,  th e re fo re , 

was the one c h o se n . A  fast d ecoup led  a lg o r ith m  re p o rte d  in 

re fe re n ce s  (12) an d  (51) and  a c o -o rd in a t io n  te ch n iq u e  su g g e s te d  

in (51) toge the r w ith a sta tic  increm enta l model d e ve lo pe d  u s in g  

t im e -se r ie s  te c h n iq u e s,  w ere u se d  to deve lop  a f i r s t  t r a c k in g  state  

estim ator.



In  p a ra lle l w ith  th is  w o rk , an  in v e s t ig a t io n  on a new ly  

p ro p o se d  estim ation  m ethod u s in g  lin e a r p r o g r a m m in g ^ 8  ̂ w as 

c a r r ie d  o u t.  T h e  m ethod p re se n te d  potential a d v a n ta g e s  in 

detection  and  id e n tif ica t io n  o f  g r o s s  m easurem ent and  topo log ica l 

e r r o r s  in the  t r a c k in g  mode o f  o p e ra t ion , bu t la r g e  sto ra ge  

and  co m p u t in g  time re q u ire m e n ts .  A s  a re su lt  o f  th is  w o rk  a 

new a lgo rith m  w as deve loped  w h ich  has a m uch  better com ­

putationa l p e rfo rm an ce . T h is  a lgo rith m  w as la te r  extended  to 

ope ra te  in the t r a c k in g  mode.

T h e  p re se n ta t io n  o f the m aterial stu d ie d  in  the re se a rc h  

p ro ject is o rg a n ise d  a s  fo llow s: C h a p te r  II  a n a ly s e s  the b ene ­

f it s  o f u s in g  s ta te  estim ation  in a m odern e n e r g y  con tro l cen tre ; 

C h a p te r  I I I  d e f in e s  the  pow er sy ste m  prob lem  in the fram ew ork  

o f a ge n e ra l e stim ation  th e o ry  a n d  com pares the  d if fe re n t  p o s s ib le  

a p p ro a c h e s  to the  p rob lem ; C h a p te r  IV  p re se n t s  a rev iew  o f  the 

e x is te n t  sta tic  e stim ation  a lg o r ith m s  w h ich  are  u se d  a s  b a s is  fo r 

the a lg o r ith m s  d e v e lo p e d  in th is  w o rk ; in C h a p te r  V  the im proved  

v e r s io n  o f the e st im a to r u s in g  line a r p ro g ra m m in g  is p re se n te d ; 

C h a p te r  V I  d e s c r ib e s  the  two deve loped  t r a c k in g  state e st im a to rs  

and  th e ir  in te rfa ce  w ith  re la ted  p ro g ra m s ;  C h a p te r  V I I  p re se n t s  

the re su lt  o f s im u la tion  s tu d ie s  p e rfo rm ed  to com pare  the d e v e l­

oped  a lg o r ith m s  w ith  the on e s p re v io u s ly  a va ila b le ; in C h a p te r  

V I I I  a sum m ary  o f  the main r e s u l t s  ob ta ined  in the re se a rc h  p ro ­

ject is  p re se n te d  to ge th e r  w ith  some s u g g e s t io n s  fo r fu r th e r

re se a rc h .
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In  th is  c h a p te r  the  a d v a n t a g e s  in u s in g  sta te  estim ation  

a s  a da ta  p r o c e s s in g  schem e in a m ode rn  pow er sy ste m  c o n tro l 

c e n t re  a re  d is c u s s e d .  T h e  d is c u s s io n  is m a in ly  b a se d  on  the  

e f fe c t iv e n e s s  o f  sta te  e stim ation  in h e lp in g  s e c u r it y  m o n ito r in g  

a n d  e n ha n ce m en t. A  g e n e ra l d e s c r ip t io n  o f  the  b a s ic  fu n c t io n s  

p e r fo rm e d  b y  the  sta te  e st im a to r a s  well a s  it s  in te r fa c e  w ith  

o th e r  co m p o n e n ts  o f  the o n - l in e  so ftw a re  a re  a lso  p re se n te d .

2.1 IN T R O D U C T IO N

In  the  d a ily  o p e ra t io n  o f  a p o w e r sy ste m  a se r ie s  o f  c o n tro l 

a c t io n s  a re  re q u ire d  to a c h ie ve  p re sp e c if ie d  s t a n d a r d s  o f  q u a lit y  

a n d  c o n t in u it y  o f  s u p p ly  a n d  e conom y. T h e se  a c t io n s  m ay be 

ta k e n  at local le ve l, i.e .  p ow e r p la n t s ,  s u b s t a t io n s ,  e tc . ,  o r  at 

a ce n tra l s ite .  Loca l c o n tro l u s u a l ly  o n ly  n e ed s  in fo rm ation  

o b ta in e d  loca lly  a n d  h a s  a sp e c if ic  t a s k ,  s u c h  a s  re g u la t io n ,  

s w it c h in g ,  p ro te c t iv e  re la y in g ,  e tc. C e n t ra lis e d  c o n t ro l is  

u s u a l ly  a sso c ia te d  w ith  fu n c t io n s  in w h ich  an  o v e ra ll v iew  o f  the  

s y s te m  is r e q u ire d .  T w o  se p a ra te d  c e n t ra lise d  c o n tro l sy ste m s  

h a v e  been  in u se  fo r  a re la t iv e ly  lo n g  tim e: s u p e r v i s o r y  co n tro l 

a n d  g e n e ra t io n  c o n t ro l.  T h e  f i r s t  o n e  is p r im a r ily  c o n c e rn e d  w ith  

s im p le  alarm  fu n c t io n s  (o v e r lo a d s ,  o v e rv o lt a g e s ,  e t c . ) ,  equ ipm ent 

s t a tu s  a n d  fa c ilit ie s  to rem ote ly  actu a te  sta t io n  equ ip m en t.



G e ne ra tion  co n tro l is u sed  fo r  the  autom atic con tro l o f  the 

g e n e ra to r 's  o u tp u t  in o rd e r  to meet the  c o n t in u o u s  c h a n g e s  

in dem and.

In  the  sm all and  iso lated  p ow er s y ste m s  o f  the  p a st, s u p e r ­

v i s o r y  a n d  ge n e ra t io n  con tro l w ere  pe rfo rm ed  b y  the o p e ra to rs ,  

bo th  at the  co n tro l ce n tre  an d  remote sta t io n s, com m unicating  

am ong th e m se lve s  b y  te lephone . A s  a re su lt  o f the  pow er s y s t e m s ' 

g ro w th  in s ize  an d  com p lex ity  a n d  in te rco n n ec tio n  w ith  o th e r 

s y ste m s, the  am ount o f  in fo rm ation  needed  at the  d isp a tc h  ce n tre  

in c rea se d  c o n s id e ra b ly .  S p e e d , a c c u ra c y  and  re lia b ility  in t r a n s ­

m ittin g  the  in fo rm ation  a lso  becam e major re q u ire m en ts. T h is  

new c o n te x t  fo rce d  the in t ro d u c t io n  o f remote te lem ete ring  an d  

h a rd w a re  in the  co n tro l c e n t re s  to p ro c e s s ,  s to re  and  d is p la y  

in fo rm ation  and  se n d  b ack  co n tro l a c t io n s  autom atica lly  o r  w ith  

h e lp  from  the  o p e ra to rs .

T ra d it io n a lly ,  the  s u p e r v i s o r y  an d  g e n e ra t io n  con tro l 

fu n c t io n s  each  had  its own c e n tra l an d  remote h a rd w a re . G e n e r ­

ation  co n tro l w as in it ia lly  p e rfo rm ed  u s in g  an a n a lo gu e  sy stem  

w h ich  e v e n tu a lly  h a s  e vo lve d  to a fu ll d ig ita l sy ste m . Som ew here  

in th is  e v o lu t io n , an o p t im is in g  con tro l level (econom ic d isp a tc h )  

w as in t ro d u c e d  in the in it ia lly  re g u la to ry  typ e  o n ly  g e n e ra t io n  

c o n t ro l.  S im ila r ly  s u p e r v i s o r y  co n tro l e vo lved  from  a h a rd w ire d  

an d  mimic b o a rd  typ e  o f  equ ipm ent to d ig ita l com pu te r d r iv e n  

C R T 's .

T h e  typ e  o f  equ ipm ent a n d  p h ilo so p h y  p ic tu re d  above  w ere  

the o n e s  u se d  in  m ost e le c tr ic ity  com pan ie s a ro u n d  the w orld  by  

the m id - s ix t ie s .  B y  that time, m otivated  by  s e r io u s  op e ra tiona l



p rob lem s, w h ich  in some c a se s  have  p ro d u ce d  b la c k o u ts  la s t in g  

fo r  se ve ra l h o u r s ,  pow er sy stem  e n g in e e rs  in the U n ited  S ta te s  

s ta rte d  the s t u d y  o f  a m ore co m p re h e n sive  an d  e ffe c t ive  typ e  

o f c e n tra lise d  con tro l b a se d  on sy ste m  e n g in e e r in g  te ch n iq u e s. 

T h e  key  fe a tu re  o f th is  new  ap p ro a c h  is the in t ro d u c t io n  o f 

the  concept o f  sy stem  s e c u r it y  w h ich  lead to the  so -ca lle d  

s e c u r it y  c o n t ro l^ 33^.

T h e  im plem entation o f  se c u r it y  con tro l re q u ire s  an  in te g ­

ra t ion  o f  the  co n v e n t io n a l s u p e r v is o r y  and  g e n e ra t io n  con tro l, 

a la rge  and  m ore so p h is t ic a te d  data a cq u is it io n  an d  p ro c e s s in g  

sy ste m  and  the  in c lu s io n  o f  new fac ilit ie s d ire c t ly  re lated  to the  

a sse ssm e n t a n d  enhancem ent o f  sy stem  s e c u r it y .  A  more p o w e r­

fu l and  com plex com pu te r system  both  in h a rd w a re  an d  so ftw are  

te rm s will a lso  be re q u ire d .  T h e  in ve stm ent needed to im plem ent 

t h is  type  o f  c o n tro l m ay be ju st if ie d , a p a rt  from  its  a b ilit y  in 

re d u c in g  the  p ro b a b il it y  o f  o c c u rre n ce  o f  b la c k o u t s ,  b y  s a v in g s  

in  ope ra tion  c o s t s  and  in  d e la y in g ,  o r  even  e lim in a t in g , the 

ad d it io n  o f  new  equ ip m en t, a s  it a llow s the  pow er sy ste m  to be 

ope ra ted  m ore c lo se ly  to its fu ll c a p a c i t y ^ 3 ,7 7 ^ . T h is  new 

p h ilo so p h y  in pow er sy s te m  con tro l sp re a d  ra p id ly  a ro u n d  the 

w orld  and  to d a y  a la rg e  num ber o f  com panies h ave , o r  a re  g o in g

to h ave  in  the nea r f u tu re ,  con tro l c e n tre s  d e s ig n e d  a c c o rd in g

(33  34}
to the se  new co n ce p ts  '



2.2 B A S IC  C O N C E P T S  ON S E C U R IT Y  C O N T R O L *  26 '  32 '  3 3 ,3 4 '  39)

T h e  power sy ste m  ope ra tion  m ay be c h a ra c te r ise d  b y  th re e  

se ts  o f c o n s t r a in t s :  load, o p e ra t in g  an d  se c u r it y  c o n s t ra in t s .

T h e  load c o n s t ra in t s  a re  a se t o f  e q u a t io n s  d e s c r ib in g  the 

b e h a v io u r  of sy ste m  com ponen ts. T h e  o p e ra t in g  c o n s t ra in t s  

a re  a set o f  in e q u a lit ie s  re p re se n t in g  o p e ra t in g  lim its on  sy ste m  

v a r ia b le s .  T h e  se c u r it y  c o n s t ra in t s  a re  a sso c ia ted  w ith  m inim um  

leve ls  o f  re se rv e  th a t the sy stem  sh o u ld  m ainta in  in o rd e r  to  cope  

w ith e ve n tu a lit ie s .  T h e y  re flec t all load and  o p e ra t in g  c o n s t r a in t s  

a ssoc ia ted  w ith  e m e rge n c ie s.

D e p e n d in g  on  the fact tha t the  ab ove  c o n s t r a in t s  a re  s a t is ­

fied  o r  no t, the p o w e r sy stem  o p e ra tion  may be c a te g o r ise d  in  

fo u r o p e ra t in g  s ta te s :  norm al, a le rt, e m e rge n cy  and  re s to ra t iv e .

A  sy ste m  is  in the  norm al state  if all the  c o n s t ra in t s  are  sa t is f ie d .

If  a n y  o f  the s e c u r it y  c o n s t ra in t s  a re  v io la ted , the  sy ste m  g o e s  

in to  the  a le rt sta te  in  w h ich  a d is tu rb a n c e  may cau se  the  v io la t io n  

o f  an o p e ra t in g  c o n s t r a in t ,  i.e . an em e rge n cy  co n d it io n . T h e  

re s to ra t iv e  sta te  is  a sso c ia te d  w ith  the  pe r iod  in  w h ich  a c t io n s  

are  ta ken  to b r in g  the  sy ste m  from  the  e m e rge n cy  to the  norm al 

state.

Sy ste m  s e c u r it y  is the a b ilit y  o f  the  p ow er sy ste m  to u n d e rg o  

a d is tu rb a n c e  w ith o u t  g e tt in g  in to  an em e rge n cy  c o n d it io n . T h e  

ob jective  o f  the s e c u r it y  co n tro l is to keep  the sy ste m  in  the  

se cu re  re g io n ,  i.e . in  the  norm al sta te , b y  s h if t in g  ge n e ra t io n  

and  o th e r  a c t io n s  w h e n e ve r  s e c u r it y  c o n s t r a in t s  a re  v io la te d .
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2 .3  B A S IC  C O N F IG U R A T IO N  O F  A  C O N T R O L  C E N T R E  S O F T W A R E * 26< 32) 

In  F ig u re  2 .1 , a b a s ic  so ftw are  c o n f ig u ra t io n  fo r  an e n e rg y  

co n tro l ce n tre  d e s ig n e d  u s in g  the co n ce p ts  o f sy ste m  se c u r it y  is 

p re se n te d . T h e  main com ponents o f  th is  c o n f ig u ra t io n  a re :

i. Data A c q u is it io n  Sy ste m  It s  main fu n c t io n  is to in te rfa ce  the 

com m unication c h a n n e ls  w ith  the con tro l com pute r. It  h and le s  

log ica l in fo rm ation  abou t sw itch  s ta tu s  a n d  d ig ita lise d  v a lu e s  o f 

ana logue  v a r ia b le s  (v o lta g e s ,  pow er flow s, e t c . ) .  It  a lso  p e r ­

fo rm s some lim it and  e r r o r  c h e c k in g ,  c o n v e r s io n  to e n g in e e r in g  

u n it s ,  etc.

ii. Raw  Data  P ro c e s s in g  T h is  is  the fu n c t io n  re sp o n s ib le  fo r 

the  p ro d u c t io n  o f an  upda ted  model o f the  pow er sy ste m  and  

the  p re se n t  o p e ra t in g  sta te . T h e  f ir s t  ta sk  is  p e rfo rm ed  b y  

the  n e tw o rk  c o n f ig u r a t o r * 51 ,7® '51^, w h ich  p ro c e s se s  the sta tu s  

in form ation  a n d  the se cond  one b y  some p ro c e s s in g  schem e (e .g .  

sta te  e stim ation ) fo r  the an a logu e  m easu rem ents.

Mi. S e c u r it y  M o n ito r in g  a n d  A n a ly s i s  T h e  s e c u r it y  m on ito rin g  

fu n c t io n  c h e c k s  w he the r the p re se n t  o p e ra t in g  p o in t  sa t is f ie s  

load and  o p e ra t in g  c o n s t ra in t s .  I f  so , the  a b ilit y  o f  the system  

to u n d e rg o  a sp ec if ie d  se t o f d is tu rb a n c e s  is te sted  b y  the co n ­

t in g e n c y  e va lu a t io n  fu n c t io n . I f  at least one c o n t in g e n c y  may 

b r in g  the sy ste m  to the e m e rge n cy  sta te , the s e c u r it y  co n stra in e d  

op tim isa tion  is  ac t iva ted  to f in d  a se c u re  o p e ra t in g  po in t.



F ig u re  2.1 B a s ic  co n figu ra t io n  o f a se c u r ity -c o n tro l o rien ted  softw are



iv .  A u tom atic  G enera tion  C o n tro l a n d  D isp a tc h  T h e  p re se n t

v a lu e s  o f  in d iv id u a l b u sb a r  loads ob ta in e d  from  the raw  data 

p r o c e s s in g  m odule a re  p ro jected  in to  the n e a r fu tu re  b y  the 

sh o r t - te rm  fo re c a s t in g  an d  the b e st  a llocation  o f ge n e ra t io n  

de te rm ined  b y  the  econom ic d isp a tc h  fu n c t io n , sub jec t to co n ­

s t r a in t s  im posed b y  s e c u r it y  c o n s id e ra t io n s .  T h e  re s u lt s  o f  

the d isp a tc h  are  then  u se d  fo r se t t in g  the c lo sed  loop autom atic 

ge n e ra t io n  co n tro l.

v .  S u p e r v i s o r y  C o n tro l T h is  is  e s se n t ia lly  a m anual typ e  o f  

co n tro l a sso c ia ted  w ith  sw itc h in g  fa c ilit ie s  o f  c irc u it  b re a k e r s ,  

s t a r t - u p  an d  sh u t -d o w n  o f  g e n e ra to r s ,  etc.

v i.  E m e rg e n c y  an d  R e sto ra t iv e  C o n t ro l M o st  o f the  co n tro l in 

the e m e rge n cy  an d  re s to ra t iv e  sta te  is  p e rfo rm ed  b y  the o p e ra to r .  

T e c h n iq u e s  fo r autom atic con tro l in th o se  sta te s  a re  o n ly  now 

becom ing  a v a ila b le ^ 83^ .

v ii.  M a n -M a c h in e  S y s t e m T h is  is  re sp o n s ib le  fo r  the  in te rfa ce  

betw een the  o p e ra to r  an d  the  com pute r con tro l v ia  C R T 's  d i s ­

p la y s  a n d  k e y b o a rd s .

2 .4  D A T A  A C Q U IS IT IO N  A N D  P R O C E S S IN G  S C H E M E S

T h e  am ount, typ e  a n d  place o f  a c q u is it io n  o f data n e c e s s a r y  

to p e rfo rm  s e c u r it y  m o n ito r in g , a s  well a s  the  w ay in w h ich  the  

data  is  g o in g  to be  p ro c e sse d  b e fo re  u se  b y  s e c u r it y  re lated  

fu n c t io n s ,  a re  m atters tha t have  ra ise d  m any d is c u s s io n s .  A t



le a st th ree  b a s ic  schem es h ave  been p u t  fo rw a rd  b y  p ow er sy ste m

( 26 ) .
e n g in e e rs

i. M ea su rem en t o f  se lected  q u a n t it ie s  w hich  allow the  

d ire c t  m o n ito r in g  o f  some k e y  fac ilit ie s.

ii. M ea su rem en t o f  a m inimum se t o f q u a n t it ie s  e n o u g h  

to p e rfo rm  an o n - l in e  load flow w h ich  w ould  allow  

the  m o n ito r in g  o f  all sy ste m  com ponen ts.

iii. M ea su rem en t o f  a la r g e r  n u m b e r o f q u a n tit ie s  ( re d u n d a n t  

se t) fo llow ed b y  a sy ste m a tic  data p ro c e s s in g  m ethod in 

w h ich  u n c e rta in t ie s  in h e re n t  to the  m easurem ent sy ste m  

a re  ta ken  in to  a cco u n t.

A  d isa d v a n ta g e  o f  the f i r s t  schem e is tha t the m o n ito r in g  

is incom plete. A  fa c ility  w h ich  is not c o n s id e re d  im portan t 

u n d e r  one o p e ra t in g  co n d it io n  m ay become im portant in a n o th e r .

It a lso  d oe s not p ro d u c e  a com plete a n d  c o n s is te n t  set o f  in itia l 

c o n d it io n s  fo r  fu n c t io n s  like  s e c u r it y  a n a ly s is ,  fo r  in stan ce .

T h e  se con d  schem e c o r r e c t s  to som e exten t the  sh o r tc o m in g s  

o f  the  f i r s t  one . H ow e ve r, it a lso  h a s  some in c o n ve n ie n ce s.

F i r s t  o f a ll, it r e s t r ic t s  the cho ice  o f  m easurem ent typ e  an d  

location  to the se t re q u ire d  b y  the  load flow . S e c o n d ly ,  it 

c a n n o t  be pe rfo rm ed  if  some data is m is s in g .  A  th ird  a n d  m ajor 

p rob lem  is that if  one  data is  in c o rre c t ,  the  re su lt  o f  the  c a l­

cu la t io n  w ill c e rta in ly  be s e r io u s ly  a ffected  and  p ro b a b ly  w ill

be  u se le s s .
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T h e  th ird  schem e ove rcom es all the above  p ro b le m s 

a ssoc ia ted  w ith  the f i r s t  two b y  the  use  o f  re d u n d a n t  in fo rm ­

ation  and  sta t is t ic a l te ch n iq u e s  to com pensate  fo r  the  n o is y ,  

e r ro n e o u s  an d  m iss in g  data . It a lso  h a s  the a d v a n ta g e  o f 

a llow ing  a c r o s s - c h e c k in g  o f the n e tw o rk  c o n f ig u ra to r  r e s u lt s .

T h e  p ro c e s s in g  m odule o f th is  schem e is  called  the S ta te  

E stim ator.

A lt h o u g h  a p p a re n t ly  r e q u ir in g  a more e x p e n s iv e  d * t a  

a cq u is it io n  sy ste m  (d u e  to the need  o f  r e d u n d a n c y ) ,  sta te  

e stim ation , in fa c t, may become more econom ical th an  the  two 

o th e r m ethods fo r the same leve l o f  re lia b ility  on the  r e s u lt s .

T h is  is  so  b ecau se  the o th e r tw o schem es not m a k in g  u se  o f 

the co rre la te d  in fo rm ation  e x is te n t  am ong m easu rem en ts, h a ve  

to re ly  on m u lt ip lic ity  an d  h ig h  a c c u ra c y  in each  in d iv id u a l 

data p o in t.

2.5 T H E  S T A T E  E S T IM A T IO N  A P P R O A C H

T h e  sta te  e stim ator is a com pute r p rog ram  d e s ig n e d  w ith  

the ob je ct ive  o f sy ste m a tica lly  p r o c e s s in g  raw te lem etered  data  

rece ived  th ro u g h  the data a c q u is it io n  sy stem  in o r d e r  to p ro d u c e  

a c o n s is te n t  and  re liab le  estim ate  o f the  c u r re n t  p o w e r sy ste m  

o p e ra t in g  p o in t. It w o rk s  in c lo se  a ssoc ia t ion  w ith  th e  n e tw o rk  

c o n f ig u ra to r  from  w h ich  it re c e ive s  the  model o f  the  n e tw o rk  and  

m easurem ent sy ste m  an d  r e tu rn s  in form ation  r e g a r d in g  in c o n s is t ­

e ncy  in  tha t model fo r fu r t h e r  a n a ly s is .  T h e  fina l r e s u l t s  o f  

the sta te  e stim ator and  n e tw o rk  c o n f ig u ra to r  a re  th e n  u se d  b y  

the o th e r  fu n c t io n s  im plem ented in  the con tro l c e n t re  (se e  F ig u re  

2. 1).



T h e  in fo rm ation  re ce ived  b y  the state  e st im a to r c o n ta in s  

a ce rta in  am ount o f  e r r o r .  S u c h  e r ro r  may be  c la s s if ie d  a s :

i. M ea su rem en t n o i s e : the 'n o rm a l' e r r o r  a sso c ia te d  w ith  

the  data a c q u is it io n  p ro c e s s .  It  re su lt s  from  the  lim ited 

a c c u ra c y  o f  t r a n sd u c e r s ,  T P 's  an d  T C 's ,  c o n v e r s io n  an d  

com m unication  equ ipm ent.

ii. C r o s s  m easurem ent e r r o r : c au se d  b y  a p a rt ia l o r  total 

m ete r-com m un ica tion  fa ilu re  o r  b y  o b se r v a t io n s  ta ke n  d u r in g  

t ra n s ie n t s .

iii. T o p o lo g ic a l e r r o r s : the re su lt  o f  an  u n re p o r te d  ch a n g e

o f c ir c u it  b re a k e r  o r  sw itch  s ta tu s  o r  b y  a fa ilu re  in  the 

n e tw o rk  c o n f ig u ra t o r  w h ich  p ro d u ce  w ro n g  in fo rm a tio n  ab ou t 

the c o n n e c t iv ity  o f  the  n e tw o rk .

iv . P a ram eter e r r o r s : re p re se n ts  the  u n c e r ta in t y  in the

v a lu e s  o f the  sy ste m  p a ram ete rs.

T h e  m easu rem ent n o ise  u su a lly  h a s  a m a g n itu d e  com parab le

to the  u n c e rta in t ie s  in the  o p e ra t in g  c o n s t r a in t s  a g a in s t  w h ich

( 49)the re s u lt s  o f the e stim ation  will be c h e cke d  . T h e re fo re ,  

its in f lu e n ce  on  the  a c c u ra c y  o f  the e stim ation  is  n o t so  im p o rt­

an t. H o w e ve r, it in t ro d u c e s  a ce rta in  d e g re e  o f  in c o n s is te n c y  

in the  data  w h ich  sh o u ld  be rem oved b e fo re  it is  t ra n s fe r re d  

to o th e r  a p p lic a t io n  p ro g ra m s.
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Param eter e r r o r s  h a ve  a s ig n if ic a n t  in f lu e n ce  o n ly  in the 

e a r ly  s ta g e s  o f  ope ra tion  o f a rea l-tim e sy ste m , w hen data 

p re v io u s ly  u se d  fo r  o f f - lin e  s tu d ie s  is c h e c k e d  a g a in s t  o n - lin e  

in fo rm ation . A f t e r  a p e r iod  o f  'd e b u g g in g ' th is  k in d  o f e r r o r  

will become v e r y  small and  e ve n tu a lly  d is a p p e a r .

C ro s s  m easurem ent e r r o r  and  to po log ica l e r r o r ,  u su a lly  

ca lled  bad data '  a re  the main s o u rc e  o f  t ro u b le s  in pow er 

sy stem  sta te  e stim ation . F i r s t ly ,  b e c a u se  if the se  e r r o r s  rem ain 

undetected  th e y  will c e rta in ly  affect s u b s t a n t ia l ly  the  a c c u ra c y  

o f  the  e stim ation . S e c o n d ly ,  because  th e  u n p re d ic ta b le  n a tu re  

o f the se  e r r o r s  make detection  and  id e n t if ic a t io n  a v e r y  la b o r ­

io u s  ta sk .

T h e  n a tu re  o f  the e r r o r s  above  s u g g e s t s  a m ultip le  s ta ge

a p p ro a c h  to  the  sta te  estim ation p rob lem . F i lt e r in g  te ch n iq u e s

(25  82)
deve loped  in the  f ie ld s  o f con tro l e n g in e e r in g  and  s t a t is t ic s 1 

a re  well su ite d  fo r the treatm ent of m easu rem ent n o ise . H ow eve r,

log ica l c h e c k s  on  the income raw  m easu rem en ts  and  p o s t - f i lt e r in g

In  F ig u re  2 .2  a b a s ic  sta te  e stim ation  scheme, a n d  its 

re la t io n sh ip  w ith  the n e tw o rk  c o n f ig u ra t o r ,  is sh o w n . T h e  raw 

m easu rem ents ob ta in e d  from  the data a c q u is it io n  sy ste m  g o e s  

in to  a p re - f i l t e r in g  s ta ge  in w h ich  s im p le  log ica l c h e c k s  ( e . g .  

sum  o f  pow er flow s e n te r in g  a node) a re  made. (*)

( * )  In  th is  th e s is  bo th  g r o s s  m easu rem ent an d  topo log ica l e r r o r s  

will be o ften  re fe r re d  to in d isc r im in a te ly  a s  bad  data . A  sp ec if ic  

re fe re n ce  to one  o r  an o th e r type  o f  e r r o r  w ill be made w he n e ve r 

a c le a r  d is t in c t io n  becom es n e c e ssa ry .

th e y  u su a lly  fa il in the p re se n ce  o f b a d  data . T h e se  ty p e s  o f 

e r r o r  are  b e tte r  dea lt w ith  b y  a com b ination  o f  p re - f i lt e r in g

sta t is t ica l te s t s  on  the  re su lt s  o f  the f i l t e r in g  s ta ge
(4 9 ,5 0 ,7 3 )



a n a lo gu e
m easu rem en ts

s ta tu s
in fo rm ation

e x it flow o f  in fo rm ation

F ig u r e  2.2:  B a s ic  sta te  e st im a tio n  schem e



I f  la rg e  d is c re p a n c ie s  a re  fo u n d ,  bad data may be sp o tted  at 

th is  s ta ge  and  c o n se q u e n t ly  som e m easu rem ents may be d is c a rd e d  

o r  a r e - r u n  o f  the  n e tw o rk  c o n f ig u ra t o r  p e rfo rm ed . In  the  

f i lt e r in g  s ta g e , a lg o r ith m s b a se d  on s ta t is t ic a l te c h n iq u e s  fit 

the  m athem atical model in th e  rea l-t im e  m easu rem en ts. In  the 

p o s t - f i l t e r in g  sta ge , s ta t is t ic a l te s ts  a re  pe rfo rm ed  in o rd e r  to 

a sc e rta in  w he the r the  f it t in g  w as adequa te . I f  not, it m eans 

th a t bad  data  w as st ill p r e se n t  in  the in p u t  data . A  p ro c e s s  o f 

detection  an d  id e n tif ica t io n  o f  b a d  data  is then  s ta rte d  an d  

u s u a l ly  e n d s ,  a s  in the  p r e f i l t e r in g  s ta g e ,  w ith  the  detection  

o f  some e rro n e o u s  m easu rem en ts  o r  c h a n g e s  in the  n e tw o rk  con ­

f ig u ra t io n .

T h e  schem e show n  in  F ig u r e  2 .2  re p re se n t s  o n ly  one  ru n  

o f  the  sta te  e stim ator. A s  the  pow e r sy ste m  o p e ra t in g  po in t 

c h a n g e s  in time, c o n se c u t iv e  sta te  e stim ation s a re  re q u ire d .

T h e se  e stim ation s a re  p e r fo rm e d  at p re - s p e c if ie d  p e r io d s  o f time 

o r  w hen  a major c h a n g e  in  the  sy ste m  o p e ra t in g  co n d it io n  take s 

p lace . In  th is  co n tex t som e form  of in te ra c t io n  betw een the  con ­

se c u t iv e  r u n s  o f  the  e stim ation  is  d e s ire d  in o rd e r  to ease  the 

o v e ra ll  t a sk .  T h e  n e tw o rk  c o n f ig u ra t o r ,  o r  p a r t  o f it, is  ru n  

o n ly  w hen a c h a n g e  in c o n f ig u ra t io n  ta ke s  p lace  o r  an  e r r o r  in 

the  p re se n t  c o n f ig u ra t io n  is  de tected .

2 .6  A P P L IC A T IO N S  A N D  A D V A N T A G E S  O F  S T A T E  E S T IM A T IO N

T h e  im plem entation o f  the  s e c u r it y  c o n t ro l,  a s  d e sc r ib e d  

b e fo re , re q u ire s  the u se  o f  a d va n c e d  fu n c t io n s  like  c o n t in g e n c y  

e va lu a t io n  an d  s e c u r it y  c o n s t ra in e d  o p tim isa t io n . T h e se  fu n c t io n s



use  com plex num erica l te ch n iq u e s  like  fa st  load flow and  optim a 

isa tion  m ethods to a n a ly se  and  co rre c t  on  rea l-tim e the pow er 

sy stem  o p e ra t in g  p o in t. A  re liab le , c o n s is te n t  and  com plete 

data base  c o n ta in in g  a d e sc r ip t io n  o f  the  p re se n t  state  o f  the 

sy stem , as well a s  the c o rre c t  n e tw o rk  c o n f ig u ra t io n ,  is a 

fundam ental re q u ire m e n t fo r  the s u c c e s s  o f the se  fu n c t io n s .

Sta te  estim ation  is  the  m ost e ffic ien t w ay o f u p d a t in g  th is  data 

b ase  in rea l-tim e. It s  a b il it y  to cope  w ith  m easurem ent n o ise , 

detection  and  id e n t if ic a t io n  o f g r o s s  m easurem ent and  topo log ica l 

e r r o r s  and  the  f le x ib i l it y  o f p ro d u c in g  good  re su lt s ,  e ve n  if  

some data is m is s in g ,  re p re se n t s  a g re a t  ad va n ta g e  o v e r  o th e r 

ap p ro a c h e s.

In  the o n - l in e  e n v iro n m e n t the  sta te  e stim ator will a lso  

he lp  the ta sk  o f  p ro d u c in g  e q u iv a le n t s  o f the n e ig h b o u r in g  sy ste m , 

w h ich  re q u ire s  fo r  its ca lcu la t ion  the v a lu e s  o f the v o lta g e s  at 

b o rd e r  b u s b a r s .  T h e  econom ic d isp a tc h  a lso  b en e fits  from  the 

re su lt s  o f the sta te  estim ation  u s in g  the estim ated v a lu e s  o f the  

in d iv id u a l load  b u s b a r s  p ro jected  to the  nea r fu tu re .

State  e stim ation  a lso  h a s  o f f - l in e  a p p lic a t io n s. O ne  o f them, 

w h ich  was in d ic a te d  e a r lie r  in th is  c h a p te r,  is  re lated  to the 

'd e b u g g in g 1 o f  sy ste m  param eter e r r o r s ,  b ia s  typ e  e r r o r s  due  

to meter m isc a lib ra t io n , e tc .,  u s in g  a m odified state  estim ation  

p ro g ra m  and  data  ob ta ined  o n - l in e 121^. A n o th e r  o f f - lin e  a p p lic ­

ation  is  the d e te rm in a t io n  o f  the optim al meter location in o rd e r  

to facilitate  th e  o n - lin e  ta sk  o f  the sta te  e st im a to r^ 6<* ' 6 1  ^ . T h is  

last ap p lic a t ion  is  v e r y  im portan t a s  it can  p ro d u c e  c o n s id e ra b le  

s a v in g s  in m eter an d  com m unication  h a rd w a re .
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2.7 C O N C L U S IO N S

S e c u r it y  con tro l is at p re se n t  an e sta b lish e d  d e s ig n  p h ilo so p h y

for e n e rg y  c o n t ro l c e n t re s .  T h i s  typ e  o f  con tro l re q u ire s  a

re liab le  re a l-t im e  data  base . A m o n g  the m any w ays o f  u p d a t in g

th is  data b a se ,  sta te  estim ation  h a s  been g a in in g  more acceptance

due  to its a d v a n ta g e s  in  term s o f  re lia b ility ,  f le x ib il it y  a n d  even

econom y. A n  in itia l re lu c ta n ce  to the u se  of the new techn ique

h a s  been s te a d ily  d is a p p e a r in g ,  d u e  m ain ly  to the re se a rc h  e ffo rt

put into th e  deve lopm en t o f sta te  estim ation  a lg o r ith m s w ith  more

acceptab le  co m p u te r re q u ire m e n ts .  T h e  in c rea se d  u se  o f  state

estim ation in  the p ow er in d u s t r y  can  be o b se rv e d  in a recent

(34)
p u b lish e d  s u r v e y  o f  co n tro l c e n t re s  a ro u n d  the  w orld



S T A T I C ,  D Y N A M IC  A N D  T R A C K IN G  S T A T E  E S T IM A T IO N  

D E F IN IT IO N S  A N D  C O M P A R IS O N  O F  F O R M U L A T IO N S

C H A P T E R  I I I
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In  t h is  ch ap te r the pow er sy stem  state  estim ation p rob lem  

is  fo rm ula ted  w ith in  the fram ew ork  o f the gene ra l estim ation  th e o ry .  

T h e  d if f ic u lt ie s  in o b ta in in g  su itab le  m odels, w h ich  w ould  enab le  

th e  use  o f  s ta n d a rd  te c h n iq u e s,  is ou tlin ed  and  sim p lified  m odels 

a re  in d ica te d . T h is  fo rm u la tion , to ge th e r w ith some p ractica l 

o p e ra tion a l re q u ire m en ts, is u sed  to d e fin e  and  com pare the  th ree  

a p p ro a c h e s  ava ilab le  fo r the  problem , nam ely sta tic , d yna m ic  an d  

t r a c k in g  sta te  estim ation.

3.1 IN T R O D U C T IO N

T h e  f ir s t  s tu d ie s  re la ted  to estim ation  p rob lem s g o  b a ck  to 

the  s ix te e n th  c e n tu ry .  G a u s s  f ir s t  u se d  the le a s t - sq u a re s  m ethod 

fo r  the s t u d y  o f p lanet and  comet motion u s in g  te le scop ic  o b se rv a t io n s  

in  1795i . M o re  recent im portant c o n t r ib u t io n s  to the su b je c t were

in t ro d u c e d  b y  F is h e r ,  K o lm o go rov  an d  W iener. T h e  ge n e ra l fram ew ork  

o f  estim ation  th e o ry  was e sta b lish e d  m ain ly  in the  w o rk  o f  Kalm an 

in  w hich  the  re ce n tly  in t ro d u ce d  state  space  form ulation  w as u se d . 

T h e  b a s ic  id ea s o f  the so -ca lle d  "K a lm an  f ilte r "  a re  con ta ined  in 

re fe rence^  . T h e se  te ch n iq u e s  have  been la rg e ly  te sted  w ith  

s u c c e s s  in p rac t ica l ap p lic a t io n s  m ain ly  in the ae ro sp ace  in d u s t r y .

A  v e r y  b a s ic  form ulation  o f the estim ation p rob lem  can  be 

sta ted  a s :  " in fe r  the p ro p e r t ie s  o f a sy stem  from a set o f  o b s e r ­

v a t io n s " .  In  a more p a rt ic u la r  and  u se fu l form ulation  the " p r o p ­

e r t ie s "  o f  in te re st  are  sum m arised  in a set o f va r ia b le  com ponen ts 

o f  a state  ve c to r.  T h e  o b se rv a t io n s  a re  a lso  a r ra n g e d  in a ve c to r 

o f  in fo rm ation  o r ,  more ad equa te ly  in the  case  o f p h y s ic a l sy ste m s, 

m easu rem en ts. T h e  estim ation  problem  is  then re sta ted  a s :  "o b ta in



the b e st  estim ation  o f  the state  ve c to r  from the ava ilab le  m e a su re ­

m e n ts ".  T h e  w ord  "b e s t "  a p p e a rs  in the above  d e fin it ion  to accoun t 

fo r the ge n e ra l im p o ss ib il it y  o f  f in d in g  an e xact so lu tion  fo r  the 

p rob lem  due  to the  p re se n c e  o f e r r o r s  in the  m easu rem ents. T h e  

p rob lem  th u s  d e fin ed  is  ca lled  the  state  estim ation  p rob lem .

A  so lu tion  fo r  the state  estim ation  p rob lem  is o b ta in e d  b y  

m in im isation  o f  some fu n c tio n  o f  the  e r ro r  in  the e stim ates. T h e  

fu n c t io n  m ostly  u se d  s in ce  the e a r ly  d a y s  o f  e stim ation  is  the  sum 

o f  the sq u a re s  o f  the  e r r o r s .  H o w e ve r, o th e r fu n c t io n s  c a n  be 

u se d  d e p e n d in g  on  the  p a r t ic u la r  ob jective  o f the e stim ation . I f  

s ta t is t ic s  o f  the m easu rem ent e r r o r s  a re  k n o w n , e stim ato rs  can  be 

d e r iv e d  b y  o p t im is in g  c o r r e sp o n d in g  s ta t is t ic s  o f the e stim ate s.

In  m ost c a se s  the  e st im a to rs  ob ta ined  b y  the  two a p p ro a c h e s  a re  

id e n tica l, th e  o n ly  d iffe re n ce  between them b e in g  on the  p ro p ­

e rt ie s  a ttached  to the  so lu tion .

In  the p o w e r sy stem  in d u s t r y ,  sta te  estim ation  th e o ry  h a s  

found  se ve ra l a p p lic a t io n s .  T h e  p a rt ic u la r  in te re st  in  th is  th e s is  

is  fo cu se d  on the  estim ation  o f  the  so -c a lle d  "s ta t ic  s ta te " w h ich  

d e f in e s  a pow er sy ste m  o p e ra t in g  p o in t in  the "q u a s i - s t a t ic "  mode 

o f  o p e ra t io n ^ 35^ . In  o rd e r  to o b ta in  e ffic ien t an d  re liab le  e stim ­

ation  m ethod s, the  ge n e ra l estim ation  te ch n iq u e s  sh o u ld  be  adapted  

to the  pow er sy ste m  p rob lem  d u e  to fac ts  like  ab se nce  o f  adequate  

m ode ls, h ig h  d im e n s io n a lity ,  e ve n tu a l la rge  e r r o r s  in the  m e asu re ­

m ents, etc.



3.2 S T A T E - T R A N S IT IO N  M O D E L S

F O R  D Y N A M IC  S Y S T E M S *  25 ' 82 ' 92)

A  b a s ic  step  in the  deve lopm ent o f sta te  estim ation  

a lg o r ith m s  is  the  e sta b lish m e n t o f  an adequate  model fo r  the p r o ­

c e s s  b e in g  o b se rv e d  and  fo r  the o b se rv a t io n s  th e m se lve s. T h e se  

m odels m ust co n ta in  a d e sc r ip t io n  o f the  time e vo lu t io n  o f  the 

state  ve c to r ( i f  time v a r y in g )  from  in itia l c o n d it io n s ,  in c lu d in g  

a d e fin it io n  o f  the  s ta t is t ic s  a sso c ia ted  w ith  e ven tua l random  d i s ­

tu rb a n c e s  in the  state . T h e  model o f  the o b se rv a t io n s  m ust sh ow  

a re la t io n sh ip  betw een the m easu red  v a r ia b le s  and  the  state  at 

the  in s ta n t  in w h ich  the m easu rem ents are  taken  as well a s  the 

s ta t is t ic s  o f  the  m easurem ent e r ro r .  S tate  space  m odels are  now ­

a d a y s  alm ost u n iv e r s a l ly  u se d  in sy ste m  e n g in e e r in g  a p p lic a t io n s  

a n d  th e re fo re  th e y  w ill be adopted  in th is  th e s is .  A s  all the  

a lg o r ith m s  d eve lo p e d  in th is  w o rk  a re  d ire c ted  fo r u se  

in  d ig ita l c o m p u te rs ,  the d is c re te  time form ula tion  is  the  most 

adequa te  fo r  the deve lopm ent o f  the m odels.

A n  adequa te  model fo r the p u rp o se s  o f  th is  c h a p te r ,  in 

a re la t ive ly  ge n e ra l form , is g iv e n  b y

* k +i = K  V  k )  + (3 .1 )

i k  = k ) + * (3 .2 )

w here

k  = time in te rva l

k  = state  ve c to r  ( n x l )

= m easurem ent ve c to r (m x l)
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%

w , v ^  = random  v e c to rs  re p re se n t in g  u n ce rta in  p ro c e s se s  fo r

w h ich  sta t is t ic s  are  u su a lly  know n

u k = know n  (d e te rm in ist ic ) in p u t

h = n o n - l in e a r  ve c to r va lu ed  fu n c t io n s

x  = u n ce rta in  in itia l sta te  ve c to r  
—o

T h e  model g ive n  b y  (3 .1 )  and  (3 .2 ) ,  a lth o u g h  c o r re sp o n d in g  

to m any im portant p ractica l s itu a t io n s ,  in t ro d u c e s  ce rta in  p rob lem s 

in the d e r iva t io n  o f  the estim ation  a lg o r ith m s. T h e  u su a l a p p ro a c h  

is to in it ia lly  u se  a sim p ler model an d , a fte r  the d e r iv a t io n  o f  the 

e stim ator e q u a tio n s, to e x tend  them to m ore ge n e ra l ca se s  i f  neces­

s a r y .

A  v e ry  com m only u se d  model fo r  estim ation p u rp o se s  is  obta ined  

from the  p re v io u s  one b y  the in t ro d u c t io n  o f two s im p lif ic a t io n s:

a. lin e a risa t ion  o f and  h

(82)
b. a ssum p tion  that w. and  v. a re  "w h ite  p r o c e s s e s "

i.e . p ro c e s se s  in  w h ich  no co rre la t io n  in time e x is t s .

T h e  new model, in w h ich  the e xp lic it  d ep e n de n ce  on  the 

in p u t  u ^  is d ro p p e d  for s im p lic ity , is then  g iv e n  b y :

(3 .3 )

(3 .  *0

w here  4^ and  are  (n x n )  and  (m xn ) m atrices re sp e c t iv e ly .
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T h e  f ir s t  an d  se cond  s ta t is t ic s  o f  w ^ , and  x ^  are  

a ssu m e d  to be kn ow n  and  g iv e n  b y

E t v ^ }  = 0 (3 .5 )

Q if  k=j—

E t w ^ v J }  = - (3 .6 )

0 if  k * j

E < ^ >  = °
(3 .7 )

R if  k=j

v 7 ) =  ■ (3 .8 )

0 if  k * j

m r-*-
»

¿
X W-
» II

¿
X> ( 3 .9 )

- x l T > = P—O —O —o —o —o
(3 .1 0 )

w he re  x Q re p re se n t  the t ru e  b u t  u n k n o w n  v a lu e  o f  the in itia l 

sta te  and  (3 , F? a n d  a re  (m xm ), ( n x n )  a n d  (n x n )  c o v a r ia n ce  

m atrice s, re sp e c t iv e ly .

3 .3  T H E  E S T IM A T IO N  P R O B L E M * 25 ' 82 ' 92)

A s  a lre a d y  stated  in  the in t ro d u c t io n  to th is  c h a p te r ,  the 

sta te  estim ation  p rob lem  is  co n ce rn e d  w ith  o b ta in in g  the  "b e s t "

estim ation  o f  the v e c to rs  x ^  (k  = 1 , 2 , . . . ) from  m easu red  v a lu e s
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o f  ^  ( k  = 1 . 2 . . . .  ). A c c o rd in g  to the  sp e c if ic  time in w h ich

the e stim ation  is  re q u ire d  and  the  am ount o f in form ation  ava ilab le , 

th ree  d if fe re n t  p rob lem s can  a r ise :

a. F i lt e r in g :  estim ate from Z ^ , 0 £ k  S K

b. P re d ic t io n : estim ate x ^  + A from  Z ^ , 0 £ k  i  K ,  .i i  0

c. Sm o o th in g : estim ate x^ , 0 £ A i  K , from Z^ , 0 £ k  S K

In  th is  th e s is ,  the  main prob lem  a n a ly se d  is o f  the f ilte r in g  

typ e . H ow e ve r, p re d ic t io n  te ch n iqu e s w ill a lso  be u sed  as an 

a u x il ia r y  tool in o b ta in in g  a re liab le  e stim ation  (see  C h a p te r  V I ) .

A n  e x te n s io n  o f  the state  e stim ation  p rob lem  a r ise s  w hen  

some pa ram ete rs o f  the model have  a lso  to be estim ated. T h e se  

pa ram ete rs a re  trea ted  a s  e x tra  state  v a r ia b le s  and  the p rob lem  

th u s  d e fin ed  is  ca lled  an iden tifica tion  p rob lem . In  th is  th e s is  

no id en tif ica t io n  p rob lem  will be s tu d ie d  b u t  some com m ents about 

a p o s s ib le  ap p lic a t io n  o f  th is  te chn ique  w ill be made in se ction  3 .4 .1 .

T h e  p re se n ta t io n  o f  the state  e stim ation  m ethods will follow 

a sequence  in w h ich  the  d e g re e  o f  d if f ic u lt y  i n c r e a s e ': it w ill s ta r t  

w ith the  time in v a r ia n t  sta te  ve c to r  an d  will end  up  w ith  the so lu ­

tion o f  the p rob lem  g iv e n  b y  (3 .1 )  a n d  ( 3 .2 ) .

3.3.1  S T A T IC  S T A T E  E S T IM A T IO N

In  th is  se c tion  the  state  ve c to r is  a ssu m e d  to be time 

in v a r ia n t .  It  is a lso  a ssum ed  that no p re v io u s  estim ation  ( x ^  is 

a va ilab le . T h e re fo re ,  a ce rta in  d e g re e  o f  re d u n d a n c y  is  re q u ire d  

in o rd e r  to allow  the cho ice  o f  a "b e s t "  estim ate. In  the line a r
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case  the prob lem  can  be m odelled b y  (3 .4 ) ,  (3 .7 )  and  (3 .8 ) ,  

w h ich  will then  assum e  the  form

Z = H x  + v (3 .1 1 )

E (v ) = 0 (3 .1 2 )

E { v  v ' }  = R • 3 .13 )

T h e  so lu tion  to the above  p rob lem  is  u su a lly  ob ta ined  b y  

the m in im isation  o f  the W eighted  L e a st  S q u a re s  (W LS ) c r ite r io n

J = (Z  -  H x ) T  R  1 (Z  -  H y ) (3 .1 4 )

T h e  op tim ality  cond it io n  on the W LS  c r ite r io n  is g iv e n  b y

= 2 H T  R " 1 (Z  -  H x )  = 0 (3 .1 5 )

the so lu tion  o f w h ich  g iv e s  the  e stim ato r

«. -1 T  -1
x  = A  1 H 1 R  Z (3 .1 6 )

A  = H T  R _ 1  H (3 .1 7 )

In  the above  d e r iv a t io n  the  s ta t is t ic  in form ation  ab o u t 

the m easurem ent e r ro r ,  g iv e n  b y  (3 .1 2 )  and  (3 .1 3 ) ,  is not n e c e s ­

s a r i ly  u se d . M a tr ix  R̂  can  be c h o se n  b y  sim ple "e n g in e e r in g



ju d ge m e n t" o f the a c c u ra c y  o f  m e te rin g  equ ipm ent. H o w e v e r,  if 

(3 .1 2 ) and  (3 .1 3 ) a re  u se d , some im portant p ro p e r t ie s  can  b e  

attached  to the so lu t ion . F o r  in sta n ce , it can  be s h o w n 1 tha t 

(3 .1 6 ) and  (3 .1 7 ) y ie ld  an u n b ia se d  estim ate o f x  a n d  tha t A  1 is 

the co va r ian ce  m atrix  o f the  e stim ation  e r r o r ,  i.e .

E { x }  = x (3 .1 8 )

E { (x -x )  ( x - x ) T > = A - 1 ( 3 .1 9 )

M o re o v e r,  if v  is  G a u s s ia n ,  i.e .  it h a s  a norm al d is t r ib u t io n  o f  

p ro b a b ilit ie s ,  then  (3 .1 6 ) —(3 .1 7 )  is  a maximum like lih o o d  e st im a to r.

T h e  n o n - l in e a r  p rob lem  de fined  b y  (3 .2 )  can  be s o lv e d  

u s in g  the re su lt s  o f the lin e a r ca se  b y  lin e a r isa t io n  o f  h ( x )  a ro u n d  

some po in t x Q a s  fo llow s:

Z = H (x  ) (x -x  ) + v — —  —o — —o  — ( 3 .2 0 )

H (x Q)
9 h (x )

9x
-  - o

(3 .2 1 )

If  a lin e a r isa t io n  p o in t  x ^  c lo se  to the  so lu t io n  is  n o t  

a va ilab le , then the so lu t io n  can  be ob ta ined  b y  an  ite ra t iv e  p r o ­

c e s s  w here  the re su lt  o f each  e stim ation  is  u sed  a s  the  lin e a r isa t io n  

p o in t fo r the n e x t  e stim ation .
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(24)
M a n y  ite ra t ive  p ro c e d u re s  a re  ava ilab le  in the lite ra tu re  . T h e

one w h ich  seem s to be p re fe r re d  is  the  G a u s s -N e w to n  m ethod w h ich  

is  g iv e n  b y :

w here  i is  the  ite ra tion  c o u n te r.

3 .3 .2  S T A T IC  S T A T E  E S T IM A T IO N  U S IN G  A  P R IO R I  E S T IM A T E S  

C o n s id e r  the  same prob lem  p ro p o sed  in  the  p re v io u s  section  

b u t  su p p o se  that be fo re  the  p re se n t  set o f m easu rem en ts  w as a v a il­

ab le , a state  estim ation  w as perfo rm ed  (a p r io r i  e st im ate ). Le t x  

be the re su lt  o f th is  e stim ation  and  P the a sso c ia te d  e r r o r  co v a r ia n ce  

m a trix . T h e  a p r io r i estim ate  can  be c o n s id e re d  an  e x t ra  se t o f  

o b se rv a t io n s  and  an  e stim ato r d e r iv e d  from (3 .1 6 )  a n d  (3 .1 7 ) ,  p ro ­

v id e d  the  fo llow ing  su b s t it u t io n s  a re  made

w here  1̂ is  the  n x n  u n it y  m atrix . T h e  new e stim ato r w ill then  be 

g iv e n  b y :

x (3 .2 2 )

A ( x ')  = H T ( x ‘) R  1 H ( x ') (3 .2 3 )

x n r p
[ Z ]  - (3 .2 4 )

Z H R

x  = x g + (P  ♦  A ) ' 1 H T  R _ 1 < 2 - (3 .2 5 )



and  the a sso c ia ted  e r r o r  c o va r ian ce  m a tr ix  is

E  ( ( x  -  x ) ( x  -  x ) T } = (P  + A ) (3 .2 6 )

If  v a r io u s  se ts  o f m easurem ents Z. an d  a sso c ia te d  e r r o r

c o v a r ia n c e s  R ., j = 1,2 / • • • / and  an in itia l e stim ate  a s  d e fin ed

b y  (3 .9 )  an d  (3 .1 0 ) a re  ava ilab le , then  the  e stim ato r g iv e n  b y  

(3 .2 5 ) and  (3 .2 6 ) can  be ge n e ra lise d  in a r e c u r s iv e  form  a s :

se ction  can  be ap p lie d  to the above  e st im a to r fo r  the  n o n - l in e a r  

m odel. In  o rd e r  to t r u ly  m inim ise the W L S  c r ite r io n  in  t h is  ca se  

it w ould  be n e c e s sa r y  to use  an ite ra t ive  schem e like  (3 .2 2 )  and  

(3 .2 3 ) in each  o f  the  re c u r s io n s  in (3 .2 7 )  a n d  (3 .2 8 ) .  H ow e ve r, 

it is  p o s s ib le ,  in som e s itu a t io n s ,  to o b ta in  s o lu t io n s  w ith  a ccep t­

ab le  a c c u ra c y  u s in g  o n ly  the linea r e stim ato r.

3 .3 .3  D Y N A M IC  S T A T E  E S T IM A T IO N

In  the  time v a r y in g  problem  a s e r ie s  o f  o b se r v a t io n s  

a re  p e rfo rm ed  at ce rta in  time in te r v a ls  k  = 1 , 2 , . . . ,  a n d  e stim ation s

(Z  -  H x .) (3 .2 7 )

(3 .2 8 )

T h e  same lin e a r isa t io n  te ch n iq u e  u se d  in the  p re v io u s

o f  the state  a re  re q u ire d  a fte r each  se t o f  o b se r v a t io n s  is  a v a il­

ab le  ( f i l t e r in g ) .  A s su m e  f ir s t  the lin e a r ca se  m odelled b y  (3 -3 )  

to (3 -1 0 ) .  T h e  so lu t io n  can  be ob ta in e d  in a tw o -ste p  p ro c e d u re :
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i. a p re d ic t io n  o f the sta te  at the n e x t  in te rv a l is  made 

u s in g  the tra n s it io n  e q u a tio n  (3 .3 )

ii. the  p re d ic te d  va lu e  is  u se d  a s  an a p r io r i estim ate  

a n d  the estim ation  is ca lcu la ted  u s in g  (3 .2 5 ) .

If  an  estim ate is a v a ila b le  then  the  b e st  p re d ic t io n  o f  

the sta te  a t  the time in te rva l k + 1 , b e fo re  the  e x is te n c e  o f  Z R + 1  

is  g iv e n  b y :

T h e se  re s u lt s  can be  u se d  a s  in d ica te d  in  s te p  ¡1. above  

to d e r iv e  the  d yna m ic  estim ator (K a lm an  f i lt e r ) ,  w h ich  in a re ­

c u r s iv e  form  is  g iv e n  b y :

(3 .2 9 )

w ith  an  e r r o r  c o va r ian ce

Pk <Lk + O* (3 .3 0 )

* k +1  r  ^ + 1  + ^ k + 1 ( ^ k +1  "  ^ k +1
(3 .3 1 )

(3 .3 2 )

(3 .3 3 )

(3 .3 4 )
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A n  extended  v e r s io n  o f the Ka lm an  filte r is ob ta ined  for

the n o n - l in e a r  case  d e fin ed  in  (3 .1 )  a n d  (3 .2 )  b y  lin e a r is in g  $ 

a n d  h u s in g  the best a va ila b le  estim ate o f the  state  at each sta ge  

o f the  line a risa t ion . T h e  e q u a t io n s  d e f in in g  th is  f ilte r a re  e xac t ly  

the sam e a s  the ones p re se n te d  above  w ith  a n d  de fined  a s:

3 . 3 .4  U S E  A N D  A D V A N T A G E S  O F  S T A T I C
A N D  D Y N A M IC  S T A T E  E S T IM A T IO N

T h e  sta tic  state  e stim ation  a p p ro a c h  is  ap p licab le  to p rob lem s 

in  w h ich  the  state v e c to r  is  time in v a r ia n t  o r  w hen  the "d y n a m ic " 

a sso c ia te d  w ith it is so  slow , w hen com pared  w ith  the in te rva l between 

s e t s  o f o b se rv a t io n s ,  tha t the  sy ste m  can  be c o n s id e re d  a s  c h a n g in g  

s ta te s  b y  d isc re te  s te p s .  In  the f i r s t  c a se , an estim ation  schem e like  

th e  one g iv e n  b y  (3 .2 7 ) c a n  be u se d  to p ro c e s s  su c c e s s iv e  se ts  o f  

in fo rm ation  w hich  have  an  o ve ra ll am ount o f  re d u n d a n c y .  In  the 

se co n d  ca se  each set o f  o b se r v a t io n s  is  a sso c ia te d  w ith  one p a rt ic u la r  

v a lu e  o f the  state  v e c to r .  A  model s im ila r  to the  one g iv e n  b y  (3 .1 1 ) 

c a n  then be u sed  to e stim ate  d is c re te  v a lu e s  o f  the sta te . A s  no 

t r a n s i t io n  model e n te r s  in  the fo rm u la t io n , it is  not p o s s ib le  to 

u s e  past in form ation  in the  p re se n t  sta te  e stim ation. T h e re fo re  

e ach  set o f  in form ation  sh o u ld  co n ta in  a ce rta in  am ount o f  r e d u n d ­

a n c y  to allow some form  o f  e r r o r  c om pe n sa tion .

3  <J>

(3 .35 )

(3 .36 )
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F o r  the g e n e ra l t im e -v a ry in g  c a se , the dynam ic  ap p ro ach  

sh o u ld  be p re fe rre d  a s  it is the o n ly  one  ab le  to estim ate the 

tra n s ie n t  b e h a v io u r  o f the  sy ste m . In  the slow  t im e -v a ry in g  case  

re fe rre d  to above , d yna m ic  state  estim ation  a lso  h a s  a g re a t 

a d va n ta g e : the re  is no need fo r re d u n d a n c y  in each  in d iv id u a l 

set o f o b se rv a t io n s .  T h i s  is so  b e c a u se  re su lt s  o f p a st estim ation  

a re  p rojected  in to  the fu tu re  b y  the  t ra n s it io n  equa tion  and  can  

be u sed  a s  e x tra  o b se rv a t io n s .  H o w e ve r, d ynam ic  state  estim ation  

a lg o r ith m s are  u su a lly  m ore com plicated  than  sta tic  ones an d  a lso  

re q u ire  detailed  m odels o f the sy ste m  d yna m ic

3.4  P O W E R  S Y S T E M  S T A T E  E S T IM A T IO N

T h e  pow er sy ste m  load v a r ie s  c o n t in u a lly  a c c o rd in g  to a 

d a ily  p a tte rn  w h ich  s u f f e r s  se a sona l v a r ia t io n s  d u r in g  the y e a r  

and  on  specia l d a y s  (w e e k e n d s,  h o lid a y s ,  e tc . ) .  A p a r t  from  a 

small random  f lu c tu a t io n , the load v a r ie s  sm ooth ly . S u d d e n  c h a n g e s  

seldom  o c c u r  and  a re  the  re su lt  o f  e ith e r  a p re d ic ta b le  e ve n t (e .g .  

d isco n n e c tio n  o f  a la r g e  in d u s t r ia l load) o r  some abnorm al sta te  o f  

ope ra tion  (e . g .  o u t a g e s ) .  S y ste m  v a r ia b le s  like  g e n e ra t io n s ,  line  

flow s, v o lta g e s, etc. a re  c o n t in u a lly  a d ju ste d  d ire c t ly  o r  in d ire c t ly  

to follow  the load va r ia t io n  a c c o rd in g  to some ope ra tiona l s t ra te g y ,  

con tro l and  n e tw o rk  law s. In  a v e r y  p re c ise  w ay, the sy stem  

ac tu a lly  n e ve r  a c h ie v e s  a s te a d y -s ta te .  H ow eve r, the am p litude  o f 

the o sc illa t io n s  c a u se d  b y  the t ra n s ie n t s  a re , in g e n e ra l,  small com­

pared  w ith  the o ve ra ll c h a n g e . T h e re fo re ,  fo r m any  im portant 

c la sse s  o f pow er sy ste m  s tu d ie s  it is  c o n v e n ie n t  to assum e  tha t 

v a r ia t io n s  in load a re  met in s ta n ta n e o u s ly  b y  v a r ia t io n s  in ge n e ra t io n
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and  o th e r sy s te m  v a r ia b le s .  T h i s  h ypo th e tica l mode o f  ope ra tion

(35 )
is called  the  q u a s i- s t a t ic  mode . In  o rd e r  to d e sc r ib e  an 

o p e ra t in g  p o in t  in the q u a s i- s t a t ic  mode it is  u su a l to choo se  as 

state  v e c to r  on e  in  w h ich  the  com ponen ts  are  the com plex nodal 

v o lta g e s  in  all sy ste m  n o d e s.  T h i s  v e c to r  is ca lled  the sta t ic  sta te .

T h e  p o w e r sy ste m  sta te  estim ation  p rob lem  a n a ly se d  in 

th is  th e s is ,  a s  a lre a d y  fo rm u la ted  in fo rm a lly  be fo re , is  con ce rn e d  

w ith  the e st im a tion  o f the  sta t ic  sta te . T h e  sta tic  sta te  is a slow  

time v a r y in g  v e c to r  w ho se  v a r ia t io n  sh o w s  a p a tte rn  s im ila r to the 

one d e sc r ib e d  a b o v e  fo r  the  load. It s  e stim ation s a re  ob ta ined  

from se ts  o f  m easu rem en ts  o f  sy ste m  v a r ia b le s  like  a c t ive  a n d  re ­

active  node  in je c t io n s, line  flow s an d  noda l v o lta g e s .  T h e  n u m b er 

o f  m easu rem en ts u s u a l ly  e x ce e d s  the  n u m b e r o f s ta te s, i.e . a ce rta in  

d eg re e  o f r e d u n d a n c y  is  a v a ila b le . T h e  f re q u e n c y  in w h ich  m e a su re ­

m ents a re  ta k e n  a n d  e st im a tio n s a re  pe rfo rm ed  d e p e n d s  on p a r t ic u la r  

ope ra tiona l r e q u is it e s  an d  v a r ie s  in e x is te n t  in s ta ll a t io n s  from  

se co n d s  to s e v e ra l  m inu te s.

3.4.1  T IM E - V A R Y IN G  S T A T E  M O D E L

A n  a c c u ra te  an d  sim p le  sta te  t ra n s it io n  m odel, in the  form  

o f  the o n e s  g iv e n  b y  (3 .1 )  o r  (3 .3 )  is  not ava ilab le  ye t. T h e  

d iff ic u lt ie s  in  d e v e lo p in g  s u c h  a model a re :

I. T o  f in d  a sim p le  re la t io n sh ip  ( ^  o r  $) between the  sta te  

ve c to r (x ^ )  a n d  the  load (u. , w ^ ) .  T h i s  re la t io n sh ip  w ou ld  h ave  

to take in to  a c c o u n t  the b e h a v io u r  o f g e n e ra to r s ,  vo lta g e  re g u la to r s ,  

g o v e rn o r s ,  e t c . ,  an d  the  n e tw o rk  e q u a t io n s.  E v e n  fo r  small sy ste m s



ii. T o  d eve lop  a model fo r  the load va r ia t io n  (u ^ , w k ).

A  la rge  n u m b e r o f o b se rv a t io n s  o f the pow er system  b e h a v io u r  

followed b y  the  app lica tion  o f  id en tif ica t ion  te ch n iq u e s  w ou ld  be 

re q u ire d  to ob ta in  s u c h  a m odel. E ve n  so , it is  d o u b tfu l w hether 

the re su lt  o f  su c h  an e xp e rim en t w ould  lead to a p rac t ica l model.

T h e re fo re  it sh o u ld  be conc lud ed  th a t,fo r  the  re a so n s  

sta ted  a b o v e ,  no e x p lic it  model fo r the time v a r y in g  state  model 

will be a va ila b le  in the  fo re seeab le  fu tu re .

3 .4 .2  M E A S U R E M E N T  M O D E L

A  m easurem ent model like  the o n e s  defined  b y  ( 3 .2 ) ,  (3.4), 

(3 .7 )  an d  (3 .8 )  is made up  o f  two com ponen ts; a re la t io n sh ip  

between th e  m easurem ent (Z ^ ) and  the sta te  ve c to r 

sta t is t ic a l model o f  the e r r o r s .

T h e  re la t io n sh ip  between m easu rem ents an d  sta te  v a r ia b le s  

is ob ta ined  from in fo rm ation  ab ou t the n e tw o rk , an d  m e te ring  system  

s t ru c t u re  (c o n n e c t iv ity  o f g e n e ra to r s ,  lin e s  and  loads and  location 

o f  m easu rem en ts) and  n e tw o rk  pa ram ete rs to ge the r w ith  the  ne tw ork  

e q u a t io n s.

T h e  s t ru c tu re  o f  the n e tw o rk  a n d  m ete ring  sy ste m , w h ich  

is  u su a lly  re fe rre d  to s im p ly  a s  the n e tw o rk  c o n f ig u ra t io n ,  is obta ined  

in rea l-t im e  from telem etered (o r  te lephoned ) sw itch e s  a n d  c irc u it  

b re a k e r s  s t a tu s .  T h is  in form ation  is  u su a l ly  co n d e n se d  in  two 

ta b le s: the  feeder and  m easurem ent ta b le s ^ 51 T h e  fo rm er is  a

su ch  a re la tion sh ip  would invo lve  a la rge  number o f  d iffe rentia l

and a lge b ra ic  equations^ .

(Xj^) an d  a
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d e sc r ip t io n  o f  the  in te rco n n ec tio n  o f  the n e tw o rk  node s and  the 

la tte r sp e c if ie s  the  location  and  ty p e  o f  the m easurem ents (m ea su re ­

ment p a t te rn ) .  A s  a m easurem ent is  a ssoc ia ted  w ith  a node o r  line, 

c h a n g e s  in  the s ta tu s  o f  sw itch e s  an d  b re a k e r s  may lead to c h a n g e s  

in the  m easurem ent p a tte rn . T h e  n e tw o rk  pa ram ete rs a re  ob ta ined  

from  o ff - lin e  ca lcu la t io n s  an d  m an u fac tu re r in fo rm ation .

o f  the  sta te  v a r ia b le s .  U s in g  the e lem entary  n e tw o rk  model p ic tu red  

in tab le  3 .1 , the se  e q u a t io n s  a re  g iv e n  b y

T h e  m easurem ent e q u a t io n s  a re  d e r iv e d  from  the load-flow  

( 8 6 )e q u a t io n s ' ’ b y  e x p r e s s in g  the m easu red  v a r ia b le s  a s  fu n c t io n s

(3 .3 8 )

(3 .3 9 )

(3 .4 0 )

w he re :

: se t o f  nodes d ire c t ly  connected  to node  i

P jk , : a c t ive  and  re ac t ive  pow er flow in  line  i - k

P., Q. : a c t iv e  and  re a c t ive  in jection  in node  i

V . : v o lta g e  m agn itude  at node  i

0jk = 0. -  0 ^  : a n g u la r  d if fe re n c e  between v o lta g e s  at nodes

i a n d  k
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N ode  i Node k

r., = t ra n sm is s io n  line  o r  t ra n s fo rm e r  re s is ta n ce
ik

x .  , = t ra n sm is s io n  line  o r  t ra n s fo rm e r  reactance
ik

y .  ^  = total line su sc e p ta n c e

t = o ff-n o m in a l tap  ra t io  (t  = 1 fo r  lin e s)

A d m i t t a n c e T  r a n s m i s s i o n T  r a n s f o r m e r

l i n e

r i k r i k

9 i k
l * ï k P i z i k l 2

b . .
i k

- x „
i k

- X . .
i k

W 2 l ^ 2 t

v i k / 2

( t *  -  t )

> i
i z i k  r

v i k /2
( i  - 1 >

* k
■z i k  i 2

T a b le  3.1 -  N e tw o rk  b ra n c h  e lem enta ry  model



T he  re la tion sh ip  between measurem ents and state var iab le s

can  then  be w ritten  in  a com pact form  a s:

i k  = Ü  ( ^ k ' Sk } + ^
(3 . H I)

w here

: ve c to r o f m easurem ents w hose  com ponents 

a re  a c t ive  an d  reactive  in jection s and line  

flow s and  vo lta ge  m agn itud e s

h : n o n - l in e a r  ve c to r  va lu e d  function  w hose

com ponents a re  the equation  defined  in (3 .3 7 ) 

to ( 3 . HO) •

Y  : the n e tw o rk  adm ittance  m atrix  w hose e lem ents 

are  the adm ittances g ^  + j b ^

s ^  : is a com pact re p re se n ta t io n  o f  feeder an d  

m easurem ent tab les (n e tw o rk  c o n f ig u ra t io n )

V|t : m easurem ent e r ro r  

k  : time in te rva l

T h e  n e tw o rk  c o n f ig u ra t io n  may co n ta in  e r r o r s  cau se d  b y  

u n re p o rte d  sw itch e s  o r  c ir c u it  b re a k e rs  s ta tu s  c h a n g e s  o r  fa ilu re  

o f the  n e tw o rk  c o n f ig u ra to r .  No mathem atical model is ava ilab le  

for th is  typ e  o f  e r ro r  d ue  to the d if f ic u lty  in  m odelling equ ipm ent 

o r  so ftw a re  m alfunction  an d  hum an m istake s.



E r r o r s  in n e tw o rk  param eters a re  u su a lly  m odelled a s

zero  mean random  v a r ia b le s  w ith  a time s t ru c t u re  o f the b ia s  typ e

a s  they  a re  co n sta n t  in t i m e ^ '^ ^ .

T h e  m easurem ent e r ro r  ve c to r  v  is  made u p  o f two com -
~k

p o n e n ts  a s  fo llow s:

+ ^ ( 3 . 4 2 )

w here :

v | : m easurem ent no ise

b ^ : g r o s s  m easurem ent e r r o r

T h e  m easurem ent no ise  is  a sum  o f e r r o r s  in t ro d u c e d  b y  

the  v a r io u s  com ponents o f  the te lem ete ring  sy stem  ( t r a n s d u c e r s ,  

T P ’s, T C 's ,  e tc . ) .  C e rta in  com ponents o f  th is  sum  are  d e p e n d e n t 

on  the actua l va lue  o f the m easu rem ents tha t p ro d u ce  a co rre la t io n  

betw een the  e r r o r s  o f  d iffe re n t  m easu rem ents and  between m easu re ­

m ents in d if fe re n t  in s t a n t s  o f time. O th e r s  a re  be tte r m odelled 

a s  b ia s  typ e  e r ro r s .  D e sp ite  th is  com plex  s t ru c tu re ,  it i s  common 

p ra c t ice  in  pow er sy ste m  state e st im a tio n 1 ’ to assum e  th a t v ^  

is  a "w h ite  n o ise " 1 ’ a n d  its com ponen ts a re  u n co rre la te d . It  is  

a lso  u su a l to  model the no ise  a s  a n o rm a lly  d is t r ib u te d  random  

v a r ia b le  w ith  zero mean and  kn ow n  s ta n d a rd  d ev ia t io n . T h e se  

a s su m p t io n s  reduce  the  w o rk  o f  d e r iv in g  e stim ation  a lg o r ith m s  and  

do  not h a ve  a la rge  e ffect on the o ve ra ll pe rfo rm ance  o f  the  e stim ­

a to r s  d ue  to the re la t ive  im portance  o f  the m easurem ent n o ise  in 

the  fina l re su lt ,  a s  po in ted  ou t in C h a p te r  I I .



H ow eve r, it is im po rtan t to keep  the se  a p p ro x im a t io n s  in 

m ind w h e n e ve r  s ta t is t ica l in fe re n c e s  a re  made from  the  r e s u l t s  of 

e st im a tio n s.

U n d e r  the  above  a s su m p t io n s  the m easurem ent n o ise  is 

m odelled a s  fo llow s:

V ^ i s  N (0 , R ) (3 .  43)

R  = d ia go n a l ( o ^  o 2 2

v |t> = 0 fo r  j i  k ( 3. 45)

w he re  c is  the s ta n d a rd  d ev ia t io n  o f  the m -th  m easu rem ent e r r o r . 
m

G ro s s  m easurem ent e r r o r s  a re  la rge , to ta lly  u n p re d ic ta b le ,  

e r r o r s  d ue  to total o r p a rt ia l fa ilu re  o f the  m ete ring  sy ste m  o r  

o b se rv a t io n  d u r in g  t ra n s ie n t  s w in g s .  F o r  the  same r e a so n s  p re ­

se n te d  fo r c o n f ig u ra t io n  e r r o r s ,  n o  m athem atical model c a n  be 

d e r iv e d  fo r th is  typ e  o f  e r r o r .

3 .5  A P P R O A C H E S  T O  PO W ER  S Y S T E M  S T A T E  E S T IM A T IO N

T h e  pow er sy ste m  state  estim ation  p rob lem  m odelled  in 

the p re v io u s  section  p re se n t s  th re e  major p rob lem s w hen  app roached  

u s in g  the te ch n iq u e s  d e sc r ib e d  in se c t io n s  3.2 an d  3 .3 : i.

i. ab sence  o f  an  adequa te  state  t ra n s it io n  m odel

ii. p re se n ce  o f  g r o s s  m easu rem ents and  to po log ica l e r r o r s

iii. h ig h  d im e n s io n a lity



T o  overcom e these  d iff ic u lt ie s  a g re a t  deal o f w ork  w as done 

and  co n t in u e s  to be done  in o rd e r  to adapt and  e x te n d  the e x isten t 

estim ation  te c h n iq u e s  to the problem  at hand . T h e  gene ra l p h ilo ­

so p h y  b e h in d  th is  w o rk , w h ich  is a lso  followed in  th is  th e s is ,  is 

to decom pose  the prob lem  in  su c h  a w ay as to m ake p o ss ib le  the 

app lication  o f the ava ilab le  estim ation te ch n iq u e s  to  pa rt o f it, b y  

the in tro d u c tio n  o f ap p ro x im a t io n s, and  b y  d e v e lo p in g  n o n -s ta n d a rd  

m ethods to deal w ith  com ponents o f the  prob lem  no t yet adequa te ly  

cove red  b y  the s ta n d a rd  estim ation m ethods.

T h re e  main a p p ro a c h e s  to the prob lem  h a v e  been p rop o sed  

f 78)
in the l it e ra tu re ' '  and  in the ne x t se ction s th e y  a re  b r ie f ly  d e s ­

c r ib e d , com pared  a n d  im provem ents in some o f  them , w h ich  are  

rep o rted  in the fo llow ing  c h a p te rs  o f  th is  th e s is ,  a re  po in ted  out.

3.5.1  S T A T IC  S T A T E  E S T IM A T IO N

Sta t ic  sta te  estim ation  has been the m ost u se d  a p p ro a c h  to 

the pow er sy stem  estim ation  problem  . I t  a vo id s

com plete ly  the prob lem  o f  m odelling the  time b e h a v io u r  o f the state 

ve c to r b y  p e r fo rm in g  iso la ted  state e stim ation s, a t some spec if ied  

p e r io d s  o f  time, in w h ich  o n ly  one m eter scan  (s n a p sh o t )  is  u sed . 

T h e  p r ic e  to p a y  fo r  the s im p lic ity  o f  th is  a p p ro a c h  is a re la t ive ly  

h ig h  d e g re e  o f re d u n d a n c y  re q u ire d  to g u a ra n te e  a re liab le  estim ­

ation.

T h e  model u sed  is  the one de fined  b y  (3 .4 1 )  to (3 .4 5 ) .

T h e  decom posit ion  te ch n iqu e  m entioned e a rlie r  is  u sed  to deal w ith 

the d if fe re n t  ty p e s  o f  e r r o r s :  logical c h e c k s  a re  perfo rm ed  in  the 

incom ing  data to detect la rge  e r r o r s  in the m easurem ent o r  ne tw ork



c o n f ig u ra t io n ,  an d  sta te  estim ation  a lgo rith m  sim ila r to the one 

g iv e n  in (3 .2 2 ) is u se d  to f ilte r ou t the  m easurem ent no ise  and  

p o st  estim ation  s ta t is t ic a l te sts  a re  pe rfo rm ed  to detect e ven tua l 

la rge  e r r o r s  s t il l  p re se n t  in the  re s u lt s  (see  C h a p te r  I I I ) .

A  va r ia t io n  o f  th is  a p p ro a c h  is the u se  o f some a lgo r ith m s w h ich  

h ave  the a b ilit y  to reject bad  data au tom atica lly . In  C h a p te r  IV  

one o f  the se  a lg o r ith m s,  ca lled  Bad  Data  S u p p re s s io n ,  is  p r e s ­

ented  and  com pared  w ith  the  co n v e n t io n a l W LS  a lgo rith m s and  in  

C h a p te r  V  an im p ro ve d  v e r s io n  o f a n o th e r  o f the se  a lgo rith m s, 

the one w h ich  u se s  a s  c r ite r ia  the sum  o f  the moduli o f  the  re s id ­

u a ls ,  is d e sc r ib e d .

S ta t ic  sta te  estim ation  is a p ra c t ica l ap p ro a c h  to pow er 

sy stem  state  e stim ation . It  w o rk s  well w h e n e ve r a re la t ive ly  la rg e  

re d u n d a n c y  ra t io  is  ava ilab le  an d  the  in te rva l between e stim ation s 

is  la rge  e n o u g h  to re a lly  make each estim ation ru n  com plete ly u n ­

co rre la te d  to each  o th e r.  H ow eve r, if  a m ore c lo se ly  m on ito rin g  

o f the  sy stem  is  d e s ire d ,  i.e . if  m easurem ent s c a n s  are  taken  at 

small in te r v a ls ,  the  u se  o f  sta tic  sta te  estim ation  may not be the  

m ost e ffic ien t w ay  o f  ta c k lin g  the  p rob lem , a s  u se fu l in form ation  

ob ta ined  in p r e v io u s  e stim ation s a re  w asted . T e c h n iq u e s  w h ich  

take in to  c o n s id e ra t io n  the  time e vo lu t io n  o f  the  state  ve c to r  m ay 

become fa ste r an d  re q u ire  a sm aller re d u n d a n c y  ratio  fo r the sam e 

level o f re lia b ility .



3 .5 .2  D Y N A M IC  S T A T E  E S T IM A T IO N

D e sp ite  the d if f ic u lt ie s  in  f in d in g  a model fo r th e  sta tic  

sta te  d y n a m ic s  m entioned e a r lie r ,  some attem pts to u se  the  d yna m ic  

estim ation  te c h n iq u e  d e sc r ib e d  in  section  3 .3 .3  can  be fo u n d  in  the 

l ite ra tu re 1 1 6 ,2 2 ,2 3 ,5 4 ,6 9 ,7 0 ,8 5 *.  In  the se  e xp e rim e n ts  the  state  

c h a n g e  betw een  tv:o c o n se cu t ive  e stim ation s is m odelled s im p ly  b y  

a random  v a r ia b le ,  i.e . the  sta te  is  a ssum ed  time in v a r ia n t  a n d  

the o n ly  t h in g  tha t c h a n g e s  is  the  u n c e rta in ty  abou t the  v a lu e  o f  

the sta te . T h i s  model, a s  g iv e n  in  re fe rence  (7 0 ), is  g iv e n  b y :

i k +1  = * k  + « k (3 .4 6 )

F- {w ^  } = 0 (3 .4 7 )

E { ^ w . }  = 6 kj Q (3 .4 8 )

Q = et2 (A t ) 2 d ia g  { q . 2 } (3 .4 9 )

w here

6. . is the  K ro e n e c k e r  delta 
KJ

qj is  the  maxim um  rate o f  c h a n g e  o f  the  

i- th  state  in the p a st e stim ations 

At is the  time between estim ations 

a  is  a pa ram ete r ca lcu lated  o ff - lin e  a n d  u se d  

to " t u n e "  the estim ator
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T h e  app lica tion  o f the extended  Kalm an f ilt e r  to the  above  

model w ill p rod u ce  the  fo llow ing  estim ator

e stim ation , a sequen tia l p ro c e s s in g  o f  the m easu rem en ts is  o ften  

u sed .

the  e stim ator d e sc r ib e d  ab ove  has been re ce n t ly  p ro p o se d  in  re f ­

e rence  (7 0 ).  T h is  m ethod is b ased  on the s ta t is t ic a l a n a ly s i s  o f  

the  so -ca lle d  " in n o v a t io n  p ro c e s s " .

T h e ir  a u th o r s  claim that b y  exam in in g  the  sh a p e  o f  p ro b a b ilit y  

d is t r ib u t io n  function o f v ^ , it  is p o ss ib le  to sa y  w h e th e r  the  m easu re ­

ment ve c to r  c o n ta in s  bad  data o r  not.

Som e c rit ic ism  h a s  been ra ised  in the lite ra tu re  a g a in s t  the  

estim ation  method ju st  d e sc r ib e d .  T h e  c r it ic ism s  a re  b a se d  on  the

(3 .5 0 )

(3 .5 1 )

*k = + Çk (S, - Ü (3 .5 2 )

(3 .5 3 )

In  o rd e r  to avo id  the  m atrix  in v e r s io n  in  (3 .5 1 ) at e v e ry

A  te chn ique  fo r  bad  data detection an d  id e n tif ica t io n  u s in g
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fo llo w ing  p o in t s :

a. T h e  e stim ator g iv e n  b y  (3 .4 )  to (3 .5 )  is not t r u ly  

a d yna m ic  e stim ato r as the sim p lified  model u se d  doe s not allow  

an accu ra te  p re d ic t io n  o f the fu tu re  s ta te s  o f  the  sy stem .

b. T h e  t u n in g  o f  m atrix  Q , i.e . the  ca lcu la t ion  o f  

the q.'s and  a  is  a la b o r io u s  o f f - lin e  p ro c e s s .

c . T h e  sequ e n tia l p ro c e s s in g  o f  m easu rem en ts m ay 

become an u n s ta b le  p ro c e s s  r e q u ir in g  a t im e -co n su m in g  o rd e r in g  

o f m easu rem ents to gu a ran te e  c o n v e rg e n c e .

d . T h e  b a d  data detection te c h n iq u e , b a se d  o n ly  on  the

sta t ist ica l a n a ly s i s  o f  the in n ova tion  p r o c e s s ,  m ay fail a s  it is

b a se d  on a model tha t is "a t  b e st  a v e r y  c ru d e  re p re se n ta t io n  o f

f  7 8 )
the actual sta te  b e h a v io u r " 1 1 .

3 .5 .3  T R A C K IN G  S T A T E  E S T IM A T IO N

T h e  p ra c t ic a l lim itations o f  the s ta t ic  sta te  e stim ation  a p p ro a c h  

po in ted  ou t in se c t io n  3.5.1  cannot be o ve rco m e  b y  the  u se  o f  

d yna m ic  estim ation  te ch n iq u e s  a s  e x p la in e d  in the  p re v io u s  se c t ion . 

H ow eve r, it is  p o s s ib le  to deve lop  a c la s s  o f  e st im a to rs, b a se d  on 

sta t ic  m odels a n d  sim p le  a ssu m p tio n s  a b o u t  the time b e h a v io u r  o f the  

sta te  ve c to r, w h ic h  may have  a be tte r g e n e ra l p e rfo rm an ce  in  

fo llow ing  (o r  t r a c k in g )  c lo se ly  the time v a r y i n g  sta te  v e c to r .  In  

the se  e stim ato rs  the  main objective  is to im p ro ve  com putationa l 

e ffic ie n cy  and  re lia b ility  ra th e r  than  d yn a m ic  re sp o n se .  T h i s  c la ss  

o f e stim ato rs  a rc  u su a lly  re fe rre d  to, in  the  p ow er sy ste m  in d u s t r y ,  

a s  t r a c k in g  sta te  e stim ato rs.
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Som e exam p le s o f t ra c k in g  state  e stim ato rs  can  be

fo u n d  in  the  lite rature^  3 ' 7 '  **14' . T h e  ge n e ra l form  o f  the se

e st im a to rs  is  the same a s  the one g iv e n  b y  (3 .2 7 ) o r  (3 .5 2 )  w ith

the o n ly  d if fe re n c e  that the ga in  m atrix  is  c h o se n  based  on

e n g in e e r in g  o r  h e u r is t ic  judgem ent ra th e r  than  b y  a m athem atical

o p tim isa tio n  p ro c e s s .  T h e se  a lg o r ith m s a re  m ain ly  o rien ta ted  to

the f i l t e r in g  o f  m easurem ent n o ise . A  sim p le  p ro c e d u re  o f  c h e c k in g

la rg e  c h a n g e s  in m easurem ents between co n se c u t iv e  s n a p sh o t s  is

(23)s u g g e s te d  in  re fe rence  fo r a t r a c k in g  e stim ator w h ich  e vo lve d  

from  the s im p lified  dynam ic  model d e sc r ib e d  in the p re v io u s  section .

In  re fe re n ce  (51) a c o -o rd in a t io n  schem e between a p re ­

estim ation  "d a ta  v a lid a t io n " sta ge , in w h ich  tho se  c h a n g e s  in 

m easu rem en ts c f  co n se cu t ive  s n a p sh o t s  a re  ta ken  into a c c o u n t, and  

a bad  d a ta  s u p p re s s io n  estim ator is d e sc r ib e d .  In  C h a p te r  V I  o f  

th is  t h e s is ,  th is  idea is deve loped  into a full t r a c k in g  sta te  e stim ator 

b y  the  in t ro d u c t io n  o f  a p re d ic t io n  s ta g e , in w h ich  p re se n t  estim ate 

v a lu e s  o f  m easu red  v a r ia b le s  a re  e x tra po la te d  to the n e x t  sn a p sh o t,  

in o rd e r  to take  in to  accoun t the time e vo lu t io n  o f  the sy ste m  an d  

to a v o id  d is c re p a n c ie s  cau sed  b y  t ra n s ie n t s .  A  s im ila r m ethod 

in v o lv in g  the e stim ator p ro p o sed  in  C h a p te r  V  o f  th is  th e s is  (p ie ce - 

w ise  lin e a r  c r ite r io n )  is a lso  p re se n te d .



3.6 C O N C L U S IO N S

T h e  pow er system  sta te  estim ation  p rob lem  cannot be so lve d  

s t r a ig h t fo rw a rd ly  b y  s ta n d a rd  te ch n iq u e s.  T h e  ab sence  o f  an  

ad e qu a te  model for the time b e h a v io u r  o f the sta te  ve c to r, the  p re ­

se n c e  o f g r o s s  m easurem ent and  topo log ica l e r r o r s  and  the h ig h  

d im e n s io n a lity  o f the prob lem  re q u ire  the in t ro d u c t io n  o f  n o n -s t a n d a rd  

p ro c e d u re s  in d e r iv in g  p ractica l pow er sy stem  sta te  e stim ato rs.

T h re e  a p p ro a c h e s  to the p rob lem  h ave  so  fa r been p u t  

fo rw a rd  in the lite ra tu re : sta t ic , d ynam ic  an d  t r a c k in g  sta te  

e stim ation . S ta t ic  state  e stim ation, w h ich  h a s  been the m ost w ide ly  

s tu d ie d  o f th  e th ree , is  adequa te  w hen the in te rv a l between 

e stim ation s is la rge  e n o u gh  to m ake them re a lly  u n co rre la te d . I f  

t h is  in te rva l is not so  la rge , i.e . a c lo se r  m o n ito r in g  o f  the  sy stem  

is  re q u ire d ,  the t ra c k in g  sta te  estim ation  a p p ro a c h  may becom e more 

e ff ic ie n t  and  re liab le . D ynam ic  e st im a to rs, d eve lope d  u s in g  sim ­

p lif ie d  m odels, have  m any in c o n ve n ie n ce s  an d  do  not seem to c o n ­

s t itu te  a p ract ica l op tion .
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M o st o f  the  re se a rc h  w o rk  c a r r ie d  o u t so  fa r  in pow er 

sy ste m  state  estim ation  is b a sed  on  the a p p lic a t io n  o f the W LS  

m ethod to s ta tic  m odels. Som e im po rtan t r e s u lt s  a ch ie ved  in 

th is  w o rk  a re  p re se n te d  an d  com pared  in th is  c h a p te r  a s  th e y  

form  the  b a s is  f o r  the deve lopm ent o f  the a lg o r ith m s  p re se n te d  

in the ne x t c h a p te r s  o f  th is  th e s is .

4.1 IN T R O D U C T IO N

T h e  f ir s t  s u g g e s te d  a p p ro a c h e s  to the  p ow e r sy stem  state

estim ation  p rob lem  u sed  a sta tic  model an d  a m ethod o f so lu t io n

f 79 80 81)
based  on the W LS  c r i t e r io n ' '  '  ’ . T h e  s ta t ic  model w as cho sen

in the se  e a r ly  d a y s ,  and  is  still the  m ost w id e ly  u se d  to d a y , a s 

a co n se q u e n ce  o f  the  u n a v a ila b ilit y  o f  an ad e qu a te  model fo r  the 

time b e h a v io u r  o f  the sta tic  state  a s  d is c u s s e d  in  the last c h a p te r.  

T h e  W LS m ethod w as p re fe rre d  d u e  to its e xce lle n t f ilte r in g  capa ­

b ility  d em on stra ted  b y  the la rge  e x p e r ie n c e  a va ilab le  w ith  the

f 82 92)
method in o th e r  a p p lic a t io n s 1 '  . No  model o f  the  m easurem ent

e r ro r  s ta t is t ic s  is  n e c e s sa r y  in th is  a p p ro a c h . T h e  o n ly  in form ation  

re q u ire d  b y  the  W LS  m ethod, a p a rt  from  the  sy ste m  p a ram ete rs  and  

the m easu rem ents th e m se lve s, a re  a se t o f  "w e ig h t s "  w h ich  re p re se n t  

the re la t ive  a c c u ra c y  o f  the  m easu rem ents. E v e n  these  w e ig h ts  do 

not need to be kn o w n  a cc u ra te ly  a s  th e ir  in f lu e n c e  in the re su lt s  

is  sm all.

(29  45)
La te r s tu d ie s  in pow er sy ste m  sta te  estim ation  '  have  

su g g e s te d  that re jection  o f  g r o s s  m easurem ent a n d  topo log ica l e r r o r s  

is more im po rtan t than  the f ilt e r in g  o f  the  small m easurem ent no ise .
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i.e . a re liab le  so lu t io n  is more im portant tha n  an a ccu ra te  one.

T h e  W LS  a lg o r ith m  b eh a ve s  v e r y  bad ly  in the p re se n ce  o f  the se  

e r r o r s  d u e  to it s  q u a d ra t ic  c r ite r io n .  T h e re fo re , m od ifica t ion s 

in the a p p ro a c h  in it ia lly  u sed  w ere n e c e s sa r y .  A  f ir s t  im p ro ve ­

ment w as the in t ro d u c t io n  o f  the  a ssu m p tio n  o f  G a u ss ia n  e r r o r .

T h is  a s su m p t io n  a llow s the  u se  o f  s ta t is t ica l te sts  on  the estim ation  

re su lt s  w ith  the  ob jective  o f  bad  data de tection , id en tif ica t io n  and  

e lim ina tion^1 ' . A  se cond  ty p e  o f  im provem ent w as in t ro d u ce d

b y  c h a n g e s  in the  VVLS a lgo rith m  it se lf  in o rd e r  to re n d e r  it le ss

v u ln e ra b le  to b ad  data. T h is  can  be a ch ie ve d  b y  a lte r in g  the  used

, .. . (6 4 ,6 7 )
pe rfo rm ance  c r ite r io n

A  la rg e  am ount o f  w o rk  h a s  a lso  been c a r r ie d  o u t w ith  the 

ob jective  o f  im p ro v in g  the com putationa l p e rfo rm an ce  o f the W LS  

e stim ato rs. T h e se  e f fo r t s  h ave  been co n d u c te d  on two d if fe re n t  

line s. T h e  f i r s t  one m akes u se  o f  tra n sfo rm a t io n  o f  v a r ia b le s  to 

ob ta in  a v e r s io n  o f the  a lgo rith m  w h ich  is  e a s ie r  to im plem ent. A n  

exam ple o f  th is  a p p ro a c h  is the L in e -O n ly  a l g o r i t h m ^ . T h e  second  

c la ss  o f  im pro vem en ts  is  a ch ie ve d  b y  the  in t ro d u c t io n  o f  a p p ro x ­

im ations in  the  b a s ic  a lgo r ith m  d e r iv e d  from  p h y s ic a l c h a ra c te r is t ic s

of the  p ow e r sy ste m . E xa m p le s  o f  th is  ap p ro a c h  a re  the F a st

_ . . .. . (1 2 ,1 9 ,2 0 ,4 1 ,4 7 ,7 4 )
D e cou p le d  e st im a to rs

4.2 W E IG H T E D  L E A S T  S Q U A R E S  M E T H O D

T h e  pow er sy ste m  sta tic  sta te  e stim ation  prob lem  can  be 

fo rm u la ted  a s  the so lu t io n  o f  the fo llo w ing  o ve rd e te rm in e d  set o f 

e q u a t io n s
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Z = h (x )  + v (4 .1 )

w he re :

Ẑ  is the m easurem ent v e c to r  ( M x l )  

x̂  is the  sta te  ve c to r  ( N x l )  

v  ̂ is  the  e r r o r  v e c to r  ( M x l )

Ky( *) is a n o n - l in e a r  v e c to r  fu n c t io n  re la t in g  Z_ and  

x  a n d  de fined  in (3 .3 7 )  an d  (3 .4 0 )

In  the VVLS a p p ro a c h  the  sta te  estim ate  x  is  d e fin ed  as 

the  va lu e  o f  x w h ich  m in im ise s

J (x )  = (Z  -  h ( x ) ) T  R _ 1 (Z  -  h ( x ) ) (4 .2 )

w h e re  R  1 is a d ia go n a l m atrix  o f w e ig h ts  p ro p o rt io n a l to the

a c c u ra c y  o f  the m easu rem ents. If  s ta t is t ic a l p ro p e r t ie s  o f  the

e r r o r  a re  kn o w n , the  u se  o f  w e ig h ts  e qua l to the in v e r s e  o f  the

(25  82)
e r r o r  c o v a r ia n ce  will p ro d u c e  a m axim um  like lih ood  e stim ate1 '

A  n e c e s s a r y  co n d it io n  fo r  the  m inimum o f  J (x )  is  g iv e n  b y

3J (x )

3x
A = 2HT ( x ) R _1 (Z  -  h ( x ) )  = 0

x = x
(4 .3 )

w h e re

H (x )
3h (x )

3 x A

x = x
(4 .4 )

is  the  Jacob ian  m atrix  e va lu a te d  at x .  S u ff ic ie n t  c o n d it io n s  fo r  the
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local m in im isation  o f  (4 .2 )  can  be d e r iv e d  b u t  a re  not im po rtan t

in p rac t ice  a n d  w ill be ig n o re d  in th is  th e s is .

E q u a t io n  (4 .3 )  re p re se n ts  a se t o f  2N-1 n o n -l in e a r

e q u a t io n s  in an  equa l n um b er o f u n k n o w n s  in w h ich  the m easured

v a r ia b le s  a re  g iv e n  a s  a fu n c t io n  o f  the state  v a r ia b le s .  A s  these

fu n c t io n s  a re  a sum  o f  s in e s  and  c o s in e s ,  a ge ne ra l ana lytica l

so lu t io n  is d if f ic u lt ,  if  not im po ss ib le . T h e re fo re  ite ra tive  so lu t io n s

sh o u ld  be u se d .  S e v e ra l ite ra t ive  a lg o r ith m s  are  ava ilab le  in the 

(24 )
lite ra tu re  . A ll  o f them h ave  the  fo llow ing  ge ne ra l form :

xi+1 = x1 + C1 HT (x‘ ) B."1 ( I  -  h(x ' ) ) ,  i = 0 , 1 , 2 . . . .

(4 .5 )

w here  x° is  an  in it ia l g u e s s ,  is  a g a in  m atrix  an d  i is  the  

ite ra tion  c o u n te r.

T h e  o n ly  d if fe re n c e  am ong the e x is te n t  m ethods is the 

cho ice  o f the  ga in  m atrix  G_. G re a t  freedom  e x is t s  in the choice  

o f  t h is  m a tr ix . A n y  fu ll r a n k  m atrix  u se d  in (4 .5 )  will p ro d u ce  

the minimum o f  (4 .3 )  p ro v id e d  c o n v e rg e n c e  o c c u r s .

4 .2 .1  B A S IC  W L S  A L G O R IT H M

A  lin e a r ise d  a n a ly s is  o f  the  c o n v e rg e n c e  o f  (4 .5 )  an d  some 

(82)
h e u r is t ic  a r g u m e n t s ' '  ind ica te  that an  "op tim um " g a in , in term s 

o f  the n u m b e r o f  ite ra t io n s ,  is  g iv e n  b y :

G 1 = A  ( x ‘) = H T ( x ‘) R  1 H ( x !) (4 .6 )
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T h e  ab ove  ga in  m a trix  w as u sed  in most o f  the in it ia lly

(78)
p ro p o se d  p ow e r sy stem  sta te  e st im a to rs  ’ .

I f  R  ̂ is  c h o se n  a s  the  e r r o r  c o va r ian ce  m atrix , A ( x )  g iv e s  

the c o v a r ia n c e  m atrix  o f the  state  estim ate e r ro r ,  w h ich  re p re se n ts  

an e x tra  a d v a n ta g e  o f th is  cho ice  o f  g a in .

P o s s ib le  s to p p in g  ru le s  fo r the a lgo rithm  defined  b y  (4 .5 )  

an d  (4 .6 )  a re  to stop  the ite ra t io n s  w hen  J ( x l+1) -  J ( x ')  o r  the 

m agn itud e  o f  all com ponents o f  x l+  ̂ -  x 1 a re  le ss than  some p re ­

dete rm ined  v a lu e . T h e  la tte r c r ite r io n  is the m ost com m only u sed  

s in ce  the  fo rm e r need s a re la t iv e ly  la rge  am ount o f  ca lcu la t ion .

T h e  im plem entation o f  the  above  a lgo rithm  c o n s is t s  o f two 

main s te p s  in  each  ite ra tion :

a. ca lcu la t ion  o f  m atrices H^(x') and  A ( x ')

b . so lu t io n  o f  the sy ste m  o f  lin e a r e qu a tion s

A ( x ') ( x i+1 -  x ')  = A b 1 (4 .7 )

A b ' = H T ( x ')  R " 1 (Z  -  h ( x ‘))  (4 .8 )

Fo rm u lae  to ca lcu late  the e lem ents o f the Jacob ian  m atrix  

H^(x') can  be fo u n d  in re fe re n c e s^ 1 . T h e  e lem ents o f

A ( x ')  a n d  A b 1 are  g iv e n  b y

» ,k ■ h,t  5."1 H* <*•»

Abj = h7 5 .” 1 (Z -  h(xr)) (4 .1 0 )



w here  H. an d  H. a re  co lum ns o f  H ( x ') .  It is th e re fo re  c o n v e n ie n t  — j — k  ------

to s to re  o n ly  the n o n -z e ro  e lem ents o f  H ^x1) colum n b y  colum n u s in g  

a sim p le  list  p r o c e s s in g  schem e. A n  a lte rn a t ive  w ay is not to s to re  

e x p lic it ly  the Jacob ian  b y  e v a lu a t in g  o n ly  one  row o f  H^(x1) at a 

time. T h e  c o n t r ib u t io n s  o f t h is  row  to A ( x ')  a n d  A b ( x ’) can  th e n  

ue  ca lcu la ted  b e fo re  e v a lu a t in g  the  n e x t  row ^51^. M a tr ix  A ( x ‘) 

is  rea l, sym m etrica l an d  w ith  a la rge  p ro p o rt io n  o f zero  e lem ents.

It s  in v e r s e ,  in an im plic it form , can  be ob ta ined  in  an e ffic ien t w ay 

u s in g  one  o f  the fa c to r isa t io n  m ethods an d  o rd e r in g  schem es d e s ­

c r ib e d  in  re fe re n ce  (1 3 ).

<*.2.2 F A S T - D E C O U P L E D  VYLS A L G O R IT H M

T h e  b a s ic  W LS  a lgo rithm  d e sc r ib e d  in the p re v io u s  se c t io n  

is  a c c u ra te  and  h a s  go od  c o n v e rg e n c e  c h a ra c te r is t ic s  b u t  its com ­

p u t in g  time and  s to ra g e  re q u ire m e n ts  a re  e x c e s s iv e  fo r  o n - lin e  

im plem entation, w he re  a p ro c e s s  co n tro l com puter is l ik e ly  to be 

u se d .  T h e se  re q u ire m e n ts  a re  m a in ly  d u e  to the need fo r e v a l­

u a t in g  an d  fa c to r is in g  the  g a in  m atrix  at e v e ry  ite ra tion . A  p o s s ib le  

w ay  o f  a lle v ia t in g  th is  num erica l b u rd e n  is  to u se  a c o n sta n t  o r  a 

p ie c e -w ise  co n sta n t  g a in  m a tr ix . H o w e ve r, the n u m b e r o f  ite ra t io n s  

re q u ire d  b y  su c h  a lgo rith m  w ill c e r ta in ly  be h ig h e r  a n d  the o v e ra ll 

s a v in g  in com pu t in g  time m ay be not tha t g re a t.

A  v e r y  m uch m ore e ffic ie n t im provem ent in the W LS  a lg o ­

rithm  is  a ch ie ved  b y  the  a p p lic a t io n  o f  the fa st d e c o u p lin g  te c h n iq u e s  

w h ich  h a ve  been u se d  s u c c e s s fu l ly  in the load flow p ro b le m 1 ’ .

In  o rd e r  to s im p lify  the  u n d e r s t a n d in g  o f the W LS  decoup led  a lg o ­

rith m , the m easurem ent e q u a t io n s  w ill be p a rt it io n e d  in to  a c t iv e  

a n d  re a c t ive  s u b se t s  a s  fo llow s:
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(4 .1 1 )

Z = h (0 ,V )-q  -q  -  -
w
-q

(**. 12)

an d  c o n se q u e n t ly  the Jacob ian  m atrix  will then be g iv e n  b y :

H (0 , V )  =
Bp*

H-p v

^ 0
H w - q v j

{ '» .13)

In  norm a l s te ad y  state  ope ra tion  o f a pow er s y ste m , w ith 

an E H V  t ra n sm is s io n  n e tw o rk , the fo llow ing a p p ro x im a t io n s  are  

u s u a l ly  accepted  a s  re a sonab le :

Vj -  1 .0  p u

cos0.. 3 1 .0  (4 .1 4 )
IK

g jk s i n ^  «  b .k  s in 0 jk

w here  V j is  the  vo lta g e  m agn itude  at node i, 0-k  is the a n g u la r  

d if fe re n c e  betw een  node s i and  k  and  g j k  and  b ik  are  e lem ents 

o f  the adm ittance  m atrix . U n d e r  these  a ssu m p tio n s, the  Jacobian 

su b m a tr ice s  d e fin e d  in (4 .1 3 ) m aintain the fo llow ing  re la t io n s :

(4 .15 )



w he re  |Hj in d ica te s  the m oduli o f  the elem ents o f  1J. M o reove r, 

the e lem ents o f  the Jacob ian  v a r y  little w ith  c h a n g e s  in  the state  

v a r ia b le s  ( 0  a n d  V ) .  T h e re fo re , the Jacob ian  m atrix  can  be 

a p p ro x im a te d , w ith  good  a c c u ra c y ,  b y  a b lo c k -d ia g o n a l and  state 

in d e p e n d e n t  m atrix

(4 .16 )

w he re  H a n d  H a re  ob ta ined  from H n and  H _ b y  the  in t ro -— p —q -  pt) “ Cl0

d u c t io n  o f  the  a p p ro x im a t io n s  g iv e n  in (4 .1 4 ) .

T h e  above  a p p ro x im a t io n s  on  the ca lcu la tion  o f  the Jacobian  

m a trix  can  be in t ro d u ce d  in the W LS  estim ator in tw o w ay s:

a. u s in g  the  app rox im ated  Jacob ian  o n ly  in the  ca lcu lation  

o f  the  ga in  m atrix

b . e x te n d in g  the a p p ro x im a t io n s  a lso  to the  e va lua tion  o f 

H T  R _1 (Z  -  h ( x ) ).

In  the  f ir s t  schem e, the re su lt in g  a lgo rithm  st il l  p ro d u ce s  

the  same so lu t io n  a s  the b a s ic  W LS  a lgo rithm . In  the  second  one, 

op tim a lity  is  lo st. H ow eve r, sim u lation  s tu d ie s ^ 11 '  ^  '  51  ̂ w ith both  

a lg o r ith m s  h a ve  d em on stra ted  that the so lu tion  g iv e n  b y  schem e b 

is  v e r y  c lo se  to the optim al so lu tion  and  adequa te  fo r  p ractica l 

p u rp o se s .  A s  the a lgo rithm  g iv e n  b y  schem e b is m ore e ffic ien t, 

from  a com putationa l p o in t o f  v iew , it sh o u ld  be the  one  to be chosen  

in  p rac t ica l a p p lic a t io n s .



A  fu r t h e r  im provem ent in the a lgo rithm  is  ach ieved  b y  

d iv id in g  the re ac t ive  m easurem ent e qua tion s b y  th e  m agn itude  

o f  the  v o lta g e  o f the node  in  w h ich  the m easu rem ent is taken

an d  a lso  b y  ig n o r in g  se r ie s  re s is ta n c e s  in the com putation  o f  the 

elem ents o f  the  su b -Ja c o b ia n

T h e  fina l v e r s io n  o f  the Fa st D ecoup led  State  E stim ator 

( F D S E )  is  th e n  g iv e n  b y

d iv id e d  b y  the c o r r e sp o n d in g  vo lta ge  m agn itud e  an d  the  elem ents

o f  H a n d  are  g iv e n  in T ab le  4.1.
— p  —H

T h e  com putationa l w o rk  re q u ire d  b y  the  F D S E  is  m uch

sm alle r th a n  the one  b y  the b a s ic  W LS . M a tr ic e s  A p  and  A q  have

to be ca lcu la ted , fa c to r ise d  and  sto red  o n ly  o n ce  at the b e g in n in g

o f  the ite ra t iv e  p ro c e s s .  A s  can  be seen in T a b le  4 .1 , the elem ents

o f  H a n d  H a re  equa l to, o r  a lin e a r com b ination  o f, the  line 
- p  — q

p a ra m e te rs. T h e re fo re ,  n o  e xp lic it  ca lcu la t ion  an d  s to ra g e  o f these

e (Z  -  t U  f0 '  V ) J  (4 .1 7 )_p _p _ —

V
i+1 = V  ♦ (4 .1 8 )

w here

(4 .1 9 )

(4 .2 0 )



elem ents is  re a lly  re q u ire d . W henever n e c e s sa r y ,  they  can be 

re a d ily  ob ta ined  from  the a r r a y s  c o n ta in in g  the  line param eters

3P.
__ i -  K  1

" j  k o x  x ik

3Q!

3V7 = . 1  b ik  '  ^ y k 
i kea. kaa.

i i

9P i 1 

X ik

3Q.'

3V7 = ‘  b ik

9P ik  1

W  x -.k

3Q '.

9 V k = b ik  -  y i

9p ik  _ 1 

S6k  x ik

9Q ik  .  .
3 V k  b ik

II O 3V. 1

Q i n , Q ik Q ik
; Q !k = v -  o r

T ab le  4. 1 -  E lem ents o f m atrices H and  H
- p  - q



Sim u la tion  s tu d ie s  perfo rm ed  u s in g  the F D S E  d e sc r ib e d

a b o v e ^ 1 1 ,3 1  ̂ h ave  dem onstrated  its s u p e r io r it y  o v e r  the b a s ic  W LS

_ n
a lg o r ith m . F o r  a c o n v e rg e n ce  to lerance  o f  10 in the state 

v a r ia b le s ,  w h ich  p ro d u ce  re su lt s  w ith  an  a cc u ra cy  adequate  fo r  

p ra c t ica l ap p lic a t io n s, th e  num ber o f ite ra t io n s  re q u ire d  b y  the  

F D S E  is  abou t the same a s  the b a s ic  W L S  and , in some c a se s ,  le ss.  

T h e  s to ra g e  requ irem ent is  la rge ly  re d u c e d  a s  o n ly  two b lo ck  

d ia g o n a ls  o f the ga in  m atrix  have  to be s to re d . T h e  so lu tion  time 

fo r the  F D S E  in c re a se s  lin e a rly  w ith  the  problem  s ize  while  fo r  the 

b a s ic  W LS  a lgo rithm  th is  in c rea se  is m ore  c lose  to a q u a d ra t ic  c u r v e .  

C o n v e rg e n c e  s e n s it iv it y  to line X / R  ra t io  is  adequate  fo r m ost o f  

the s itu a t io n s  lik e ly  to o c c u r  in p ra c t ice .

4 .2 .3  L IN E - O N L Y  A L G O R IT H M

T he  L in e -O n ly  a lgorithm  d eve lo p e d  b y  a team o f the A m e rican  

E le c tr ic  Pow er ( A E P )  ^27 '  * '  * ' 31  ̂ is  a lso  a W LS  based  a lg o r ith m . It  

a c h ie v e s  g re a t  com putationa l e ffic ien cy  b y  the u se  o f an in g e n io u s  

tra n sfo rm a t io n  o f v a r ia b le s .  H ow eve r, it h a s the lim itation o f  not 

a llo w in g  the p ro c e s s in g  o f  all t y p e s  o f  m easu rem ents (e .g .  in je c t io n s) .

Let S  denote  the ve c to r  o f  com p lex  line flow m easu rem ents.

A  re la t io n sh ip  sim ila r to (4 .1 )  can  be e s ta b lish e d  re la t in g  S  to the 

sta te  v a r ia b le s

+ v («».21)

w he re  x  re p re se n ts  the  com plex nodal v o lta g e , v  the  e r ro r  in the 

line flow  m easurem ents an d  f_(•) is a fu n c t io n  re la t in g  the com plex
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line  flow s and  state  v a r ia b le s .  T h e  L in e -O n ly  a lgo rithm  is  ob ta ined  

m in im is in g

J (x )  = { |S -  f (x )  |)T  R _ 1 ( |§ -  f ( x ) | )  (4 .2 2 )

w he re  R  '  is  a m atrix  o f w e igh ts  s im ila r  to the one u se d  in (4 .2 ) .

T h e  vo lta g e  d ro p  a c ro s s  th e  n e tw o rk  b ra n c h e s  in  w h ich  

m easu rem ents a re  ta ken  is  g iv e n  b y

e = B  ’ s -  U (4 .2 3 )

w he re
•
B : d ia go n a l com plex m a tr ix  o f elem ents B m = x A ig ^ + j b . ^ )

•
U : com plex ve c to r  o f  e lem ents : U m = Xj y j k ^ 9 j k +^ i k ^

•
e

• • •
: com plex ve c to r  o f  e lem ents e = x. -  x ^

m : m easurem ent num ber

i - k  : b ra n c h  o f  the n e tw o rk  in  w h ich  m easurem ent m is  taken

In t ro d u c in g  (4 .2 2 ) in to  (4 .2 1 )  the  p e rfo rm ance  c r ite r io n  

is  re d uced  to

J (x )  = ( |e -  C  x| ) T  D  ( |e -  C  xj ) (4 .2 4 )
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w here

D : d ia gona l m a tr ix  of elem ents D = R  '/ ( j x . l  |g.. + jb .. I )m m i ik  IK*

C  : m easu rem en t-to -nod e  inc idence  m atrix

T h e  minimum o f  J ( x )  is ob ta ined  b y  s o lv in g

= 2 C T D  (e -  C  x )  = 0  (4 .2 5 )

x = x

w h ich  in a re a rra n g e d  form  p ro d u ce s the e stim ator

x  = (CT  D C ) _1 C T  D e (4 .2 6 )

A s  the ve c to r o f  vo ltage  d ro p s  e h a s  to be ob ta ined  from 

(4 .2 3 ) ,  in w h ich  the re  is  an e xp lic it  d ependence  on the state  

ve c to r,  the a lgo rithm  re q u ire s  an ite rative  so lu t io n . T o  com pute 

e from  (4 .23 ) the vo lta g e  level o f the system  h a s  to be se t. T h is  

is  done  b y  sp e c ify in g  one  o f the nodal vo lta g e s  in the sy stem  w hich  

is a ssum ed  to he kn ow n  w ithou t e r ro r .  T h e  co lum n and  row  c o r r e s ­

p o n d in g  to th is  vo lta ge  is  then e xc luded  from the  C m atrix  w h ich  

a v o id s  the s in g u la r it y  o f  D C .

M a trice s  and  are  real and  v e c to rs  x  and  e a re  com plex 

and  u su a lly  e x p re s se d  in  c a rte sian  c o -o rd in a te s.  Hence the problem  

is in t r in s ic a lly  decoup led  and  a b lock  su c c e s s iv e  d isp lacem ent tech ­

n iq u e  can  be u se d . A s  the  vo lta ge s v a r y  little  in the ite ra tive  

p ro c e s s ,  the d ep endence  o f  m atrix  D in the sta te  va r ia b le s  can  be 

d ro p p e d ,  p ro d u c in g  a c o n s ta n t  ga in  a lgorithm  sim ila r to the F D S E  

d e sc r ib e d  in the p re v io u s  section.

3J(x)

3x



S im u la tion  s tu d ie s  com pa rin g  the L in e - O n ly  and  F D S E  

a lg o r i t h m s '11 ' 51  ̂ show  that the form er h a s  a s l ig h t ly  s u p e r io r  

p e rfo rm ance  in te rm s o f com putation time a n d  s to ra g e  re q u ire ­

m ents. H ow eve r, the  lim itation o f not b e in g  able to hand le  

in jection  m easu rem ents ( in  its o r ig in a l a n d  e ffic ien t v e r s io n )  

re p re se n t s  a c o n s id e ra b le  d raw ba ck  on  the  p ract ica l a p p lic a b ility  

o f  the m ethod . F o r  in stance , it m akes im p o ss ib le  the u se  o f  

ze ro  in jection  p seu d o -m ea su re m e n ts  w h ich  e n h a n ce s  the re d u n d a n c y  

ra t io  at no co st.

4. 3 P O S T - E S T IM A T IO N  B A D  D A T A
D E T E C T IO N  A N D  ID E N T IF IC A T IO N

T h e  W LS e stim a to rs  d e sc r ib e d  in  the  p re v io u s  se c t io n s  

h ave  an adequa te  p e rfo rm ance  o n ly  w hen  the  n e tw o rk  c o n f ig u ra t io n  

is  c o rre c t  and  the  m easurem ent e r ro r  is  sm all an d  random . O th e r ­

w ise  the a c c u ra c y  o f  the estim ates may b e  b a d ly  affected . T h is  

can  be id en tif ied  b y  the p re se n ce  o f la r g e  re s id u a ls  (d iffe re n ce  

between m easu red  and  estim ated v a lu e s )  w h ich  ind ica te s tha t the  

" f i t t in g "  o f  the in p u t  data into the s y ste m  model w as not well p e r ­

form ed .

In  the ca se  o f  g r o s s  m easu rem ent e r ro r ,  the la rge  re s id u a ls

may in some c a se s  c o rre sp o n d  to the m easu rem ent g r o s s ly  in  e r r o r .

(45)
In  o th e r c a se s ,  d u e  to the "sm e a r in g  e f fe c t "  in h e re n t  to the 

W LS  m ethod, h e a lth y  m easurem ents m ay be  a ffected  a lso. T op o log ica l 

e r r o r s  a ffe ct the  re su lt  o f the  estim ation  o n ly  w hen  m easu rem ents 

a re  taken  in the line  w h ich  sta tu s  is w ro n g .  In  that ca se  the 

re s id u a ls  c o r r e sp o n d in g  to the se  m easu rem en ts will p ro b a b ly  be
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la rge  in a s im ila r w ay as if  they co n ta in e d  g r o s s  e r ro r .

T e c h n iq u e s  fo r p o st-e st im a t io n  detection  and  iden tif ica t ion  

o f g r o s s  m easurem ent and  topo log ica l e r r o r s  a re  m ain ly  b a se d  in 

the in fo rm ation  con ta ined  in the re s id u a ls .  A s  both  ty p e s  o f  

e r r o r s  m an ife st in  the same way ( la r g e  re s id u a ls )  a m ethod to 

d iffe re n t ia te  betw een them is  r e q u ire d .  T h e  u su a l a p p ro a c h  is  

to a ssu m e  in it ia lly  that the c o n f ig u ra t io n  is  c o rre c t  an d  e lim inate 

the m easu rem ents w ith  la rge  re s id u a ls .  A f te rw a rd s  a re to st  is  

c a r r ie d  ou t in o rd e r  to v e r if y  if  th e  la rge  re s id u a ls  w ere d u e  to 

g r o s s  e r r o r  in the  m easurem ents o r  a w ro n g  s ta tu s  o f  th s  line  

w he re  the m easu rem ents a re  ta ken .

In  the  fo llo w ing  se c t io n s  som e  te c h n iq u e s  to detect, id e n tify  

and  e lim inate  p ro b a b le  g r o s s ly  w ro n g  m easurem ents a re  d e sc r ib e d .

In se c tion  *1.6 a p ro c e d u re  to id e n t ify  topo log ica l e r r o r s  is  a lso  

d e sc r ib e d .

4.3.1  L IN E A R IS E D  A N A L Y S I S  O F  T H E  E S T IM A T IO N  R E S U L T S 1 “5' 82)

A s su m e  that the m easu rem ent e r ro r  is  sm all, no rm a lly  d is ­

t r ib u te d ,  w ith  zero  mean and  c o v a r ia n c e  m a trix  R̂ . T h e n  the  re su lt s  

o f  an e stim ato r u s in g  the b a s ic  W L S  a lgo rithm  g iv e n  b y  (4 .5 )  and  

(4 .6 )  h a s  the  fo llow ing  sta t ist ica l p ro p e r t ie s

E { x  -  x }  = 0 (4 .2 7 )

E { ( x  -  x ) T  (x  -  x ) }  = Ex  = H T ( x ) R “ 1 H ( x ) (4 .2 8 )

w here  x  an d  x  a re  tru e  a n d  e stim ated  v a lu e s  o f  the state .
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T h e  estim ated re s id u a ls ,  de fined  a s

£  = Z -  h (x )  (4 .2 9 )

w here  Z is  the ve cto r o f m easu rem ents, is a norm ally  d is t r ib u te d  

v a r ia b le  w ith  sta t is t ic s  g ive n  b y

E { r }  = 0

E H  "  tL(x) ? x b (x )  l 4 * 30)

N o rm alised  re s id u a ls  a re  defined  a s

^  = £  [D- 1 ] *  (4 .3 1 )

D = d ia gona l £ r  (4 .3 2 )

an d  are  v e c to rs  w hose  com ponen ts are  N (0 ,1 )  random  v a r ia b le s .

T h e  perfo rm ance  in d e x  J ( x )  ca lcu lated  u s in g  (4 .2 )  is  a 

sum  o f sq u a re d  norm a lly  d is t r ib u te d  random  v a r ia b le s .  T h e re fo re  

it fo llow s a c h i- sq u a re d  d is t r ib u t io n  o f p ro b a b ilit ie s  w ith  K = M -N  

d e g re e s  o f  freedom . T h e  mean a n d  va r ia n ce  o f th is  d is t r ib u t io n  

a re  g iv e n  b y

E ( J ( x ) } = K (4 .3 3 )

V  { J ( x ) } = 2K (4 .3 4 )



I f  K 2 30 the c h i- s q u a re d  d is t r ib u t io n  ap p ro ache s a norm al d is ­

t r ib u t io n .  In  tha t case  the  s ta n d a rd ise d  random  v a r ia b le

J ( x )  -  K
J (x , K )  = --------------  (4 .3 5 )

/ I K

becom es zero mean, u n it v a r ia n c e  G a u s s ia n ,  i.e . N ( 0 , 1 ) .

4 .3 .2  B A D  D A T A  D E T E C T IO N

T h e  bad data d e te c t io n  te c h n iq u e s  u sed  in sta te  estim ation  

a re  d e r iv e d  from the w e ll-k n o w n  su b je c t o f  h y p o th e s is  te s t in g  o f  

s t a t i s t i c s '6 5 ' 72^. In  th is  te c h n iq u e , h y p o th e s is  a re  fo rm ulated  

ab ou t sta tist ica l p ro p e r t ie s  o f  random  va r ia b le s  in v o lv e d  in  an 

e xp e rim e n t, fo r in stan ce  th e  type  o f d is t r ib u t io n  (no rm a l, e xp o n ­

en tia l, e tc .)  o r  the p a ra m e te rs  o f  a sp e c if ic  d is t r ib u t io n  (m ean, 

v a r ia n c e ,  e tc .)  from w h ic h  sta t ist ica l p ro p e r t ie s  o f  o t h e r  v a r ia b le s  

(o u tp u t s  o f the e xp e rim e n t) can  be d e r iv e d  a n a ly t ic a lly .  If  the 

sta t is t ica l p ro p e rt ie s  o f  th e  o u tp u t s  a g re e  w ith  the o n e s  d e r ive d  

from  the  h y p o th e s is ,  th e n  th is  is a con firm ation  tha t the h y p o th e se s  

a re  c o rre c t  w ith in  c e rta in  p ro b a b il it y  lim its.

T h e  prob lem  o f  b a d  data detection  can be fo rm u la ted  a s  a 

h y p o th e s is  te st in g  p rob lem  u s in g  the re s u lt s  o f  the p re v io u s  section  

U n d e r  the a ssum ption  o f  G a u s s ia n  e r r o r ,  it w as co n c lu d e d  that 

the p e rfo rm ance  in d e x  J ( x )  is  c h i- s q u a re d  d is t r ib u te d  a n d  the 

no rm a lised  re s id u a ls  a re  n o rm a lly  d is t r ib u te d .  I f  one  o r  more 

m easu rem ents conta in  g r o s s  e r r o r  o r  if  the  sta tu s  o f  a line  is  not 

c o rre c t ,  some o f  the r e s id u a ls  u sed  to ca lcu late  J (x )  w ill no  lo n g e r  

be norm a lly  d is t r ib u te d .  T h e re fo re  the  ca lcu la ted  v a lu e  o f  the



p e rfo rm an ce  in d e x  o r  o f  some norm a lised  re s id u a ls  will fall too 

fa r  ou t on the " t a i l s "  o f  the re sp e c t iv e  d is t r ib u t io n  o f p ro b a b ility  

fu n c t io n s .

T h e  bad  d a ta  detection  te st can  be fo rm ulated  a s  a h y p o ­

th e s is  te s t in g  p rob lem  w ith  two h y p o th e se s :

H : n o  bad  data e x is t s
0

H , : H is not t ru e
1 o

D e p e n d in g  w h e th e r  the pe rfo rm ance  in d e x  o r  the re s id u a ls

a re  u sed  to te st th e  h y p o th e s is ,  th re e  d iffe re n t  detection  m ethods

(45)a re  ava ilab le  in the  lite ra tu re  :

A

a. T h e  p e rfo rm a n ce  in d e x  o r  J ( x ) - t e s t

T h e  J ( x )  te st  is  fo rm u la ted  as

A c c e p t  H q if  J ( x )  s  y  

Re ject H q if  J ( x )  > y

T h e  detection  th re sh o ld  leve l y  is ob ta ined  from the c h i -  

sq u a re d  o r  norm al d is t r ib u t io n  c u r v e s  d e p e n d in g  on  the d e g re e s  

o f  freedom  o f  the p a r t ic u la r  p rob lem . T h e  cho ice  o f  y  d e te rm ine s 

the  so -ca lle d  " fa ls e  a la rm  p ro b a b il i t y "  P , i.e . the  p ro b a b il it y  o f  

re je c tin g  H q  w hen it is  a c tu a lly  t ru e . F o r  exam ple , if  the norm al 

d is t r ib u t io n  is u se d  a va lu e  o f  y  = 1.65 c o r r e sp o n d s  to Pe = 0.05 

fo r  the s ta n d a rd ise d  in d e x .
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A

b. T h e  no rm a lised  re s id u a ls  o r  r ^ - t e s t

T h e  n o rm a lise d  re s id u a ls  g iv e n  b y  (4 .3 0 ) a re  N (0 ,1 ) 

random  v a r ia b le s .  T h e re fo re , if all re s id u a ls  fall In  the ± 3 . 0  

ra n g e , then th e re  is  a 99.97% chance  that no bad  data e x is t s .

T he  e v a lu a t io n  of the norm alised  re s id u a ls  re q u ire s  a c o n ­

s id e rab le  com putationa l e ffo rt d ue  to the need to calcu late  A s

o n ly  the d ia gona l e lem ents o f  Er are  re q u ire d , th is  w o rk  can  be

F D S E  the c o v a r ia n c e  m atrix  Zr  is  ava ilab le  o n ly  in an app rox im ated  

form . S im u la tion  s tu d ie s  p e rfo rm ed  u s in g  th is  app rox im ated  m atrix

A s  is co n sta n t  in  the F D S E ,  Er  needs to be reca lcu la ted  o n ly  

in ca se s o f c h a n g e  in the n e tw o rk  c o n f ig u ra t io n .

c. T h e  w e igh ted  re s id u a ls  o r  r ^ - t e s t

A n  a lte rn a t iv e  ap p ro a c h  to the P ^ - t e s t ,  w h ich  re q u ire s  le ss 

com putational e f fo r t ,  is a te st b ased  on the w e igh ted  re s id u a ls .  

T h e se  re s id u a ls  a re  defined  a s:

A

T h e  r ^  test is fo rm u la ted  as

Accep t H q  i f  |rN . | < 3.0 / • • • t M

Reject H o if  |rN . j > 3 . 0 19 • • • 9 M

reduced  b y  the u s e  o f  the sp a r s e  in v e rse  te c h n iq u e ^ 1 . In  the

(41)
in the ca lcu lation  o f  the re s id u a ls  have  show n  adequa te  re su lt s

(4 .3 6 )
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T h e  r ^ - t e s t  can  then  be stated  a s

A c c e p t  H q if  | r w . | ^ 3.0, i = 1 , . . . , M  

Re ject H q if  |rw J  > 3.0, i =

f £(5l
It  c a n  be s h o w n 1 ’ that 

r N "  r W

A A

w hich  m ake s the r ^ - t e s t  m ore e ffective  tha n  the r ^ - t e s t .

S im u la t io n  s tu d ie s  u s in g  the above  t e s t s ^ ^   ̂ h ave  show n
A

that r ^ - t e s t  is  m ore e ffe c t ive  than  the ¿ ( x ) - t e s t  fo r a s in g le  

g r o s s  m easu rem ent e r r o r  w hile  the J ( x ) - t e s t  h a s  a b e tte r pe rfo rm ance  

for m u ltip le  g r o s s  m easu rem ent e r ro r  o r  c o n f ig u ra t io n  e r r o r .  

T h e re fo re ,  it is s a fe r  to im plement both  te s ts .  In  tha t ca se  detection  

o f bad  data  w ou ld  be  ind ica ted  if e ithe r one o f the te sts  fa ils.

4 .3 .3  B A D  D A T A  ID E N T IF IC A T IO N

A f t e r  the de tection  o f  bad  data b y  one  o f the  te sts  d e sc r ib e d  

above , the id e n tif ica t io n  an d  su b se q u e n t  e lim ination  o f  the  bad  data 

e ffect in the  estim ation  re s u lt s ,  sh o u ld  be pe rfo rm ed .

B a d  data id e n tif ica t io n  is a prob lem  not ye t well so lve d  in 

sta tic  sta te  e stim ation . T h e  o n ly  in fo rm ation  ava ilab le  tha t can  be 

u sed  fo r id e n t if ic a t io n  p u rp o se s  a re  the m easurem ent re s id u a ls .

From  an in tu it iv e  p o in t  o f  v iew , the  la rge  re s id u a ls  sh o u ld  c o r r e s ­

pond  to the  m easu rem ent c o n ta in in g  g r o s s  e r ro r .  U n fo rtu n a te ly ,  

th is  is  not w hat u s u a l ly  h a p p e n s  in p ra c t ice . D ue  to the sm e a rin g
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effect p r e v io u s ly  re fe rre d  to, the s t ra ig h t fo rw a rd  com pa rison  o f 

the r e s id u a ls  m a g n itu d e s  cannot p ro d u ce  a d e f in it iv e  a n sw e r  to the 

id e n tif ica t io n  p rob lem .

A  h e u r is t ic  a p p ro a c h  in w h ich  se lected  g r o u p s  o f  su sp e c ted

bad d a ta  a re  rem oved  from the m easurem ent se t and  re -e stim ation

(45)p e rfo rm e d  is  a va ilab le  in the  lite ra tu re  . T h e re  e x is t s  two 

v e r s io n s  o f  th is  te ch n iq u e :

a. O rd e re d  R e s id u a l S e a rc h

In  th is  v e r s io n  the  re s id u a ls  are  pu t in to  a d e sc e n d in g  

o rd e r  o f  m agn itud e , an d  the m easurem ent c o r r e sp o n d in g  to the 

la rg e st  re s id u a l is  rem oved  f ir s t .  I f  bad  data is still detected , 

a f u r t h e r  e stim ation  is c a r r ie d  out w ith  the fo llow ing  m easurem ent 

in the  l is t  rem oved , an d  so  on .

b . G ro u p e d  R e s id u a l S e a rc h

H e re  the f i r s t  few la rg e st  re s id u a ls  a re  rem oved  s im u ltan ­

e o u s ly  a n d  then  p u t  b a ck  one a fte r the o th e r u n til a bad  data is 

d e te c te d .

T h e  f ir s t  v e r s io n  o f  the re s id u a l se a rch  is su ita b le  fo r the 

case  in  w h ich  the re  is o n ly  one g r o s s  e r r o r  w hile  the se co n d  can  be  

u sed  fo r  m ultip le  g r o s s  e r r o r s  o r  c o n f ig u ra t io n  e r r o r s .

In  the  id e n tif ica t io n  method d e sc r ib e d  ab ove , it is  n e c e s sa ry  

to p e r fo rm  s u c c e s s iv e  re -e st im a tio n s  o f the sta te  u s in g  a se t o f 

m e a su re m e n ts  from  w h ich  some m easu rem ents w ere de le ted . T h is  

w ould  re q u ire ,  in p r in c ip le ,  the re -ca lcu la t io n  an d  re -fa c to r isa t io n  

of the g a in  m a tr ix . L e s s  t im e -co n sum ing  a p p ro a c h e s  h ave  been p ro p o se d



in  the  lite ra tu re . In  the f ir s t  one  the  fa c to r ise d  in v e r se  is 

m od ified  u s in g  the Sh e rm ann  and  M o r r in so n  fo rm u la^1 5^ . T he  

se c o n d  one , m uch fa ste r,  is to su b s t itu te  the  su sp e c te d  m easu re ­

m ent b y  a p seud o -m ea su rem en t ob ta ined  from  some re su lt s  o f  the

(41)
lin e a r ise d  a n a ly s is  p re v io u s ly  d e sc r ib e d  in  section  4.3.1  

A  th ird  an d  e ven  s im p le r method is  to a s s ig n  zero w e igh ts  to the  

su sp e c te d  m e asu rem en ts^5^ .  T h is  last m ethod u su a lly  re q u ire s  a 

few  more ite ra t io n s  than  the o th e rs  in  the c a se s  w h ich  se ve ra l 

b a d  data o c c u r s  in the  same node.

4 .4  B A D  D A T A  S U P P R E S S IO N  A L G O R IT H M S

A n  adequa te  so lu tion  fo r an e stim ation  p rob lem  in w h ich  

som e m easu rem ents a re  g r o s s ly  in e r ro r  w ou ld  be one in w h ich  

th e  re s id u a ls  c o r r e sp o n d in g  to these  m easu rem ents w ere  a p p ro x ­

im ate ly  equa l to the e r r o r .  T h is  k in d  o f so lu t io n  can  n e ve r  be 

a ch ie ve d  u s in g  the W LS  c r ite r io n  as the sum  o f the sq u a re  o f  s u c h  

la r g e  re s id u a ls  w ould  c e rta in ly  make that so lu t io n  non -optim a l. 

E s t im a to rs  le ss  vu ln e ra b le  to bad  data can  be d e s ig n e d  u s in g  

c r it e r ia  w h ich  a s s ig n  le ss  im portance  to la rg e  re s id u a ls .  Exa m p le s  

o f  th is  k in d  o f  e stim ato rs are  the Bad  Data  S u p p re s s io n  ( B D S )  

a lg o r ith m / 6* * '67  ̂ and  the  estim ator u s in g  line a r p rogram m ing^

T h e  f ir s t  one , w h ich  can  be co n s id e re d  a s  an e x te n s io n  o f the  W LS  

m ethod , w ill be d e s c r ib e d  in th is  section  w hile  the se con d  one  w ill 

be  stu d ie d  in the n e x t  ch a p te r.
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4.4.1  B A S IC  B A D  D A T A  S U P P R E S S IO N  A L G O R IT H M *  61|)

T h e  B D S  estim ator is obta ined  b y  m in im isin g  the p e r ­

form ance c r ite r io n

w here  r is  the m easurem ent re s id u a l a s  defined  in (4 .2 9 ) a n d  f (• )

is a fu n c t io n  ch o se n  in su c h  a w ay to a s s ig n  le ss w e igh t  to la r g e  

re s id u a ls .  S o r e  o f  the fu n c t io n s  su g g e s te d  in  the lite ra tu re  a re  

g iv e n  in F ig u re  4.1 a n d  T ab le  4.2.

T h e  m in im isation  o f J ( x )  can  be ach ieved  b y  an ite ra tive  

p ro c e s s  s im ila r  to the one u se d  fo r  the b a s ic  W LS  a lgo rithm

J ( x )  = pT (x ) R 1 p(x) (4 .3 7 )

w here  each  elem ent o f  the ve c to r p (x) is  d e fined  a s

r
r ifm o m

(4 .3 8 )
r

f ( r )  if m a
m

m

x ' + 1 = x ' + A \ x ' )  H T ( x ')  C ( x ')  R _1 p (x ') (4 .3 9 )

w here

A ( x ')  = H T ( x ) G T ( x ) R _1 C ( x ')  H ( x ') (4 .4 0 )

H ( x )
3 h (x )

(4 .4 1 )
x = x

x=x
(4 .4 2 )

and  i is the  ite ra tion  co u n te r



1 -  Q u a d ra t ic  (p la in  W LS)

2 -  Q u a d ra t ic - ta n g e n t

3 -  Q u a d ra t ic - sq u a re - ro o t

4 -  Q u a d ra t ic -c o n s ta n t

F ig u re  4.1 -  N o n -q u a d ra t ic  co st fu n c t io n s
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Tab le  4.2: N on -quad ra tic  cost function s and d e r iva t ive s
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T h e  cho ice  o f  the b re a k p o in t  va lu e  A a ffe c ts  the  c o n v e rg e n c e

and  bad  data s u p p re s s io n  p ro p e r t ie s  o f the B D S  estim ator. I f  A is

c h o se n  too sm all, the  c o n v e rg e n ce  is  slow  an d  the r i s k  o f  local

m inima is in c rea se d  a s  h e a lth y  m easu rem ents m ay be taken  a s  bad

data  . A s  A in c re a se s  the bad  data s u p p re s s io n  e ffect is d ec rea sed

and  f in a lly  d is a p p e a rs .  A  va lu e  o f  A = 5.0  w as re p o rte d ^ 51  ̂ to

p ro d u c e  go od  re su lt s .  If  all the re s id u a ls  a re  below the b re a k p o in t

A, the  C  m atrix  is equal to the u n it  m atrix  a n d  the B D S  a lgorithm

re d u c e s  to the  VVLS a lgo rithm .

A  v a r ia n t  o f the a lgo rithm  d e sc r ib e d  above  is  ob ta ined  if

in ( U. 38) the w e igh ted  re s id u a ls  a re  su b s t it u te d  b y  the  norm a lised

re s id u a ls  in the  d e fin it ion  o f  the b re a k p o in t .  T h e  a lgo rithm  th u s

ob ta ined  is re p o rte d  to h a ve  a b e tte r pe rfo rm ance  in bad  data s u p -  

(45)p re s s io n

If  se ve ra l b ad  data o c c u r  in  the v ic in it y  o f a node , it 

m ay happen  tha t m any o f  the  m atrix  e lem ents are  small an d  p laced 

in s u c h  a p o s it io n  a s  to im pa ir the d ia go n a l dom inance  o f  the A 

m a trix . I f  th is  o c c u r s ,  num erica l in s ta b il it y  o r  slow  c o n v e rg e n c e  

is l ik e ly  to o c c u r .  S u c h  d if f ic u lt ie s  w ith  the B D S  a lgo rith m  have  

been re p o rte d  in the l ite ra tu re 1

A  p rog ra m  w ritten  fo r  the VVLS a lg o r ith m  can  be e a s ily  t r a n s ­

form ed into one  fo r the B D S  a lgo rithm  b y  the sim ple  in t ro d u c t io n  o f  

a ro u t in e  w h ich  m od ifies the  la rge  re s id u a ls  a c c o rd in g  to the cho sen  

c r ite r io n .  T h e  s to ra g e  re q u ire m e n ts  o f  s u c h  a p ro g ra m  a re  v ir tu a l ly  

the same a s  the W LS  bu t the time n e c e s sa r y  fo r  a so lu t io n  is u su a lly  

la r g e r  d ue  to the s low er c o n v e rg e n c e  o f the B D S  m ethod.



4 . 4.2 F A S T  D E C O U P L E D  B A D  D A T A  S U P P R E S S IO N  A L G O R IT H M ( 51)

T h e  b a s ic  B D S  a lgo rith m , in the  same w ay a s  the basic  

W LS, is  not adequate  fo r o n - l in e  a p p lic a t io n s  d u e  to its com putational 

in e ff ic ie n c y . A  fu r t h e r  d ra w b a ck  o f  the a lgo rithm  is  its num erical 

in s ta b ilit y .  T h e se  p rob lem s a re  m ain ly  d ue  to the reca lcu lation  o f 

the A m a tr ix  at e v e ry  ite ra tion . In  a s im ila r m anner to the VVLS 

m ethod, fa s t  d e c o u p lin g  te c h n iq u e s  can  a lso  be app lied  to the B D S  

a lgo rithm  to im prove  itr. com putationa l pe rfo rm ance .

A  f ir s t  d if f ic u lt y  fo u n d  in fa st d e c o u p lin g  the B D S  a lgo ­

rithm  is the  p re se n ce  o f  the m atrix  in the  d e fin it io n  o f  the ga in  

m atrix  A. T h e  e lem ents o f  G d ep e n d  upon  the  m agn itude  o f  the 

w e igh ted  (o r  no rm a lised ) re s id u a ls  and  c o n se q u e n t ly  ch an ge  con ­

s id e ra b ly  from  ite ra tion  to ite ra tion . A n  e ffic ien t w ay o f a v o id in g  

th is  p rob lem  is  to u se  a s  g a in  m atrix  the sam e a s  u sed  fo r the 

F D S E  a lg o r ith m s. T h e  a lgo rithm  th u s  ob ta ined  p ro d u c e s  the same 

so lu t io n  g iv e n  b y  the  b a s ic  B D S  m ethod r e q u ir in g  a few more 

ite ra t io n s . T h e  B D S  e stim ator can  then  be d ecoup led  in a sim ilar 

w ay to the W LS  e stim ato r, p ro d u c in g  the fo llo w ing  a lgo rithm

0i+1 = 0* + A ' 1 H i  R " 1 G o (Q1, V*)
p - p — p - p - p -  —

(«1. 43)

vi+1 = v1 + a 1 ül R 1 P (e‘, v') — — —q —q —q —q -q -  — ( 4. 44)

w here  G , G and  p , p a re  su b m a tr ice s  o f  G and  p re sp e c t ive ly .—p -q -p -q —
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In  the a lgo rithm  above , the fo llow ing  inequa litie s are  

im p lic itly  a ssum ed

(4 .45 )

G _  »

T h e se  in e q u a lit ie s  rem ain va lid  o n ly  if R 1 G and  R  1 Gy -p -p q q
are  o f the same o rd e r  o f  m agn itude . T h e re fo re , in o rd e r  to s a t is fy  

(4 .4 5 ) th ro u g h o u t  the ite ra tive  p ro c e s s ,  w heneve r a bad  data is 

e n co u n te re d  in e ith e r  the act ive  o r  re ac t ive  p a rt  o f a com plex 

m easurem ent, the c o r r e sp o n d in g  term  in m atrices G ^  and  G ^  are  

se t to equa l v a lu e s .

the num erica l in s ta b il it y  re p o rte d  in the b a s ic  a lgorithm  and  red uce s 

c o n s id e ra b ly  time an d  s to ra g e  re q u ire m en ts  m ak ing  the fa st decoupled  

B D S  a lgo rithm  adequa te  fo r  o n - lin e  ap p lic a t io n s.

dem onstra ted  that the fa s t  decoup led  B D S  a lgo rithm  h a s  a perfo rm ance  

v e r y  s im ila r to the  fa st d ecoup led  W LS  to ge th e r w ith  the p o s t -  

e stim ation  bad  data detection  and  iden tif ica t ion  techn ique  d e sc r ib e d  

in section  4.3. B o th  m ethods are  ab le  to detect, id e n t if y  and  elim inate 

bad  data p ro v id e d  the  local re d u n d a n c y  in the  re g ion  o f  troub le  is 

h ig h  e n o u gh .

T h e  u se  o f  the co n sta n t  g a in  m atrices and  A „  e lim inates
a  — p —q

E x te n s iv e  s im u la tion  s tu d ie s  re p o rte d  in re fe rence  (51)



4.5  ID E N T IF IC A T IO N  O F  T O P O L O C IC A L  E R R O R S

B o th  the  re s id u a l se a rc h  a n a ly s is  and  the B D S  e stim ato r, 

d e sc r ib e d  e a r lie r  in th is  c h a p te r ,  a re  ab le  to detect and  e lim inate  

g r o s s  m easurem ent a n d  topo log ica l e r r o r s  in o rd e r  to p rod u ce  a 

good  sta te  v e c to r  in  most o f the  s itu a t io n s  like ly  to o c c u r  in 

p rac t ice . H o w e ve r, they  ca n n o t  d is t in g u is h  w he the r the detected  

bad  data c o r r e sp o n d s  to a g r o s s  m easurem ent o r  topo log ical e r r o r .

T h is  im po rtan t prob lem  h a s been in some w ays neg le c ted  

b y  the re se a rc h e r s .  O n ly  m ino r re fe re n ce s  to it can  be fo u n d  in  

the lite ra tu re  u n til v e r y  r e c e n t ly ^  ' .  In  fact, re fe rence  (59) 

is the  o n ly  one  fo u n d  b y  the  a u th o r  o f  th is  th e s is  in w h ich  the  

prob lem  w as a n a ly se d  more c a re fu lly  an d  a p ro ce d u re  ou tlined  fo r  

it s  so lu t io n .

T h e  p ro p o se d  m ethod is b a se d  on the fact that the in c lu s io n  

in the c o n f ig u ra t io n  o f  a line  that is  a c tua lly  off, o r  v ic e -v e r s a ,  

a ffe c ts  p r im a r ily  the  estim ate o f the in jection s at the end  n o d e s.  

T h e se  in je c t io n s, if  m easu red , will p ro b a b ly  be identified  as b a d  

data  and  th e re fo re  s u p p re s s e d .  T h e  state  ve c to r  ob ta ined  a f te r  

the su sp e c te d  m easurem ent s u p p re s s io n  is in d ep end en t o f  the 

topo log ica l e r r o r .  T h is  h e a lth y  sta te  ve c to r can  then be u se d  to 

te st w he the r the  s u p p re s s e d  m easu rem ents con ta in  g r o s s  e r r o r  o r  

are  a r e su lt  o f  topo log ica l e r r o r .  T h i s  is done  b y  a sim u lation  

p ro c e s s  in w h ich  the  s ta tu s  o f  su sp e c te d  lines a re  changed  a n d  

the in jec tio n s at th e ir  e n d s  re ca lcu la ted  and  com pared w ith  the  

rejected o n e s.



4.6  C O N C L U S IO N S

T h e  W LS  b ased  a lg o r ith m s review ed  in th is  c h a p te r  

c o n st itu te  a p ow e rfu l tool fo r  the  im plementation o f o n - l in e  pow er 

sy ste m  sta te  e stim ation . T h e  fa st  decoupled  v e r s io n s  o f  the 

p la in  W LS  and  B D S  a lg o r ith m s have  adequate  f ilte r in g  c a p a b ilit y  

and  s to ra g e  and  co m pu t in g  time requ irem en ts acceptab le  fo r  u se  

on a p ro c e s s  co n tro l com puter. H ow ever, some p rob lem s rem ain 

not com plete ly  so lv e d . O ne  o f  the most im portant o f th e se  is the  

d if f ic u lt y  in the detection  and  iden tifica t ion  o f g r o s s  m easurem ent 

and  topo log ica l e r r o r s  in sy s te m s  w ith  not v e r y  h ig h  re d u n d a n c y  

ratio . B o th  the  re s id u a l se a rc h  techn ique  used  w ith  the  p la in  W LS  

m ethod an d  the  B D S  a lgo rithm  e ithe r fail com pletely o r re q u ire  a 

la rge  co m p u t in g  time to f in d  the  r ig h t  so lu tion  in th is  c a se .

A n o th e r  im portant p rob lem , w h ich  has not yet been fu lly  ap p rec ia ted  

b y  the  re se a rc h e r s ,  is the in a b ilit y  o f the a lgo rithm s to d iffe ren t ia te  

au tom atica lly  betw een topo log ica l and  g r o s s  m easurem ent e r r o r s .

A n  im provem ent in the se  two an d  o the r weak p o in ts, u s in g  the 

sta t ic  a p p ro a c h , seem s d if f ic u lt  to be ach ie ved . T h e  a n sw e r  to 

th o se  p rob lem s m ay be fo u n d  in  the use  o f e x tra  in fo rm ation  to 

in c re a se  the  re d u n d a n c y  ra t io , fo r  in stance  the in fo rm ation  a v a il­

ab le  in p a st  e stim ation s.



CHAPTER V

E F F IC IE N T  P IE C E W IS E - L IN E A R  C R IT E R IO N  (P L C )  

D E C O U P L E D  S T A T E  E S T IM A T O R



In  t h is  c h a p te r  an im proved  v e rs io n  o f  a state  e stim ator 

u s in g  a s  p e r fo rm a n ce  c r ite r io n  the sum o f the  m oduli o f  the 

re s id u a ls  is  d e s c r ib e d .  T h is  e stim ator h a s  the  a b ilit y  o f  re je c tin g  

au tom atica lly  topo log ica l and  g r o s s  m easurem ent e r r o r s  in  m ost 

o f the s itu a t io n s  lik e ly  to o c c u r  in p ract ice . S to ra g e  a n d  com ­

p u t in g  time re q u ire m e n ts  o f  the a lgo rithm  w ere  re d uced  c o n s id e r ­

a b ly  in re la t ion  to a p re v io u s ly  p ro p o sed  fo rm u la t io n , b y  e x p lo it in g  

ce rta in  p a r t ic u la r  c h a ra c te r is t ic s  o f the p rob lem  w h ich  allowed the 

u se  o f  fa st  d e c o u p lin g  and  a d va nced  linea r p ro g ra m m in g  te ch n iq u e s.

5.1 IN T R O D U C T IO N

In  the  p re v io u s  ch ap te r o f th is  t h e s is  the in a d e q u a cy  o f 

the b a s ic  W LS  m ethod to cope w ith bad  data was po in ted  ou t.

In  tha t c h a p te r ,  it w as a lso  d e sc r ib e d  how m od ifica t ion s  can  be 

in t ro d u ce d  in the o r ig in a l W LS c r ite r io n  in o rd e r  to re n d e r  the 

e stim ator le s s  v u ln e ra b le  to bad  data. A ll th e se  m od ifica t ion s 

were in t ro d u c e d  w ith  the ob jective  o f r e d u c in g  the W LS  u n d e s ira b le  

e ffect o f a s s ig n in g  g re a t  im portance  to m easu rem en ts w ith  la rge  

re s id u a ls  w h ich  c o r re sp o n d  most p ro b a b ly  to  bad  data . T h is  

typ e  o f e stim ato r m ay be in c luded  in the g e n e ra l c a te g o ry  o f n o n ­

q u a d ra t ic  e s t im a to rs.

A  com p le te ly  d if fe re n t  typ e  o f n o n -q u a d ra t ic  e stim ator, 

w h ich  h a s  v e r y  go o d  bad  data rejection p ro p e r t ie s ,  m ay be d e r ive d  

b y  u s in g  a s  c r ite r io n  the sum  o f  the m oduli o f  the re s id u a ls .  T h is  

new ty p e  o f  e stim ato r, whose ba s ic  fo rm u la tion  w as in it ia lly  p ro p o se d  

in re fe re n c e  ( 48 ) ,  can  be form ulated  a s  a se q u e n ce  o f line a r p r o ­

gram m ing  ( L P )  p ro b le m s, w h ich  can  be so lv e d  u s in g  a n y  o f the
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ava ilab le  L P  te c h n iq u e s  '  . T h is  e stim ato r w ill be called in

th is  th e s is  the  P iece -w ise  L in e a r  C r it e r io n  (P L C )  e stim ator, w hich 

seem s to be a d e s ig n a t io n  w h ich  more a p p ro p r ia te ly  ch a ra c te r ise s  

the  m ethod.

T h e  v e r s io n  o f the estim ator w h ic h  will be p re sen ted  in 

th is  c h a p te r  h a s  been c o n s id e ra b ly  im p ro ved  in te rm s o f s to rage  

an d  c o m p u t in g  time re q u ire m en ts. T h e  im provem ents in troduced  

a re  o f  two k in d s :  T h e  decom position  o f  the L P  p ro b 'cm s  in to  two 

sm a lle r on e s b y  the app lication  o f d e c o u p lin g  te ch n iq u e s, sim ilar 

to the on e s u sed  fo r the W LS a lgo rith m  in the p re v io u s  chap te r, 

a n d  the u se  o f  ad va nced  L P  te ch n iq u e s  like the com bined u se  o f 

the re v ise d  s im p lex  and  dual sim plex w ith  in v e r se  b a s is  in com pact 

form  an d  re in v e r s io n .

In  pow er sy stem  e n g in e e r in g ,  p a r t ic u la r ly  in o n -lin e  

a p p lic a t io n s ,  the re  was a tendency  o f a v o id in g  m ethods in v o lv in g  

L P  a lg o r ith m s  based  on  the fear that the se  a lg o r ith m s a lw ays 

re q u ire  la rge  s to ra ge  and com pu tin g  time. M ore  re cen tly , th is  

te n d e n c y  h a s  been re v e rse d ,  p a rt ia lly  due  to m any problem s faced 

w hen  u s in g  n o n - l in e a r  optim isation  a n d  a lso , a s  it a p n e a rs ,  to 

a b e tte r u n d e r s ta n d in g  o f the e ff ic ie n c y  and  re lia b ility  o f the LP  

te c h n iq u e s ,  p ro v id e d  the a lgo r ith m s a re  well adap ted  to the problem  

s t r u c t u r e * 8 8 ' 89*.  T h e  sta te  e stim ato r to be p re se n te d  in th is  

c h a p te r  m ay well be a n a ly se d  from t h i s  po in t o f view  w hen com pared 

to e q u iv a le n t  one s based  on  the W LS  c r ite r io n .



5.2 P R O P E R T IE S  O F  T H E  P L C  E S T IM A T O R  S O L U T IO N

T h e  state  estim ation problem , in a more ge ne ra l fo rm ulation, 

can  be v iew ed  a s  the so lu tion  o f a re d u n d a n t  se t o f a lg e b ra ic  

e q u a t io n s.  T h is  set is u su a lly  in c o n s is te n t  d u e  to the p re se n ce  

o f e r r o r  in the m easu rem ents. Let th is  se t o f e qu a tio n s  be 

re p re se n te d  b y

Z = h (x ) + v  (5 .1 )

w here

: M x  1 ve c to r o f  in d e p en d e n t te rm s (m easu rem ents) 

x  : N x  1 ve c to r  o f  u n k n o w n s  ( s ta te )  

h ( •) : fu nc tion  re la t in g  Ẑ  a n d  x 

v^ : M  x  1 e r ro r  ve c to r 

M  > N

A  so lu tion  fo r  the above  se t o f e q u a t io n s,  in the u su a l 

se n se  o f  a ve c to r w h ich  sa t is f ie s  s im u lta n e o u s ly  all the e q u a tio n s, 

does no t e x is t  d ue  to its in c o n s is te n c y .  T h e  prob lem  h a s  been 

u su a lly  so lve d  b y  the W LS m ethod in w h ich  a so lu tion  is ob ta ined  

b y  m in im is in g  a q u a d ra t ic  fu n c t io n  o f  the re s id u a ls  a s  sh ow n  p re ­

v io u s ly  in th is  th e s is .  T h e  m ethod can  be in te rp re te d  geom etrica lly  

a s m in im is in g  the sum  o f the sq u a re s  o f the d is ta n c e s  from the 

so lu tion  po in t to the h y p e rp la n e s  re p re se n t in g  the m easurem ent 

e q u a t io n s. In  the case  o f small and  random  e r r o r s ,  th is  so lu tion



is u su a l ly  c lo se  to the ideal so lu t io n  o f the free  o f e r ro r  (v  = 0) 

set o f  e q u a t io n s.  I f  g r o s s  m easurem ent o r topo log ica l e r r o r  is 

p re se n t  in the data, the h y p e rp la n e s  c o r r e sp o n d in g  to the affected  

m easu rem ents o r  s ta tu s  will be  at a g re a t  d is ta n ce  from  the ideal 

so lu t io n  an d  will a ttra ct the W LS  so lu tion , a ffe c t in g  s t r o n g ly  the 

a c c u ra c y  o f th e  estim ate.

A n o th e r  p o s s ib le  w ay o f e s ta b lish in g  a so lu t io n  fo r the 

se t o f  e q u a t io n s  de fined  b y  (5 .1 )  is to choose  one  o f the "p a rt ia l 

s o lu t io n s "  ob ta ined  b y  s o lv in g  a n o n -re d u n d a n t  sy stem  form ed b y  

a n y  N o f  the M e q u a t io n s. T h e se  so lu t io n s  a re  more o r  le ss  c lo se  

to the  ideal so lu tion  d e p e n d in g  on the s ize  o f the  e r r o r  o f the c h o se n  

e q u a t io n s  (m e a su re m e n ts).  T h i s  ap p ro a c h  was attem pted w ithout 

s u c c e s s  in the  e a r ly  d a y s  o f  pow er sy ste m  s ta te  estim ation^ 7 ' 7I^  .

T h e  fa ilu re  o f the m ethod w a s  p ro b a b ly  due  to the ab sence  o f a 

ru le  to ch o o se  the "b e s t "  p a rt ia l so lu t io n . In  re fe rence  (48) a 

com ple te ly  new form ula tion  o f  th is  b a s ic  idea w as p ro p o se d . T h e  

m ethod, re fe rre d  to in th is  th e s is  a s  the  P L C  estim ator, is b a sed  

on  the fo rm u la tion  o f the estim ation  prob lem  a s  a sequence  o f L P  

p rob le m s in w h ich  the o b je c t ive  fu n c t io n  is the  sum  o f  the m oduli 

o f  the re s id u a ls  and  the c o n s t r a in t s  a re  the lin e a r ise d  m easurem ent 

e q u a t io n s.  T h e  p ro p e r ty  o f  an  L P  prob lem  so lu t io n  o f  a lw ay s  b e in g  

in an  extrem e po in t o f  the re g io n  dete rm ined  b y  the c o n s t ra in t s  

g u a ra n te e  tha t the ch o se n  so lu t io n  is one o f the p a rt ia l so lu t io n s  

re fe rre d  to above , w hile  the  m inim isation  o f the  c r ite r io n  p u sh e s  

the  so lu t io n  to w a rd s the ideal one. A s s u m in g  that the m easurem ent 

e r r o r  is com parab le  w ith  th e  d eg ree  o f a c c u ra c y  re q u ire d  fo r the 

e stim ate s, i.e . that a h ig h  f ilte r in g  c a p a b ilit y  is  not e sse n tia l,  the 

e stim ates p ro d u ce d  b y  th is  te chn ique  are  adequa te  fo r p ract ica l
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a p p lic a t io n s .

T h e  M -N  e q u a t io n s  (o r m easu rem ents) left out w hen 

o b ta in in g  a p a rt ia l so lu t io n  in the method d e sc r ib e d  above, have  

o b v io u s ly  no e ffect on th e  estim ation re su lt .  T h is  fact is  the 

reason  fo r the good  b a d  data rejection p ro p e r ty  o f the P L C  

e stim ator. A s  e x p la in e d  before, the  h y p e rp la n e s  c o r re sp o n d in g  

to bad data are  v e r y  f a r  from the  ideal so lu tion . AM the  partia l 

so lu t io n s  in w h ich  s u c h  a h y p e rp la n e  is in vo lve d  will a lso  be at a 

g rea t d is ta n c e  from  th e  o ther h y p e rp la n e s .  T h e re fo re , these  

so lu t io n s  will alm ost c e r ta in ly  be rejected b y  the a lgo rithm  p ro ­

d u c in g  an estim ate fre e  o f the bad  data effect.

In  o rd e r  to i l lu s t ra te  the ideas e xp o sed  above, an exam ple 

in v o lv in g  a th ree  b u s b a r  system  is  p re se n te d  in f ig u re s  5.1 to 5.4. 

In  f ig u re  5.1 the s y s te m  d iagram , pa ram ete rs, m easurem ent p lace ­

ment an d  e q u a t io n s  a r e  p re se n te d . In  f ig u re  5.2 the m easurem ent 

e qu a tio n s  fo r  bo th  the  ca se s  w ith  and  w ithout e r ro r  a re  p lotted.

In  f ig u re  5.3  the  m easu rem ent e q u a tio n s, c o r re sp o n d in g  to the 

case  in w h ich  the m easu rem ents con ta in  e r ro r ,  are  p lotted  aga in  

and  the s ix  p o s s ib le  p a rt ia l so lu t io n s  ( S j , . . . , S g )  are  show n . T h e  

ideal so lu t io n  (S| ) a n d  the one g iv e n  b y  the W LS m ethod ( S ^ )  

are  a lso  sh ow n . T h e  so lu tion  g iv e n  b y  the P L C  a lgo rithm  can  be 

an y  one o f s^ to Sg ( i n  fact it is s^  in that case ) w h ich  are  all 

fa r th e r  from  the ideal so lu tion  than  the one g ive n  by  the W LS 

m ethod. N e v e r th e le s s ,  the a cc u ra cy  o f a n y  of these so lu t io n s ,  

p e rh a p s  w ith  the e x ce p t io n  o f s^ ,  is adequa te  fo r p ract ica l p u r ­

p o se s. In  f ig u re  5 .4 ,  the same problem  is  show n, the  o n ly  d if fe r ­

ence b e in g  that the m easurem ent o f the line  flow P^j is  set to zero



12 System  Param eters 

b 12 = 4.167 pu  

b 1 j  = 5.556 pu  

b 23 = 6.250 pu  

100 M V A  base

# a c t ive  in jection

° a c t ive  line  flow

L in e a r ise d  M ea su re m e n t E q u a t io n s  : x

x  =

" P1 1
“ b 12 - b , 3  1

z  =
P 2

H =
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l
____
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0
b l 3

T ru e  V a lu e s

P 1
= 99.5 MW

C
D

K
J

II 1 3° = -,.052 rad . P 2 = 32.7 MW

0 3  = - 8° = -,.140 rad . P 12
= 21.7 MW

P 31
= 77.8 MW

C o rru p te d  V a lu e  o f  the M ea su re m e n ts  (±  3% e r r o r )

P 'l
=  102.5 M W

P2 =  31.7 M W

P '1 2

3
*

fMC
MII

M W

P '31 =  75.5 M W

F ig u re  5.1 -  Exam ple  to illu stra te  the p ro p e r t ie s  
o f the P L C  estim ator.
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F ig u re  5.2 -  M ea su rem en t e q u a t io n s  w ith  (fu ll line ) 
an d  w ith ou t e r r o r

e 2 ( r a d . )

.135

- . 1 4 0

- .1 4 5

- .1 5 0

F ig u re  5 .3  M easu rem ent e q u a t io n s  an d  W LS  and  P L C  so lu t io n s
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F ig u re  5.4  M easu rem ent e qua tion s for the case  in w hich  
m easurem ent P ' co n ta in s  a g r o s s  e r ro r  and  
W LS  and  P L C  ^ s o lu t io n s

to sim u late  a bad  data . T h e  re p re se n ta t io n  of the m easurem ent 

e qua tion  c o r r e sp o n d in g  to the bad  data fall v e ry  fa r from the 

ideal so lu t io n  (in  fact ou t o f the d ra w in g  space) an d  a lso  the 

so lu t io n  g iv e r ' b y  the W LS  m ethod. T h e  P L C  estim ator so lu tion  

rem a in s the  same, a s  in th e  case  w ithou t bad  data, a s  an y  partia l 

so lu tion  in v o lv in g  the m easurem ent g r o s s ly  in e r ro r  ( s^ ,  s 2 » S j)  

w ould  c e rta in ly  not be optim al.
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5 .3  B A S IC  P L C  S T A T E  E S T IM A T IO N  A L G O R IT H M

C o n s id e r  the  state estim ation  p rob lem  de fined  in (5 .1 ) .  

T h e  P L C  c r ite r io n  is  g iv e n  b y

M

w he re  M  is the n u m b e r o f  m easu rem ents, R m is the w e igh t a s so c -m

iated  w ith  the m -th  m easurem ent a n d  r  is the m -th  com ponentm

o f the  re s id u a l v e c to r

A s  show n  in  C h a p te r s  I I I  and  IV ,  a u su a l p ro c e d u re  to 

so lv e  n o n - l in e a r  sta te  estim ation p rob lem s is an ite ra t ive  p ro c e s s  

in w h ich  su c c e s s iv e  linear a p p ro x im a t io n s  of the g iv e n  prob lem  

a re  so lve d . T h is  te ch n iq u e  will be followed here  to d e r iv e  the 

P L C  e stim ator. T h e  T a y lo r  e x p a n s io n  o f  (5 .3 )  a ro u n d  an in itia l 

g u e s s  x °  g iv e s

J (x )  = l  R m | r  | — I* m 1 m 1 
m=1

(5 .2 )

r  = Z -  h (x ) (5 .3 )

(5 .4 )

w he re

AZ° = Z -  h (x° ) (5 .5 )

Ax° = x  -  x° (5 .6 )



H ( x°) =
3 h ( x )

3x (5 .7 )
x=x

T h e  n o n - l in e a r  e stim ation  p rob lem  can  then  be form ulated  

a s  a se q u e n ce  o f m in im isation  p rob lem s in w h ich  the objective  

fu n c t io n  is  the  c r ite r io n  g iv e n  b y  (5 .2 )  and  the c o n s t ra in t s  

a re  the se t o f e q u a t io n s  de fin ed  in ( 5 .4 ) .  T h is  fo rm u la tion  in 

com pact form  can  be w ritten  a s  fo llow s:

M in im ise

A * '

J ' =
M

l  Rm=l
Km Im I m

(5 .8 )

sub jec t to H ( x ')  A x ' + r 1 = A Z 1

w here  i = 1 , 2 , . . .  is the ite ra tion  co u n te r.  T h e  ite ra tive  p ro ce ss  

s to p s  w hen  the v a lu e s  o f A x1 is  le ss  than  a sp ec if ied  to le rance .

T h e  m in im isa tion  prob lem  de fined  above  cannot be so lved  

s t r a ig h t fo rw a rd ly  a s  the m oduli fu n c t io n  is  p ie ce -w ise  linea r and  

n o n -d iffe re n t¡a b le  at r  = 0, a s  can  be seen  in f ig u re  5 .5 (a ) .  

H ow e ve r, it is  p o s s ib le  to d e f in e  a tra n sfo rm atio n  o f  va r ia b le  

w h ich  p ro d u c e s  an e q u iva le n t  lin e a r ob jective  fu n c t io n . T h e  

t ra n sfo rm a t io n  is  ob ta ined  b y  s u b s t it u t in g  the term s r m b y  the 

d if fe re n ce  o f two s la c k  v a r ia b le s  a s  fo llow s:

r  = s -  s ,  , m -  1, . . . .  M 
m 2 m -1 2m

(5 .9 )

su c h  that
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F ig u re  5 .5  O r ig in a l and  tran sfo rm ed  c r ite r ia  
of the P L C  state estim ator.

s 2 m -1 ' S 2m " °

s 2m-1 * S 2m 0

(5 .10 )

(5 .1 1 )

w h ich  im plies that

ir m ' = ■ s 2m-1 S 2m 1 s 2m-1 + s 2m '  m =
M

(5 .1 2 )

a s  can be seen in  f ig u re  5 .5 (b ) .



A f te r  the in t ro d u c tio n  o f the tran sfo rm ation  of v a r ia b le s

d e sc r ib e d  above , the p rob lem  defined  in (5 .8 )  has a linear

ob jective  fu n c t io n  and  linea r c o n s t ra in t s  and , the re fo re , can

be so lve d  u s in g  L P  m ethods. H ow ever, a s  the va r ia b le s  AxJ

can  assum e  e ith e r p o s it iv e  o r  n ega t ive  v a lu e s ,  the problem  is not

( U3)
yet in the fo rm at o f a s ta n d a rd  L P  problem  . T h is  form at is  

d e s ire d  a s  it is an  a ssu m p tio n  u sed  in d e r iv in g  most o f the  L P  

a lg o r ith m s. T h e  problem  can  be tra n sfo rm ed  into the s ta n d a rd  

form at b y  the in t ro d u c t io n  o f  a fu r th e r  tra n sfo rm ation  o f v a r ia b le s  

in w h ich  a ve c to r  d , w hose  elem ents a re  all equa l to a su f f ic ie n t ly  

la rge  c o n s ta n t  D , is added  to the increm ent in the state v a r ia b le s  

a s  fo llow s:

A x ' = Ax + d  (5 .1 3 )

w h ich  will lead to the red e fin it ion  o f AZ_ as

AZ ' = AZ + IH d (5 .1 4 )

A s  a re su lt  o f th is  tra n sfo rm ation , w hateve r the p o s it iv e  

o r  n e g a t ive  va lu e  o f the e lem ents o f A x ' (p ro v id e d  they a re  between 

ce rta in  lim its dete rm ined  b y  the size  o f  D ) ,  the tra n sfo rm ed  ve c to r 

Ax! will c e rta in ly  have  all com ponents g re a te r  than  o r equa l to zero.

T h e  P L C  e stim ator can  then  be form ulated  as a se qu e n ce

of L P  p rob lem s a s  fo llow s:
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, M
M in im ise  J = I  R m ( s ^  -  s 2m) 

(A x * ) ' m=1

sub jec t to HhUx1) { ¿ I

( A x ') '

= (A Z * ) ' (5 .15 )

w here

( A x ') 1 , S  > 0

U

1 -1

1 -1
(5 .16 )

1 - i j  (M x2 M )

S  -  ( s ^  s 2 ------s 2M-1 S 2M } (5 .17 )

In  the f in a l so lu tion  o f  the  L P  prob lem  d e fin ed  in  (5 .1 5 ) 

to (5 .1 7 )  at least one  o f the  s la ck  v a r ia b le s  in c luded  in each 

c o n s t ra in t  w ill be n u ll ( n o n -b a s ic ) .  T h e re fo re , the cond it io n  

g iv e n  b y  (5 .1 1 ) is  au tom atica lly  en fo rced .

A  flow c h a r t  o f the  a lgo rithm  ju st  d e sc r ib e d  is  show n  in

f ig u re  5.6.
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F ig u re  5.6 F lo w -c h a rt  o f the b a s ic  P L C  a lgorithm



5.4  F A S T  D E C O U P L E D  P LC  S T A T E  E S T IM A T IO N  A L G O R IT H M

A lm ost all the com putational b u rd e n  o f  the a lgorithm  d e s ­

c r ib e d  in the p re v io u s  section  is located in the  so lu tion  o f the 

L P  p rob lem s. T h e re fo re , these  p rob lem s sh o u ld  be form ulated 

and  so lve d  a s  e ffic ien t ly  a s  p o ss ib le . S to ra g e  and  com putation 

time re q u ire m e n ts  o f  L P  p rob lem s in c rea se  n o n - l in e a r ly  w ith the 

num ber o f c o n s t r a in t s  and  v a r ia b le s. If  a L P  problem  can be 

b ro ke n  dow n into sm aller one s, c o n s id e ra b le  s a v in g s  in the com­

pu ta tion  re q u ire m e n ts  a re  to be expected . T h is  fact h a s  led to 

the idea o f d e c o u p lin g  the e qua tion s in v o lve d  in the P L C  estim ator 

in a w ay s im ila r  to the one u sed  in C h a p te r  IV  fo r the W LS a lg o ­

rithm .

T h e  P L C  and  W LS  a lgo rith m s p re se n t  a major d iffe rence  

a s  far a s  the  app lica tion  o f d eco u p lin g  te ch n iq u e s  is conce rned .

In  the W LS  m ethod an optim ality  cond it ion  is  d e r ive d  a n a ly t ic a lly  

(equation  4 .3 ).  T h e re fo re  an y  a lgo rithm  w h ich  sa t is f ie s  th is 

con d it io n  w ill p ro d u ce  the optimal so lu tion  re g a rd le s s  o f  any  la te r 

a p p ro x im a t io n s . In  the P L C  estim ator no  op tim ality  cond it ion  is  

ava ilab le  e x p lic it ly .  A t  e v e ry  ite ration  a new  LP  problem  is fo rm ­

ulated a n d  so lve d . T h e re fo re , in o rd e r  to sepa ra te  the LP  p ro b ­

lems in to  two sm aller on e s b y  d eco u p lin g  a c t ive  and  reactive  

v a r ia b le s ,  a n d  st ill g u a ran te e  that the a lgo rithm  w ould  p roduce  

the same so lu t io n  o f the n on -d e co u p le d  v e r s io n ,  it w ould  be n e c e s ­

sa ry  to u se  some decom position  o r p a r t it io n in g  techn ique  ava ilab le  

fo r s o lv in g  la rge  L P  p rob lem s. H ow eve r, p ractica l sim ulation 

s tu d ie s  (se e  C h a p te rv il)  perfo rm ed  w ith  the  basic  P L C  a lgorithm
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and  a su b -o p t im a l fa s t  decoup led  v e r s io n ,  w hich  will be p re se n te d  

below , show  tha t the  re su lt s  o f bo th  a lg o r ith m s a re  about the 

sam e, p a r t ic u la r ly  w ith  re spect to the rejection o f bad  data.

T h is  r e s u lt ,  w h ich  in some w ays c o n f irm s  a p re v io u s  one p e r -

d e c o u p lin g  in the w ay acti ve  and  re ac t ive  m easurem ent e r r o r s  

c o n t r ib u te  to the re su lt  o f the state  e stim ator.

A  fa st  decoup led  P L C  state  e stim ator can then be d e r iv e d  

a d o p t in g  a su b -o p tim a l decoup led  c r ite r io n  and  a coeffic ient m atrix  

o b ta in e d  u s in g  the same fast decoup led  Jacob ian  su b -m a tr ic e s  u sed  

in the  fa s t  decoup led  W LS  estim ator. T h e  sequence  o f L P  p rob le m s 

to be so lv e d  a re  a s  fo llow s:

i 41) .
form ed fo r  the W LS  m ethod , in d ic a te s  that the re  is an  in h e re n t

. . .minimise j p  =
m = 1

(5 .1 8 )

sub jec t to [P ^  U p ]

A0* , S p S  0

and

(A V ')
(5 .1 9 )

sub jec t to [H  U 1

A V ,  S  Î 0— -q



w here

P .  q s u b / su p e r s c r ip t s  ind icate  act ive

a n d  reactive  va r ia b le s

V ,  0 vo ltage  m agn itude  and  p h a se  

a n g le  ve c to rs

a re  m atrices and  v e c to r s  s im ila r

to the ones defined  in  (5 .1 6 ) and

(5 .1 7 ) w ith  the a p p ro p r ia te  d im e n sion s

A  flow c h a rt  o f the fa st  decoup led  P L C  e stim ator is  g iv e n  

in  F ig u re  5.7.

S ta n d a rd  l ib ra r y  ro u t in e s  to so lve  LP  p rob lem s like  the 

o n e s  g iv e n  b y  (5 .1 8 ) and  (5 .1 9 ) are  la rge ly  ava ilab le . A lth o u g h  

some o f these  "p a c k a g e s "  a re  v e r y  e ffic ien t to so lve  o rd in a r y  L P  

p rob lem s, th e ir  u se  in connection  w ith the P L C  sta te  e stim ator 

w ould  not be adequate  fo r two re a so n s :

i. In  a real-tim e e n v iro n m e n t the state e stim ato r will 

most c e rta in ly  be im plemented in a p ro c e s s  contro l 

com puter w ith in su ff ic ie n t  com putational c a p a b ilit y  to 

accommodate a ge n e ra l p u rp o se  p ackage .

5.5  E F F IC IE N T  IM P L E M E N T A T IO N  O F  T H E  
P L C  S T A T E  E S T IM A T O R
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Figure  5 .7 : F lo w -ch a rt of the fast-decoupled P LC  estimator



ji. a s  the se  p a cka g e s  are  deve loped  for gene ra l p rob lem  

fo rm a ts, they are  not able to e x p lo re  in fu ll the 

p a rt ic u la r it ie s  o f the problem  at hand .

T h e re fo re ,  the developm ent o f a c u s to m -d e s ig n e d  set o f 

LP  ro u t in e s  is a fundam enta l step  in c o d in g  e ffic ien t ly  the P L C  

e stim ator.

5.5.1  P A R T IC U L A R  C H A R A C T E R IS T IC S  O F  T H E  P R O B L E M

T h e  main p a r t ic u la r  fe a tu re s  o f the  L P  p rob lem s g iv e n  in 

(5 .18 ) a n d  (5 .1 9 ) w h ich  can  be exp lo ited  in  d e v e lo p in g  e ffic ien t 

code s fo r  the  P L C  estim ator are  listed b e low :

i. C o e ff ic ie n t m a tr ic e s : T h e y  do  not ac tua lly  need to be

e ithe r b u ilt  up  o r  sto red  a s  th e y  are  com posed b y  the 

su b m a tr ice s  H and  H , w hose  elem ents are  linea r
— p —q

com b ina tion s o f the ne tw ork  p a ram ete rs  (see  T ab le  4 .1 ),

and  m atrices U an d  U w h ich  conta in  o n ly  1 and  -1 
—p —q

an d , th e re fo re , can  a lso  be e a s i ly  gen e ra te d  b y  the 

a lg o r ith m  w hen re q u ire d .

M. In it ia l b a s ic  feasib le  so lu t io n ( b . f . s . ) :  A  co n s id e rab le  

p a rt  o f the e ffo rt  o f so lv in g  a L P  p rob lem  is sp e n t  in 

f in d in g  an in itia l b . f . s . ,  i.e . a so lu tion  ve c to r  w h ich  

sa t is f ie s  all c o n s t ra in t s  and  h a s  all the com ponents g re a te r 

than  o r  equal to zero. In  the  prob lem  ab ove , an initial 

b . f . s .  can be ob ta ined  v e r y  e a s ily  b y  se tt in g  M o f the 

e x is te n t  s la ck  v a r ia b le s  equal to  the r . h . s .  v e c to r and  the 

re m a in in g  va riab le s  equal to z e ro .



S p a r s i t y : T h e  coeffic ient m atrice s, and  in co n seq uence  

a n y  b a s is  m atrix  d e r ive d  from  them, a re  v e r y  sp a r se .

F o r  a system  o f 100 nodes a n d  200 lin e s, w ith  an  a ve ra ge  

o f 3 line s connected  to each node, in w h ich  all in jections 

and  line  flow s at one end o f  the line s a re  m easu red , the 

n u m b e r o f n o n -ze ro  e lem ents in the Jacob ian  subm atrice s  

(Hp o r  H ^ ) w ould  be on ly  400 (a p p ro x im a te ly ).  T h is  will 

p ro d u c e  d e n s it ie s  o f 0.7% a n d  1.0% fo r the coe ffic ien t and  

b a s is  m atrices re sp e c t ive ly .

iv .  Repeated  s o lu t io n s : T h e  ite ra t ive  p ro c e s s  g iv e n  in

F ig u r e  5 .7  c o n s is t s  b a s ic a lly  of repeated  so lu t io n s  o f  two 

L P  p rob lem s (a c tive  and  re a c t ive ) in w h ich  o n ly  the r . h . s .  

v e c to r  (w e igh ts) and  the m a tr ix  o f co e ff ic ie n ts  remain 

u n c h a n g e d  d u r in g  the w ho le  p ro ce ss .

5 .5 .2  M E T H O D  O F  S O L U T IO N  O F  T H E  LP  P R O B L E M S

S e v e ra l a lgo rith m s are  a va ila b le  in the lite ra tu re  to so lve

(43  57)
LP  p rob lem s like  the one s g iv e n  b y  (5 .1 8 ) an d  (5 .1 9 )

Some o f  them , like  the sim plex m ethod, re q u ire  an in itia l b . f . s .  to 

s ta rt  w ith . O th e r s ,  like  the d u a l-s im p le x  and  p r im a l-d u a l m ethods, 

can s t a r t  w ith  a n o n -fe a s ib le  so lu t io n  and  ite ra t ive ly  fo rce  it to 

become fea s ib le  in su c h  a way that, w hen it d oe s, it is  a lso  optim al. 

In  all m ethod s, at each iteration  a new  extrem e po in t o f  the feasib le  

re g ion  (o r  a new b . f . s . )  is ob ta ined  by  p ivo t o p e ra t io n s  on the 

o r ig in a l coe ffic ien t m atrix  augm ented  b y  the r . h . s .  v e c to r (ta b le a u ). 

In  the  re v ise d  sim plex m ethod, in s te a d  o f a c tu a lly  p e r fo rm in g  the 

p ivo t o p e ra t io n s  in all elem ents o f the  tableau, at each  iteration  o n ly  

the re le va n t  e lem ents a re  updated  b y  the in v e r se  b a s is  m atrix .



T h is  p ro c e d u re ,  o f a lw ays a c c e s s in g  the o r ig in a l data, is more 

e ffic ien t from the  po in t o f v iew  o f speed , s to ra g e  an d  a c c u ra c y .

T h is  te ch n iq u e  can  a lso  be e x te n d e d  to o th e r L P  m ethods. T h e  

b a s is  m atrix  can  be sto red  in  fu ll o r  o n ly  the p a rt  c o r re sp o n d in g  

to s t ru c tu ra l  v a r ia b le s  ( re d u c e d  b a s is ) .  If the  prob lem  h a s  a 

re la t iv e ly  h ig h  d eg re e  of s p a r s it y  the fu ll o r p a rt ia l in v e r se  b a s is  

sh o u ld  be s to red  u s in g  a p ro d u c t  form .

A  re a d ily  ava ilab le  in it ia l b . f . s . ,  the a v a ila b ility  in  core  

o f  the o r ig in a l data (co e ff ic ie n t m atrix , co st ve c to r,  e tc .)  and  the 

d e g re e  o f s p a r s it y  o f the coe ffic ie n t m atrix , p o in t to w a rd s the use  

o f  the re v ise d  sim p lex  m ethod w ith  in v e r se  b a s is  in com pact form 

to so lve  the  L P  p rob lem s g iv e n  b y  (5 .1 8 ) an d  (5 .1 9 ) .  In  th is  

m ethod the b . f . s .  at each  ite ra tion  is  ob ta ined  from the o r ig in a l 

data b y  m u lt ip ly in g  the r . h . s .  ve c to r  b y  the in v e r se  b a s is  m atrix , 

w h ich  is a sq u a re  m atrix  o b ta in e d  from  the coe ffic ien t m atrix  b y  

se le c t in g  some v a r ia b le s  a s  b a s ic  a c c o rd in g  to some ru le . The  

in v e r s e  b a s is  is sto red  in com pact form  th ro u g h  a re p re se n ta t io n  

as a p ro d u c t  o f e lem entary  m atrices. O n ly  one colum n o f each ele­

m en ta ry  m atrix  h a s  to be sto re d . T h e se  co lum ns a re  u su a lly  

ca lled  e ta -v e c to rs  and  the  w hole set is a lso  called  the e ta -file .

A  fa ir ly  deta iled  d e sc r ip t io n  o f th is  m ethod is  g iv e n  in A p p e n d ix  A .

T h e  a lgo rithm  p re se n te d  in F ig u re  5.7 u su a lly  c o n v e rg e s  

in fo u r  o r  f iv e  ite ra t io n s  from  a flat s ta r t  (u n it  vo ltage  m a g n itu d e s  

and  n u ll p h a se  a n g le s ) .  T h e  re su lt  o f  the f ir s t  ite ration  is u su a lly  

c lo se  to the fina l so lu t io n , the re m a in in g  ite ra t io n s  p e r fo rm in g  o n ly  

small ad ju stm en ts on the  sta te  v a r ia b le s  in o rd e r  to ach ie ve  the 

o ve ra ll sp ec if ied  a c c u ra c y .  T h e re fo re ,  the r . h . s .  v e c to rs  AZ^
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an d  AZ ch an ge  v e ry  lit t le  from the  second  ite ration  o n w a rd s.
M

T h is  is e spec ia lly  so  fo r  the tra n sfo rm e d  v a r ia b le s  A Z ' and
-  P

AZ- w hich  have  a b so lu te  va lu e s m uch g re a te r  than the o r ig in a l 
H

o n e s, p ro v id e d  the  c o n s ta n t  D u se d  in (5 .1 3 ) is  la rge  e n o u gh .

O n  the o th e r hand , m ost o f the w o rk  o f a s im p lex  iteration  cyc le  

fo r  a n y  one o f the se q u e n c e  of LP  p rob lem s that have  to be 

so lve d  b y  the a lg o r ith m , if they a re  s ta rte d  from a b . f . s .  like  

the  one d e sc r ib e d  in se c t io n  5 . 5 . 1 ( i i ) , i s  sp e n t on b r in g in g  the 

state  va r ia b le s  (o r  s t r u c t u r a l  v a r ia b le s )  into the b a s is .  T h e se  

o p e ra t io n s  a re  u su a lly  repeated  in alm ost the  sam e o rd e r  in all 

the  p rob lem s o f the se q u e n ce . A ls o  the  optim al b a s is  does not 

c h a n g e  v e r y  much from  one ite ra tion  to the o th e r. T h e re fo re , 

if a fu ll s im p lex ite ra t iv e  cyc le  is pe rfo rm ed  fo r e v e ry  L P  prob lem  

in the se qu e n ce s d e f in e d  in (5 .1 8 ) and  (5 .1 9 ) ,  a la rge  am ount o f 

repeated  op e ra t io n s  w o u ld  be pe rfo rm ed  w ithou t a n y  e x tra  im p ro ve ­

ment in the final r e s u l t  and  in c re a s in g  la rg e ly  the a lgorithm  com­

p u t in g  time re q u ire m e n t.

T h e re  are  two w a y s  in w h ich  the o b se rv a t io n s  above  can 

be u sed  to reduce  th e  time re q u ire m en t o f the  P L C  estim ator:

i. to so lve  th e  f ir s t  p rob lem  o f  the sequence  (a c t ive  o r  

react ive ) b y  the re v ise d  sim p lex  a lgo rithm  an d  to 

use  the sam e optimal b a s is  fo r the  ne x t p rob lem s, 

ii. in stead  o f  u s in g  the same b a s is  fo r all p rob lem s o f 

the se q u e n c e , actua lly  ob ta in  a new optimal b a s is  fo r 

each p rob le m  u s in g  the  d u a l-s im p le x  method (see  

A p p e n d ix  A )  w h ich  u su a l ly  re q u ire s  o n ly  a few ite ra t ion s

in th is  c a se .



M ethod i. is  v e ry  fa st  bu t does not gu a ran te e  op tim a lity .

A s  will be sh o w n  in  C h a p te rV II,  it u su a lly  g iv e s  good re su lt s  fo r 

p rob lem s in w h ic h  no bad  data  is p re se n t,  b u t  h as a rate  o f 

fa ilu re  g re a te r  th a n  the o r ig in a l m ethod for the ca se s w ith  bad  

data. M ethod  ii.  p ro d u c e s  the same so lu tion  o f the o r ig in a l 

a lgo rithm  w ith  a v e r y  small in c rea se  in com pu tin g  time o ve r  

m ethod i. T h is  i s  so b ecau se , as m entioned ea rlie r , o n ly  a few 

va r ia b le s  c h a n g e  in the optim al b a s is  in two co n se cu tive  L P  p r o b ­

lems in the se q u e n c e s  g iv e n  b y  (5 .1 8 ) and  (5 .19 ) and , th e re fo re , 

o n ly  few ite ra t io n s  o f the dua l s im p lex a lgo rithm  would be re q u ire d .

5 .5 .3  S T O R A G E  C O N T R O L  O F  T H E  IN V E R S E  B A S I S
C O M P A C T  R E P R E S E N T A T IO N

A s  can b e  seen in A p p e n d ix  A , at e v e ry  iteration  o f  the 

sim p lex o r d ua l s im p lex  a lgo r ith m , u s in g  the  in v e rse  b a s is  in  

com pact form , a new eta ve c to r  is form ed. T h is  in c rea se s the  

num ber o f e lem ents (and  s to ra g e ) re q u ire d  to re p re se n t the 

in v e rse  b a s is .  R e in v e r s io n  te ch n iq u e s  e x is t  to recalcu late  the se  

elem ents, from time to time in o rd e r  to com pact the re p re se n ta t io n . 

One o f  these  te c h n iq u e s ,  w h ich  is ca lled  P re -a s s ig n e d  P ivo t P ro ­

c e d u r e ^ 6  ̂ w as u se d  in the  deve lopm ent o f a p rog ram  to s t u d y  

the p e rfo rm an ce  o f the P L C  e stim ator and  is  a lso  d e sc r ib e d  in 

A p p e n d ix  A .

T h e re  is  n o  de fin ite  ru le  to determ ine  how m any tim es an d  

at what p a r t ic u la r  in sta n t  in the p roce ss, the re in v e rs io n  sh o u ld  

take p lace. I f  s to ra g e  is the major p rob lem , then a p o s s ib le  ru le  

would be to p e rfo rm  the re in v e r s io n  w he n e ve r the space re q u ire d  

to sto re  the e ta -v e c to r s  e xceed s a ce rta in  lim it. If  com pu t in g  time



is the major is s u e ,  then a com prom ise  betw een the time sp e n t 

in the r e in v e r s io n  and  the  time sa ve d  b y  h a v in g  a m ore com pact 

re p re se n ta t io n  o f the e ta -v e c to r s  sh o u ld  be  a r r iv e d  at.

5 .5 .4  E F F IC IE N T  A L G O R IT H M

F ig u re  5.8 sh ow s a flow c h a rt  o f an  e ffic ien t p ro c e d u re  

to so lve  e ach  one  o f the L P  p rob le m s w h ich  appea r in the  fast 

decoupled  v e r s io n  o f P L C  e stim ato r. T h is  p ro ce d u re  u se s  the 

ideas e x p la in e d  in the la st se c t io n s .  T h e  flow c h a rt  sh o u ld  be 

u sed  to g e th e r  w ith  A p p e n d ix  A , in w h ich  each o f its s te p s  re lated  

to the ite ra t iv e  cyc le  o f the re v ise d  s im p lex  and  d ua l s im p lex 

a lg o r ith m s, w ith  in v e r se  in  com pact form , is  d e sc r ib e d .

A lt h o u g h  two d if fe re n t  a lg o r ith m s  a re  u sed  s im u lta n e o u s ly  

in that p ro c e d u re ,  the am ount o f e x tra  p ro g ra m m in g  re q u ire d  is  

small a s b o th  the re v ise d  s im p le x  and  d u a l-s im p le x  a lg o r ith m s u se  

the same b a s ic  o p e ra t io n s  ( fo rw a rd  and  b a ckw a rd  m u ltip lic tion  b y  

the in v e r se  b a s is ,  ca lcu la t ion  o f  re d u c e d  p r ice , e tc . )  o n ly  d if fe r ­

in g  in the  r u le s  to ch o o se  the  p iv o t s  a n d , th e re fo re , cou ld  sh a re  

most o f the  deve loped  ro u t in e s .
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F ig u re  S .8  Flow ch a rt of the efficient procedure to solve each LP in the PLC estimator



5.6  C O N C L U S IO N S

T he  P L C  sta te  e stim ator p re sen ted  in th is  ch a p te r has 

th e  p ro p e r ty  o f  c h o o s in g  a s  so lu tion  to the estim ation  problem  

o n e  w h ich  sa t is f ie s  e x a c t ly  a n o n -re d u n d a n t  su b se t  o f the 

m easurem ent e q u a t io n s.  T h is  typ e  o f so lu tion  is ob ta ined  by 

fo rm u la t in g  the e stim ation  p rob lem  a s a sequence  o f L P  p rob lem s. 

I f  g r o s s  m easurem ent o r  topo log ica l e r r o r s  are  p re se n t  in the 

m easu rem en ts, the  e q u a t io n s  c o n ta in in g  th is  typ e  o f  e r r o r  will 

be  e xc lu d e d  from  the so lu tion  o f the estim ator in most s itu a t io n s  

lik e ly  to o c c u r  in p ra c t ice , th u s  a v o id in g  the sp o il in g  o f the 

e stim ate s.

T h e  fa st  d e c o u p lin g  o f the L P  p rob lem s re d u c e s  the P L C  

a lg o r ith m  to the  so lu t io n  o f two se q u e n ce s  o f L P  p rob lem s (a ctive  

a n d  re ac t ive ) in w h ich  o n ly  the r . h . s .  ve c to r c h a n g e s .  T h is  fact 

w as u sed  to re d u c e  c o n s id e ra b ly  the sto rage  and  com puting  time 

re q u ire m e n ts  o f the  a lgo rithm  b y  a com bined u se  o f  the re v ise d  

s im p le x  and  d ua l s im p lex  a lg o r ith m s w ith in v e r se  in com pact form  

a n d  re in v e r s io n  te c h n iq u e s.

T h e  a lg o r ith m  ob ta ined  b y  the in tro d u c tio n  o f the m od ific­

a t io n s  d e sc r ib e d  ab o ve  h a s  a bad  data s u p p re s s io n  perfo rm ance  

s im ila r to the  B D S  a lgo rith m  p re se n te d  in the p re v io u s  chap te r 

to ge th e r w ith  s to ra g e  an d  com pu t in g  time re q u ire m en ts  com parab le  

w ith  the fa st d ecou p led  v e r s io n  o f the same a lgo rithm . In  C h a p te r  

V I I  the re s u lt s  o f  a s im u la tion  s tu d y  com pa rin g  the perform ance  

o f the two a lg o r ith m s  w ill be p re se n te d  and  d is c u s se d .



C H A P T E R  V I

G R O S S  M E A S U R E M E N T  A N D  T O P O L O G IC A L  E R R O R  

S U P P R E S S IO N  IN  T R A C K IN G  S T A T E  E S T IM A T IO N



In  t h is  c h a p te r  a c la s s  o f t r a c k in g  state  estim ation a lg o ­

rithm  o b ta in e d  b y  the com bined  u se  o f t im e -se r ie s  p re d ic t io n  

te c h n iq u e s  a n d  n o n -q u a d ra t ic  state  estim ation  a lgo r ith m s is 

p re se n te d .  T h e  e st im a to rs  a ch ie ve  a more e ffic ien t bad  data 

s u p p r e s s io n  c a p a b il it y  tha n  the e q u iva le n t  sta tic  a p p ro a c h , b y  

m ak in g  u se  o f  the  in fo rm ation  ob ta ined  in recen t e stim ation s.

A n  o v e rv ie w  o f  the  w ay in w h ich  the t r a c k in g  e stim ators in te r ­

act w ith  o th e r  com pon e n ts  o f the o n - lin e  data  p ro c e s s in g  system  

is a lso  p re se n te d .

6.1 IN T R O D U C T IO N

T h e  m ain ob je c t ive  o f  a pow er sy ste m  state  e stim ator is 

to m a in ta in  an  u p d a te d  data base  w h ich  is  u sed  fo r  s e c u r it y  

m o n ito r in g ,  econom ic d isp a tc h ,  etc. Some e lem ents o f th is  

data b a se  (v o lt a g e s ,  p ow er flow s, e tc .)  follow  the va r ia t io n  in 

dem and  a n d ,  th e re fo re , sh o u ld  be re -e stim ated  from  time to 

time. T h e  f re q u e n c y  o f th is  u p d a t in g  d e p e n d s  on  p a rt ic u la r  

o p e ra t io n a l re q u ire m e n ts  o f the sy ste m  a n d  is u su a lly  h ig h e r  

in p e r io d s  w hen ra p id  c h a n g e s  in sy ste m  v a r ia b le s  take  p lace 

( e . g .  m o rn in g  load p ic k - u p ,  peak p e r io d s ,  im mediately a fte r  an 

o u ta g e , e tc ) in w h ich  the sy stem  is subm itted  to se ve re  s t re s s  

and  e m e rg e n c y  s it u a t io n s  are  more lik e ly  to o ccu r, w h ich  re q u ire s  

a c lo se r  m o n ito r in g .



T h e  co n ven t io n a l p ro ce d u re  to sch e d u le  a sta tic  state  

e stim ator is to p e rfo rm  estim ations at re la t ive ly  long  time in ­

te rv a ls  (5  to 30 m in s) o r w hen a c h a n g e  in the ne tw ork  topo­

lo g y  ta ke s  p lace. In  o rd e r  to take  in to  account p o ss ib le  ra p id  

c h a n g e s  in the sta te  between the sch e d u le d  estim ations, 

m easurem ent sc a n s  a re  taken  at a m uch sh o rte r  in te rva l (e v e ry  

30 se c o n d s,  fo r  in stan ce ) and  com pared  w ith the re su lt s  o f the

p re v io u s  e stim ation . If  an  ove ra ll " la r g e  change " is detected,

(30  49 53)then  a new estim ation  is pe rfo rm ed  '  '

T h e  above  p ro ce d u re  is ad equa te  in most o f  the p ract ica l 

s itu a t io n s  a s  fa r  a s  the u p d a t in g  o f  the data base  is co n ce rn e d , 

i.e . the  "a g e "  o f the inform ation  ava ilab le  fo r se c u r it y  m on ito rin g , 

econom ic d isp a tc h ,  e tc .,  is  accep tab le . H ow ever, from  the po in t 

o f  view  of the estim ation  e ffic ie n cy , it is not the best way o f 

ta c k lin g  the p rob lem . B y  a llow ing  re la t ive ly  la rge  in te rv a ls  

between e stim ation s and  iso la t in g  each  o f  these  estim ations from  

the p re v io u s  o n e s, some in form ation  is w asted. T h is  a ffe c ts  

m ain ly  the ta sk  o f  bad  data detection  an d  identification  w h ich , 

a s  seen in p re v io u s  ch a p te rs  o f th is  th e s is ,  re q u ire s  a re la t ive ly  

la rge  re d u n d a n c y  ratio . S t ill d u e  to the la rge  in te rva l between 

e stim ation s, a n o n - l in e a r  fo rm u la tion  o f  the estim ation p rob lem  is 

n e c e s sa r y  w h ich  re q u ire s  an ite ra t ive  a lgo rithm  to p ro d u ce  a 

so lu t io n . T h is  requ irem en t may become a se ve re  lim itation in 

ce rta in  sy ste m s in w h ich  re sp o n se  tim es fo r re la t ive ly  la rge  

estim ation  p rob lem s, in a p ro c e s s  co n tro l com puter, a s  fa st a s  

10 se co n d s  are  expected^ ^  .
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A n  im provem ent in the  schem e d e sc r ib e d  above  can be 

obta ined  b y  the  u se  o f t r a c k in g  state  e stim ato rs like  the ones 

in tro d u ce d  in C h a p te r  I I I .  In  that ap p ro ach , in stead  o f on ly  

te st in g  w he the r the v a lu e s  o f  a new m easurem ent scan  are  

su ff ic ie n t ly  d if fe re n t  from th e  p re v io u s  estim ation to ju s t ify  a 

new one, the a lgo rithm  w ou ld  ac tua lly  upda te  the va lue  of the 

sta te  v a r ia b le s  b y  p e r fo rm in g  a r u n  of the t r a c k in g  estim ator.

O f c o u rse ,  a new estim ation  w ould  not n e c e ssa r ily  o ccu r at 

e v e ry  sc a n . D e p e n d in g  on  the  de lay  im posed b y  the te lem etering 

sy ste m , the ca p a b ilit y  o f the  p ro c e s so r  in w h ich  the e stim ator 

will be ru n  an d  the in p u t -o u tp u t  fa c ilit ie s ,  a com prom ise  so lu tion  

sh o u ld  be ach ie ve d  w hich  m ay determ ine  that e stim ation s sh o u ld  

be p e rfo rm ed  o n ly  a fte r a few  s c a n s ,  p ro v id e d  that the total 

in te rva l betw een two c o n se c u t iv e  e stim ation s is kep t small e n o u gh .

In  th is  c h a p te r,  an increm enta l sta tic  model o f the system  

sta te  time e vo lu t io n  and  a p re d ic t iv e  te ch n iqu e  w h ich  e x tra po la te s  

the v a lu e s  o f  p a st  e st im a tio n s, to ge the r w ith  the n o n -q u a d ra t ic  

sta te  estim ation  a lg o r ith m s d e sc r ib e d  in C h a p te r s  IV  and  V ,  are  

u se d  to d e r iv e  t r a c k in g  sta te  e stim a to rs  w h ich  a re  more e ffic ien t 

from  the p o in t  o f  v iew  o f s u p p re s s io n  o f bad  data than  the e q u iv ­

a len t sta tic  a p p ro a c h e s.

T h e  p re d ic t iv e  te ch n iq u e  re fe rre d  to above  is  based  on 

the  a ssu m p tio n  that in norm al ope ra tion  the pow er system  loads, 

a n d  c o n se q u e n t ly  all the o th e r  sy stem  v a r ia b le s ,  c h a n g e  sm ooth ly  

d u r in g  a load cy c le . T h e re fo re  a reasonab le  p re d ic t io n  o f the 

fu tu re  b e h a v io u r  o f the sy ste m  can  be ob ta ined  u s in g  o n ly  p ast 

o b se r v a t io n s  and  t im e -se r ie s  techn ique s^  '  '  ^ . W henever the
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system  b e h a v io u r  d e p a rts  la rg e ly  from th is  p red ic ted  path , some 

troub le  in the form  of bad  data o r su d d e n  c h a n g e  in the system  

o p e ra t in g  po in t is a ssum ed  and  com m unicated to the estim ator 

w hich, b y  a ca re fu l w e ig h t in g  o f the im portance  o f these ch an ge s, 

will be ab le  to p rod u ce  a co rre c t  estim ate o f the c u rre n t  state.

6.2 S T A T IC  IN C R E M E N T A L  M O D E L  O F  T H E  S T A T E  T IM E  E V O L U T IO N

T h e  p ract ica l im p o ss ib ilit y  of d e r iv in g  a t ru e  dynam ic model

fo r the pow er system  sta t ic  state  (vo lta ge  m agn itude  and  a n g le s

at all b u s b a r s )  was e x p la in e d  in C h a p te r  I I I .  In  that ch ap te r

it was a lso  po inted  ou t tha t t ra c k in g  state  e stim ators can  be

d e r ive d  b y  e x te n d in g  the sta tic  state  estim ation  te chn ique s to

the time v a r y in g  ca se . T h i s  a p p ro ach  often leads to m uch more

sim ple an d  e ffic ien t a lo go r ith m s than  the co n s ide ra t ion  o f e lab -

(78)
ora ted  d yna m ic  e stim ato rs based  on sim p lified  m ode ls '

F o llo w in g  the ab o ve  ideas, the p rob lem  o f t ra c k in g  the 

time e vo lu t io n  o f the sta t ic  state  will be c o n s id e re d  here  as the 

so lu tion  o f a sequence  o f  sta tic  estim ation p rob lem s (o r  the so lu ­

tion o f  a sequence  o f re d u n d a n t  se ts  o f a lg e b ra ic  e a u a t io n s ),  in 

w hich  each  problem  d if f e r s  from the p re v io u s  one b y  small c h an ge s 

in the coe ffic ien t o f the e qu a tion s an d  in the r . h . s .  o r  independent 

v a r ia b le s .  T h e re fo re , a fte r  o b ta in in g  the so lu tion  o f the f ir s t  

prob lem  of the sequence , u s in g  a n y  one of the m ethods d e sc r ib ed  

in C h a p te r s  IV  and  V ,  the  so lu tion  o f  the rem a in ing  p rob lem s will 

be ob ta ined  b y  c a lcu la t in g  the c h a n g e s  in the dependent v a r ia b le s  

(s ta te s )  cau sed  b y  c h a n g e s  in the independent va r iab le s  (m easu re ­

m ents) .
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Let the m easurem ent and  state  ve c to rs  be re lated b y  the 

equation

^  = h { x ^  + ( 6 . 1)

where

k : time in te rva l

* k  : m easurem ent vecto r (M x1 )

^ k state  ve c to r (N x 1 )

^ k
: e r r o r  ve c to r ( M x l )

h( • ) : n o n - l in e a r  function defined

A ssu m e  that a sta te  estim ation w as perform ed at in stan t 

k -1  an d  let be the re su lt  o f th is  e stim ation. T h e n  define

* k - 1  = Ü
( 6 . 2)

Let be the ve c to r  o f  m easurem ents at k  and

A^ k  = ^ k  “ ^ k - 1
(6 .3 )

Ai-k  '  "  ^ k -1
(6 .4 )

From  (6 .’2) to (6 .4 )  an d  u s in g  T a y lo r 's  se r ie s  e xp a n s io n  the 

fo llo w ing  re la t io n sh ip  can  be d e r ive d

= H i ^ - i *  A ^ k  * *ik
(6 .5 )



m

w here

3 h

Ü  = 3_E ( 6 . 6 )

T h e  e r r o r  ve c to r uĵ  is a sum  o f the p re se n t sn a p sh o t 

m easurem ent e r r o r  w ith  the p re v io u s  estim ation e r ro r  and  the 

e r ro r  in t ro d u c e d  b y  the lin e a r isa t io n . U n d e r the assum ption  

that the e st im a tio n s  a re  perfo rm ed  at re la t ive ly  smali in te rva ls ,  

the e r ro r  o f lin e a r isa t io n  is com parab le  w ith the m easurem ent 

e r ro r .

6 .2 .1  D E C O U P L E D  M O D E L

A s  a lre a d y  po in ted  o u t in C h a p te rs  IV  and  V , 

the s e n s it iv it y  o f  vo lta ge  p h a se  a n g le s  (m agn itu d e s) to ch a n g e s  

on react ive  (a c t iv e ) v a r ia b le s  in an E H V  ne tw ork  is small.

In  tho se  c h a p te r s ,  it was a lso  ind ica ted  that e r r o r s  in active  

(re a c t ive ) v a r ia b le s  have  little  in fluence  on the estim ates o f 

vo ltage  m a g n itu d e s  (p h a se  a n g le s ) .  T h e re fo re , the increm ental 

model g iv e n  b y  (6 .5 )  can  be re a so n a b ly  approx im ated  b y  two 

in d e p en d e n t se t s  o f  e q u a t io n s  a s  fo llow s:

(6 .7 )

( 6 . 8 )

w here

0, V  : vo ltage  p h a se  a n g le  and  m agn itude  ve c to rs  

Z p , Zq  : s u b v e c to r s  o f Z c o r re sp o n d in g  to active  and

re act ive  m easu rem ents



a j3, : su b v e c to r s  of u_ c o rre sp o n d in g  to a c t ive

a n d  re act ive  m easurem ent e r ro r s

H (• ) ,  H (• ) : main d ia gona l subm atrice s o f H ( * ) .—p —q —

6 .2 .2  D E C O U P L E D  M O D E L  W ITH  C O N S T A N T  
C O E F F IC IE N T  M A T R IC E S

T h e  elem ents o f  the Jacobian subm atrice s H (x . )— p  —k

and  H q ix ^ )  v a r y  little w ith c h a n g e s  in the state x ^  (se e  C h a p te r  

IV ) .  T h e  e r ro r  in trod u ce d  in the state estim ation if th e se  m atrices 

are made sta te  independent b y  ca lcu la t in g  its elements a ro u n d  

nom inal v a lu e s ,  are  acceptab le  as show n b y  re su lts  o f sim u lation  

s tu d ie s  u s in g  fa st decoup led  static  e s t im a to r s '11' 41 '" * 1^.

T h e  su c c e s sfu l r e su lt s  obta ined  w ith the F D S E  d e sc r ib e d  

in re fe re n ce  (11) an d  rev iew ed  in C h ap te r IV , make the decoup led  

m atrices u se d  in that method a good choice  for the s ta t ic  increm ental 

model. In  fact, these  m atrices seem to re p re se n t fa ir ly  a ccu ra te ly  

the re la t io n sh ip  between the  m easured  and  state v a r ia b le s  o v e r  a 

la rge  ra n g e  o f o p e ra t in g  co n d it io n s .  U s in g  these m atrice s the 

final increm enta l model will be g ive n  b y :

+u-E
(6 .9 )

( A Z ') g  +  £
( 6 . 10)

w here

( 6 . 11)

and  the elem ents o f H p a n d  Hq are  calcu lated  as in d ic a te d  in

T ab le  *».1.



6.3  P R E D IC T IO N  O F  T H E  V A L U E S  O F  M E A S U R E D  A N D
S T A T E  V A R IA B L E S  IN T H E  N E X T  IN T E R V A L

T h e  pow er sy ste m  load c h a n g e s  da ily  a c c o rd in g  to a p re ­

d ictab le  p a tte rn . S u d d e n  v a r ia t io n s  are  not fre q u e n t  and  are  

e ithe r the re su lt  o f a p re d ic ta b le  event o r an in d ica t ion  o f some 

abnorm al sta te  of o p e ra t io n . T h e  o the r sy ste m  v a r ia b le s ,  like 

vo lta g e s ,  pow er flow s, e tc .,  follow these v a r ia t io n s  in load 

a c c o rd in g  to the adop ted  operationa l and  contro l s t ra te g y  and  

n e tw o rk  c o n s t ra in t s .  A p a r t  from eventua l t ra n s ie n t s ,  these 

v a r ia b le s  p re se n t  a v a r ia t io n  p atte rn  sim ilar to the dem and.

T h is  b e h a v io u r  o f  the pow er sy stem  has a lre a d y  been d e sc r ib e d  

in p re v io u s  c h a p te r s  to c h a ra c te r ise  the so -ca lle d  q u a s i- s t a t ic  

mode o f o p e ra t ion .

A  sim p le  re la t io n sh ip  between ch a n g e s  in load and  c o r r e s ­

p o n d in g  c h a n g e s  in n e tw o rk  va r ia b le s  is not a v a ila b le . N e ithe r 

is  a model fo r  the d a ily  load va ria t io n  (see  se c t io n  3 .4 .1 ) .  

H ow eve r, d u e  to the re la t ive ly  sim ple (in  view  o f  the app lication  

in m ind) b e h a v io u r  o f  the pow er system  d e s c r ib e d  ab ove , it is  

p o s s ib le  to ob ta in  re a so n a b ly  accu ra te  p re d ic t io n s  o f the system  

load and  o th e r v a r ia b le s ,  b ased  on the sta tist ica l a n a ly s is  o f  p re ­

v io u s  o b se rv a t io n .

T im e -se r ie s  te c h n iq u e s  a re  p a rt ic u la r ly  u se fu l in p re d ic t in g  

the fu tu re  b e h a v io u r  o f  a p ro c e s s  like  the one d e sc r i bed  above, 

in w h ich  a re la t ive ly  sim ple  p ro c e s s  is to be o b se r v e d  b u t  an 

adequate  model is not ava ilab le . Seve ra l a p p lic a t io n s  of these 

te ch n iq u e s  to the sub jec t o f sh o rt-te rm  load fo re c a st ,  w hich  h a s  

m any s im ila rit ie s  w ith  the prob lem  an a ly se d  in  th is  section , can  

be found  in the l i t e r a t u r e ^ .



T e c h n iq u e s  u se d  to fo recast t im e -se rie s  can be u se d  to 

ca lcu late  p re d ic te d  v a lu e s  o f the m easured  and  state v a r ia b le s  

in the n e x t  m easurem ent scan . T h e se  v a lu e s  a re  then u sed  

in the t r a c k in g  e st im a to rs  to be d e sc r ib ed  in the next se ction s 

fo r  the fo llo w ing  p u rp o se s :

i. to p ro v id e  a better s ta r t in g  p o in t  in the a lgo rithm  

w h e n e v e r  it is re q u ire d .

ii. to "sm o o th  o u t " f lu c tua tion s  in the m easured  v a r ia b le s  

c a u se d  b y  t ra n s ie n ts

iii. to in c re a se  the volum e o f in form ation  (re d u n d a n c y )  

a v a ila b le  to the estim ator, w h ich  will make e a s ie r 

the  t a s k  o f bad  data detection and  iden tifica tion .

T h e  p u rp o se  g iv e n  in iii. is the m ost im portant o f the th ree  

an d  is the one  re sp o n s ib le  for m aking the  t ra c k in g  ap p ro a c h  m ore 

e ffic ien t than  the  sta tic  one from the p o in t o f view  of the  ove ra ll 

re d u n d a n c y  re q u ire d .

6 .3 .1  E X P O N E N T IA L  S M O O T H IN G  O F  S T A T E  
A N D  M E A S U R E D  V A R IA B L E S

T h e  v a lu e s  o f state and  m easu red  v a r ia b le s  ob ta ined  

in each  ru n  o f the estim ator co n st itu te s  a fam ily of t im e -se rie s.

In  a r ig o r o u s  se n se ,  those  se r ie s  are  co rre la te d  to a d eg ree  

w h ich  d e p e n d s  o n  the coup ling  e x is ten t between each p a ir  of 

c o r r e sp o n d in g  v a r ia b le s .  How ever, d ue  to theoretica l and  p ract ica l 

d if f ic u lt ie s  e x is te n t  in d ea lin g  w ith co rre la te d  time se r ie s ,  and



also  becau se  h ig h  a ccu racy  is not re q u ire d , the se  t im e -se rie s

will be a ssum ed  to be independent. P ro v id ed  a re la t ive ly  sh o r t

period  is c o n s id e re d  (sa y  up to 30 m in s), each of these se r ie s

can be re a so n a b ly  modelled a s  b e in g  made up o f  a trend  com ponent

(93)p lu s  a random  ch an ge  . A s  o n ly  one step  ahead p re d ic t io n s  

are  re q u ire d  (n e x t  sc a n s ),  the use  of a linear tre n d  is a d e qu a te .

S e v e ra l p red ic tion  (o r  fo re ca st in g ) te ch n iq u e s  a re  ava ilab le  

to be u sed  w ith un iva r ia te  tim e -se rie s like  the ones d e sc r ib e d  

a b o v e ^ 17 '  ^  . Am ong  these, exponentia l sm ooth ing  was ch o se n

to be u se d  in th is  app lication , in place o f more so p h ist ica ted  

m ethods like  the B o x -J e n k in s  ap p roach  fo r in stance , b ased  on 

the th ree  p o in ts  below:

i. it p ro d u c e s  re su lt  o f su ffic ie n t a c c u ra cy

ii. it is  fu lly  automatic

iii. it is fa st and re q u ire s  v e ry  little e x tra  s to rage

Item s ii. a n d  iii. above  are  p a rt ic u la r ly  im portant in view  

o f the o n - lin e  app lication .

T h e  v e rs io n  o f exponentia l sm ooth ing w hich  will be u sed  

he re  is the  one d ev ise d  b y  Holt and  W in te rs fo r se r ie s  m odelled 

as ab ove  and  w hich  is d e s c r ib e d  in A p p e n d ix  B .  S u p p o se  that 

m easurem ent sc a n s  and  estim ations a re  perfo rm ed  at re g u la r  

in te r v a ls :  let y. denote the p red icted  va lue  o f the v a r ia b le  

b e in g  modelled b y  the se r ie s  (state  o r  m easu red  va r iab le ) and  

T  the  trend  com ponent ( i.e .  the e xpected  in c rea se  o r  dec rea se
K — I

pe r in te rva l in the c u rre n t  va lue ) at in sta n t  k -1 .  T h e n , a fte r 

a ru n  o f the estim ator is perform ed  at the time in te rva l k , p ro -
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d u c in g  the va lu e  fo r the va r ia b le  in q u e st io n , the p red ic ted

va lu e s  o f the se r ie s  are  updated  b y  the fo llow ing  form ulae:

y k = «  y k  + -  a ) ( y k  1+  T k f ) ,  0 < a < 1

( 6 . 12)

T k  = B (y k  -  W  + (1 -  8 ) T k - r  0 < 6 < 1

(6 .13 )

and  the p re d ic te d  va lu e  in the n e x t  scan  is g iv e n  b y

V k + i = y k + T k  ( 6 - 14)

w here  a and  6 a re  the sm ooth ing  c o n s ta n ts .

T h e  cho ice  o f  the sm ooth ing  c o n s ta n ts  can  be made in 

two w ay s: in the f ir s t  one, they  are  c h o se n  a c c o rd in g  to an 

em p irica l a sse ssm e n t o f  the p a rt icu la r  c h a ra c te r is t ic s  o f  the 

se r ie s  u n d e r  co n s id e ra t io n . In  g e n e ra l,  the la rg e r  the random  

c h a n g e  a ssoc ia ted  w ith  the se r ie s  the low er the va lu e s  o f the 

optim al sm ooth ing  co n sta n t.  A more ob ject ive  a p p ro a c h  is to 

se lect these  v a lu e s  b ased  on  a m in im isation  o f the e r ro r  that 

w ou ld  be ob ta ined  in " fo re c a s t in g "  the p re v io u s  o b se rv e d  va lu e s  

o f the se r ie s  (see  A p p e n d ix  B ) .  T h e  f ir s t  ap p ro a c h  is o b v io u s ly  

m uch fa ste r an d  p ro d u c e s  re su lt s  adequa te  for p ract ica l ap p lic ­

a t io n s  a s  will be show n  in C h a p te r  V I I .



T h e  r e c u r s iv e  p ro c e s s  defined  b y  e qua tion s (6 .1 2 ) and 

(6 .13 ) can  be s ta rte d  b y  se tt in g

Y j -  Y ,  (6 .15 )

T 1 = y, - yQ (6.16)

and  then u s in g  the  e qu a tio n s  r e c u r s iv e ly  fo r k  = 2 , 3 , . . . , n .

6.4  T R A C K IN G  S T A T E  E S T IM A T O R S

A  p o ss ib le  way of u s in g  the p re d ic t io n  te ch n iqu e  d e sc r ib e d  

in the p re v io u s  se c t ion , to im prove  the ove ra ll re d u n d a n c y  ratio  

in the model g iv e n  b y  (6 .9 )  and  (6 .1 0 ) ,  is to u se  the p red ic ted  

va lu e  o f the  state  a s  an a p r io r i estim ate  fo r an a lgo rith m  like  

the ones d e sc r ib e d  in section  3 .3 .2 . H ow eve r, two major d i s ­

a d v a n ta g e s  a r ise  in th is  a p p ro a c h : a. it is d if f ic u lt  to ob ta in  

re a so n a b ly  accu ra te  va lu e s  fo r the e r r o r  c o va r ia n ce  m atrix  o f 

the p red ic ted  v a lu e s  (m atrix  P in ( 3 .2 5 ) ) ,  a s  se ve ra l so u rc e s  o f 

e r r o r s  a re  in v o lve d  and  no  model fo r  the time s t ru c tu re  o f the se  

e r r o r s  is ava ilab le ; b. the  need to re fa c to rise  the ga in  m atrix  

at e v e ry  in te rva l w ould  p ro b a b ly  be  e x c e s s iv e ,  im pa ir in g  the 

com putational pe rfo rm ance  o f the t r a c k in g  a lgo rithm .

A n o th e r  p o ss ib le  a p p ro a ch , w h ich  is adopted  in th is  th e s is ,  

is  to u se  a tw o -step  p ro ce d u re : f i r s t  the  v a lu e s  o f the m e a su re ­

m ents ob ta ined  in the p re se n t  scan  a re  com pared  w ith the p r e ­

d icted  va lu e s  in o rd e r  to check  w he the r la rge  d isc re p a n c ie s  e x is t ;  

a fte rw a rd s  an estim ation  is  p e rfo rm ed  in w h ich  su sp e c ted  m e a su re -



merits re ce ive  spec ia l attention . In  th is  ap p roach , the in c rea se  

in the am ount o f in form ation  ava ilab le  to the estim ator is 

ach ieved  in d ire c t ly  b y  in d ic a t in g  p o ss ib le  bad  data. A n  e ffic ien t 

way o f t r a n s fe r r in g  th is  in form ation  to the estim ator can  be ach ieved  

u s in g  the n o n -q u a d ra t ic  e stim ato rs  d e sc r ib e d  in C h a p te r s  IV  and  

V , w hich  have  an autom atic fa c ility  fo r d isc r im in a t in g  a g a in s t  

these su sp e c ted  m easurem ents. T h is  ap p ro a c h  does not h a ve  

an y  one o f the d isa d v a n ta g e s  o f  the p re v io u s  one and  h a s  the 

advantage  o f u s in g  a lgo rith m s w h ich  have  been p re v io u s ly  tested  

su c c e s s fu lly .

6.4.1  B A D  D A T A  D IS C R IM IN A T IO N  T E C H N IQ U E

In  norm al c o n d it io n s  of ope ration  (no  ou tage , no  

su dd e n  c h a n g e  in load) and  if the data a cq u is it io n  sy ste m  is  

w o rk in g  well (n o  meter com m unication  fa i lu re ) ,  the d if fe re n ce s  

between the p re d ic te d  va lu e s  o f  the m easured  va r ia b le s ,  ob ta ined  

u s in g  the te ch n iq u e  d e sc r ib e d  in section  6.3, and  the actual 

va lue  o f the m easurem ents, sh o u ld  be sm all. T h e se  d if fe re n ce s  

re flect all k in d s  o f  e r ro r s  in v o lv e d  in  the p ro c e s s  o f e stim ation - 

p re d ic t io n , like  the  m easurem ent no ise , e r ro r  in m ode lling  the 

t im e -se rie s, random  fluctua tion  in the load, etc. A lth o u g h  

im possib le  to p ro v e  m athem atically, d ue  to the alm ost em pirica l 

n a tu re  o f the p re d ic t io n  te ch n iqu e , it is not u n re a so n a b le  to 

assum e that th is  se t o f d if fe re n ce s  is  a random  va r ia b le  w ith 

an app rox im ated  norm al d is t r ib u t io n  o f  p robab ilit ie s^  '  T he

re su lt  o f s im u la tion  stu d ie s  re p o rte d  in C h a p te r  V I I  in d ica te s 

that th is  a s su m p tio n  is acceptab le  w hen the m easurem ent e r ro r



and the load random  va r ia t io n  are  modelled as G a u s s ia n  white

(82) . . .  . , .
noise  w h ich  is a u sua l a ssu m p tio n  in pow er sy ste m  state

estim ation s t u d i e s ^ 2 , . T h is  d is t r ib u t io n  has a zero  mean

and its v a r ia n c e  can be determ ined  app rox im ate ly  b y  o ff - lin e

a n a ly s is  o f  p re v io u s ly  ob ta ined  data.

T w o  ty p e s  o f e v e n ts  can d is tu rb  the p ro c e s s  d e sc r ib e d

above:

i. a su d d e n  c h a n g e  in the sy stem  o p e ra t in g  po in t 

due  to lo ss  o f a b ig  load, ou tage , etc.

ii. g r o s s  m easurem ent e r ro r

In  the ca se  o f  t ra n sm iss io n  line  ou tage , the ch a n g e  in 

s ta tu s  o f  the line  may be re p o rte d  o r  not. In  the n e ga t ive  case  

a w ro n g  model o f the n e tw o rk  w ould  be  u sed  b y  the e stim ator.

B o th  ty p e s  o f e v e n ts  d e sc r ib e d  above  a re  ind ica ted  b y  

some o f the d if fe re n ce s  betw een p re d ic te d  and  m easu red  va lu e s  

b e in g  la r g e r  than  the maximum expected  ( fo r  in stan ce  th ree  

times the  s ta n d a rd  d ev ia t io n  o f  the p re d ic t ion  e r r o r ) . M o reove r 

the mean and  sta n d a rd  d ev ia t io n  o f the sam ple o f d if fe re n c e s  will 

a lso  be fa r  from  the e xp ected  v a lu e s .  T h e re fo re , b y  c a lcu la t in g  

the se  p a ram ete rs  o f  the sam ple, it is p o sib le  to detect the two 

ty p e s  o f  a b n o rm a lity . T h e  prob lem  that rem ains is how  to d is ­

t in g u is h  between the two s itu a t io n s .

In  the case  o f su d d e n  c h a n g e  in the o p e ra t in g  state, the 

la rge  d if fe re n c e s  between p red ic ted  an d  m easured  v a lu e s  are  

co rre la te d  a s  they re p re se n t  actual c h a n g e s  in the pow er flow 

p a tte rn . In  the case  o f g r o s s  m easurem ent no ise , the se  d if fe r ­



ences a re  com plete ly  u n co rre la te d , a s  fa ilu re  on one meter does 

not have  in fluence  in o th e r m eters. T h e re fo re , b y  a n a ly s in g  

the e x te n t o f the co rre la t io n  between these  la rge  d iffe ren ce s, 

a d is t in c t io n  between the two abnorm al s itu a t io n s  can  be ach ie ved .

A  p o s s ib le  a p p ro a c h  fo r th is  d isc r im in a tio n  test is to u se  

a m ethod s im ila r to the  one d e sc r ib e d  in re fe re n ce s  (69) and  (70) 

in w h ich  the " s k e w n e s s "  o f the d is t r ib u t io n  o f p ro b a b ility  o f the  

d if fe re n c e s  between p re d ic te d  and  m easu red  v a lu e s  is ca lcu lated  

an d  com pared  w ith a th re sh o ld  lim it. A s  a lre a d y  po in ted  out in 

C h a p te r  I I I ,  th is  te ch n iq u e  re lie s  too m uch on a sim p lified  model 

of thep rob lem .

In  th is  th e s is  an ap p roach  based  on the spatia l (o r  topo ­

log ica l) co rre la t io n  o f  the m easured  v a r ia b le s  w as p re fe rre d . T h e  

m ethod is b ased  on the  p r in c ip le  that if a d is tu rb a n c e  like  the 

on e s d e sc r ib e d  in e ve n t  i. ab ove  o c c u r s  in a re g io n  o f the sy stem , 

all the m easurem ents taken  in that re g io n  will e xp e rie nce  a su d d e n  

c h a n g e .  T h e re fo re , if a la rge  d iffe ren ce  between p red ic ted  an d  

m e a su re d  va lu e s  o f a spec if ic  va r ia b le  o c c u r s  in iso la tion , i.e . 

no  o th e r  la rge  d if fe re n ce  is o b se rv e d  in m easu red  v a r ia b le s  in 

n e ig h b o u r in g  n o d e s,  that is a s t r o n g  ind ica tion  o f a g r o s s  m easu re ­

ment e r ro r .

T h e  above  p r in c ip le  can  e a s ily  be developed into an au to ­

matic ro u t in e  to d isc r im in a te  between su d d e n  c h a n g e  and  g r o s s  

m easurem ent e r ro r  s itu a t io n s .  O ne  p o ss ib le  p ro ce d u re  is a s 

fo llo w s: a su sp e c te d  m easurem ent is c h e cke d  a g a in s t  o the r 

m easu rem ents in the  same node an d  in n e ig h b o u r in g  node s; fo r 

each  f la g ge d  m easurem ent found  in the se  l is t s  a ce rta in  num ber



of p o in ts  is a d d ed  to the m easurem ent flag . D e p e n d in g  on the 

final sco re s  the  su sp e c te d  m easurem ents are  con firm ed  as c o n ­

ta in in g  g r o s s  e r r o r  o r not. I f  h ig h  sco re s  are  ob ta ined  b y  most 

of the f la gge d  m easu rem ents, then it is an  ind ica tion  o f a real 

su d d e n  ch a n g e  in the system  sta te . In  p ract ice , su ch  a p r o ­

ce d u re  sh o u ld  in co rp o ra te  ce rta in  p a rt ic u la r  c h a ra c te r is t ic s  o f 

the pow er sy ste m  in w h ich  it is g o in g  to be im plemented, su c h  

as e x isten ce  o f  rad ia l line s, data co n ce n tra to r  in some re g io n s ,  

e tc. T he  th re sh o ld s  below w h ich  a sco re  sh o u ld  be fo r a s u s ­

pected  m easurem ent to be con firm ed  as bad  data a lso  d e p e n d s  on 

the p a rt ic u la r  sy ste m  an d  sh o u ld  be w orked  out b e fo reh an d .

In  f ig u re  6.1 a f lo w -ch a rt  o f one  p o ss ib le  rou t in e  to p ro d u ce  

the  above  sc o re s  is p re se n te d .

6 .4 .2  Q U A D R A T IC - S Q U A R E  R O O T
C R IT E R IO N  ( Q S R )  A L G O R IT H M

In  th is  f ir s t  t r a c k in g  a lgo rithm  the problem  defined  

in (6 .9 ) and  (6 .1 0 ) is so lve d  u s in g  the B a d  Data S u p p re s s io n  

te ch n iqu e  d e sc r ib e d  in section  4 .4 . T h e  in form ation  ob ta ined , 

u s in g  the b ad  data d isc r im in a tio n  p ro c e d u re  d e sc r ib e d  in the last 

section , is u se d  in it ia lly  to fo rce  the app lica tion  o f the n o n -q u a d ra t ic  

co rre c t io n  o n ly  to m easurem ents su sp e c te d  o f co n ta in in g  g r o s s  e r r o r . 

T h i s  im prove s the s u p p re s s io n  e ffe c t ive n e ss,  speed  and  re lia b ility  

o f  the a lgorithm ^ .

A m o ng  the v a r io u s  n o n -q u a d ra t ic  fu n c t io n s  su g g e s te d  in 

section  4.4, the q u a d ra t ic - sq u a re  root w as the one ch o se n  due  to 

its  rep o rted  be tte r perfo rm ance^ ^  ^  . E v e n  th o u g h  the p ro b ­

lem c o n s id e re d  here  is linea r, due  to the "e x t r a "  n o n lin e a r ity



Figure S.1 Flow chert of a routine to produce »cure* Indicjt.ng whether a large change between 
predicted and measured values corresponds to a gross measurment error or a sudden 
change In the states (the measurement is taken at node N ) .
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in trod u ce d  b y  the n o n -q u a d ra t ic  c r ite r io n , the estim ator needs

(45)
to be in an ite ra tive  form  . T h e  d e r iva t io n  o f the estim ation 

e qua tion s follow s the same s te p s  sh ow n  in C h a p te r  IV  fo r the 

static  ca se  and  w ill p ro d u c e  the fo llow ing  estim ator

i+1 1 a - 1 u  D - 1  r- 1 •Aft, = A0, + A  H R  C  oa — p — p — p — p^-p (6 .17 )

( S. 1 8)

w here A  an d  A  a re  d e fin ed  a s  in (4 .1 9 ) and  (4 .2 0 ) and  the
— p — q

elem ents of the d ia go n a l m atrices and  and  the ve c to rs  

and  are  g iv e n  b y  ( d r o p p in g  the  in d ice s  p an d  q for s im p lic ity )

p L  = (AZ* ) * m 1 m

g ' = f ,  (AZ ')m 2 m

if  the  m -th  m easurem ent is a su spe cted  

bad  data o r  if  i > 1 and

IAz * / p [ > X 1 m m1
(6 .19 )

p ' = a z 1p m m

g 1 = 1.0 
a m

o th e rw ise

w here

f 1 (a Z !  ̂ = S ig n  (A Z ^ X °m  ( “

AZ m
X o_

-  3 ) ]

f 2 ^ = (
AZ m
X o,

-1

) (**
m

AZ m
X om

-  3) - 1
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and

i = ite ra tion  co u n te r

m = m easurem ent n um b er

X = th re sh o ld

°m = a ssu m e d  s ta n d a rd  dev iation  o f m -th  m easurem ent e r ro r

If  no m easurem ent is f la g g e d  a s  su sp e c ted  bad  data, the 

a lgo rithm  ab o ve  re d u c e s  to a p la in  linea r W LS estim ator an d , th e re ­

fore, no ite ra t ive  p ro c e s s  is re q u ire d .  O th e rw ise , the ite rative  

p ro c e s s  will u se  a s  s ta r t in g  p o in t the one obta ined  b y  the d if fe r ­

ence between the p re d ic te d  v a lu e s  and  the estim ated v a lu e s  in 

the last in te rva l,  w h ich  sh o u ld  be v e r y  c lo se  to the so lu tion  an d , 

the re fo re , re d u c e  the num ber o f re q u ire d  ite ra tion s.

T h e  cho ice  o f  the m atrices R and  R „  (w hose  elem ents
—p  —q

a re  u su a lly  the in v e r se  o f the m easurem ent e r ro r  co va riance  

in the sta tic  c a se ) is not sim p le  in the t ra c k in g  mode. R ig o ro u s ly  

these  m atrices sh o u ld  be time va r ia n t  an d  inc lude  some in form ation  

abou t the accum u la ted  e r ro r  o f p ast e stim ation s. H ow ever, a s will 

be con firm ed  b y  the re su lt s  o f  sim ulation s tu d ie s  p re se n te d  in 

C h a p te r  V I I ,  co n sta n t  m atrices w hose elem ents are  the co va riance  

o f the m easurem ent e r ro r  fo r  " h a l f - o f - t h e - s c a le " ^ ^  va lu e s  p rod u ce  

acceptab le  re s u lt s .



6 .4 .3  P IE C E W IS E - L I  N E A R  C R IT E R IO N  (P L C )  A L G O R IT H M  

T h e  ap p lica tion  o f P L C  m ethod d e sc r ib e d  in C h a p te r 

V  to the p ro b le m s g iv e n  b y  (6 .9 )  and  (6 .1 0 ) is  s t ra ig h t fo rw a rd .  

A s  the model an d  c r ite r io n  a re  both  linea r, the re su lt in g  estim ­

ator w ill a lso  be linea r a n d ,  the re fo re , not r e q u ir in g  an ite ra tive  

ap p roach . E a ch  step  o f  the t r a c k in g  estim ator is  d e fined  b y  

the fo llo w ing  L P  p rob le m s:

M

M in im ise
m=i

( 6 . 20 )
'  ( A ^ ) '

sub ject to [H  U J  s
- P

and

M

M in im ise
m = l

-q
( 6 . 21)

U V * ) 1. V  °

w here

: a re  the num ber o f act ive  an d  react ive

m easu rem ents



( A ^ ) ' .  (a V ^ ) '  : a re  the tran sfo rm ed  va lu e s  o f the

increm ents in the vo ltage  a n g le s  and 

m agn itude  as defined  in (5 .13 )

( A Z j ) ,  (a z £ ) : are  the tran sfo rm ed  va lu e s  o f the 

¡net em ents in the act ive  and  reactive  

m easurem ents as defined  in (5 .14)

U p . U q .  S p .  S ^ :  are  a s  de fined  in (5 .16 ) and  (5 .17 ).

T h e  sam e re m a rk s  about the choice o f m atrices R and
—P

Rq  made in the  la st section  a p p ly  to the a lgorithm  above.

I f  no  m easurem ent is  f la g ge d  as bad data, the problem s 

de fined  b y  (6 .2 0 ) an d  (6 .2 1 ) can  be so lved  u s in g  the dual sim plex 

te ch n iq u e  d e sc r ib e d  in C h a p te r  V ,  in w hich  the optimal so lution 

o f the last e stim ation  is  u sed  a s  an in itia l b a sic  so lu tion . A s  the 

e stim ation s a re  p e rfo rm ed  at sh o r t  and  re g u la r  in te rva ls ,  the 

d if fe re n c e  betw een the  m easurem ent increm ents (A A Z j )  from 

one in te rv a l to the  o th e r sh o u ld  be small an d , the re fo re , b y  

re a so n s  a lre a d y  e xp la in e d  in C h a p te r  V ,  o n ly  few ite ration s of 

the d u a l s im p lex  will be re q u ire d .

If  at least one  m easurem ent is  f la gged  a s  a su spected  bad 

data, then  a d if fe re n t  p ro ce d u re  sh o u ld  be adopted , as exp la ined  

b e lo w :

i. if  the su sp e c te d  m easurem ents c o rre sp o n d  to a slack  

v a r ia b le  in the  optim al b a s is  o f  the p re v io u s  estim ation, i.e. if 

it had no in flu e n ce  on  the re su lt  o f  that estim ation, then that 

optim al b a s is  is m ainta ined  in the p re se n t  estim ation, w hich gua ran tee s



that the su sp e c te d  m easurem ent is  c e rta in ly  exc luded  from the 

so lu tion . T h is  p ro c e d u re  s l ig h t ly  im pa irs the optim ality of 

the estim ator, b u t  is  conven ien t from the po in t o f view  o f com­

putationa l e f f ic ie n c y .

ii. if the  su sp e c te d  m easurem ent c o rre sp o n d s  to slack  

v a r ia b le s  not in  the  b a s is ,  then two p ro c e d u re s  can be follow ed:

a) to p e rfo rm  a b ra n d  new so lu tion  o f the L P  problem  in w h ich  

these  m easu rem ents a re  exc lud ed  b y  re c e iv in g  a zero w eigh t;

b) to fo rg e t  ab o u t  the su spe cted  bad  data and  perform  an  o rd in a r y  

d u a l-s im p le x  c y c le  in the hope that the a lgorithm  will b y  itse lf 

detect the bad  data , a s  it u su a lly  does in the static  mode o f 

o p e ra t io n .

6.5 O V E R A L L  A P P R O A C H

In  a p ra c t ica l o n - lin e  im plem entation, the a lgo rithm s d e s ­

c r ib e d  in th is  c h a p te r  will w o rk  toge the r w ith  many o th e rs  like  

the n e tw o rk  c o n f ig u ra to r ,  data v a lid a to r,  e tc .,  as a lre a d y  p o in ted  

ou t in p r e v io u s  c h a p te rs .  A lso ,  they will in terface  w ith a d a ta ­

base  from w h ich  all inform ation  about param eters, ne tw ork  an d  

m ete ring  sy ste m  c o n f ig u ra t io n , etc. w ill be obta ined  and  to w h ic h  

the re su lt s  o f  the sta te  estim ator will be d irected . F in a lly , a 

ce rta in  in te rac t ion  between the state  estim ator and  the s y s t e m 's  

o p e ra to rs  is  re q u ire d  to so rt  ou t si t u a tb n s  w hich the e stim ator 

is not ab le  to so lve  b y  itse lf.

A n o th e r  im portant a spect to be con s ide red  in an o n - lin e  

im plem entation, is the way in w h ich  the v a r io u s  com ponents o f  

the sta te  e stim ator and  co rre la ted  p ro g ra m s are  schedu led  in



o rd e r to p e rfo rm  the  c o n se c u t iv e  e stim ation s. T h is  a spect is  

p a rt ic u la r ly  im po rtan t if the t r a c k in g  ap p roach  is u sed , a s  in  

that ca se  an a lm ost c o n t in u o u s ly  u p d a t in g  o f the state is p e r ­

formed .

In  the  n e x t  se c t io n s , the se  and  a few o ther a sp ects  o f  

an in te g ra ted  data  p ro c e s s in g  schem e will be an a ly se d . T h e  

a n a ly s is  w ill be  lim ited to ge n e ra l a sp e c ts  o f the problem , 

p a r t ic u la r ly  the  on e s c lo se ly  a ssoc ia ted  w ith  the a lgo rithm s p re ­

sented  in t h is  th e s is .  In  a p rac t ica l developm ent, some p a r t ic ­

u la r c h a ra c te r is t ic s  o f the p rob lem , like  the com puter sy ste m  

c o n f ig u ra t io n ,  p ro c e s so r  fe a tu re s  (w o rd  length , e tc ), ope ra tiona l 

sy stem , data b a se  s t ru c tu re ,  e tc .,  sh o u ld  a lso  be taken in to  

co n s id e ra t i o n .

6 .5 .1  IN IT IA L I S A T IO N

Pow er sy ste m  m o n ito r in g  is a tw e n ty -fo u r  h o u r  

p e r d a y  job. A s  a co n se q ue n ce  o f  th is  requ irem ent, state  e stim ­

a t ion s  sh o u ld  be p e rfo rm ed  in a c o n t in u o u s  fa sh io n . H ow eve r, 

in p e r io d s  o f  l ig h t  load (o v e rn ig h t ,  fo r  in stance ) o r  fo r m a in ten ­

ance p u rp o se s ,  the state  e stim ator may be "sw itc h e d -o ff "  fo r 

re la t ive ly  lo n g  p e r io d s  o f  time. T h is  may a lso  happen  a s  a c o n ­

sequ e n ce  o f  a com pute r o r  te lem ete ring  system  b re akd o w n . T h e re ­

fore, from  time to time, a re - in it ia lisa t io n  o f the state e stim ator 

is re q u ire d .

T h e  main c h a ra c te r is t ic  o f the re -in it ia lisa t io n  op e ra t io n  is  

that no ad e qu a te  in form ation  abou t the  recent past o f the  system  

is a va ila b le . T h e re fo re  the e stim ator sh o u ld  re ly  so le ly  on  one



m easurem ent a n d  s ta tu s  sc a n  to p rod uce  a new estim ation. T h is  

s ituation  re q u ire s  the  u se  o f  the static  state estim ation ap p ro ach .

B o th  t r a c k in g  a lg o r ith m s d e sc r ib e d  in th is  ch ap te r have  

the same b a s ic  fo rm u la tion  o f  the ir  c o rre sp o n d in g  sta tic  a lgo rith m s. 

T h e re fo re  they  can  be e a s ily  re sched u led  to operate a s  a sta tic  

estim ator b y  c h a n g in g  the in p u t va r ia b le s  (the  increm ent in the 

m easurem ent s h o u ld  be rep laced  b y  the m easurem ents them se lve s) 

and c o r r e sp o n d in g  o u tp u t s ,  and  a llow ing some ite ra tion s. T h is  

p ro ce d u re  sh o u ld  be p re ceded  b y  a p re -estim ation  sta ge  in w hich  

th o ro u gh  c h e c k s  on the income m easurem ents and  s ta tu s  a re  

perfo rm ed  in o rd e r  to id e n t ify  a n y  bad  data. P o ss ib le  ap p roache s 

to th is  p re -e st im a t io n  sta g e  are  the data va lid a to rs  p ro p o se d  in 

re fe re n ce s (4 5 ,5 1 ) .  A  p a st-e st im a tio n  bad  data detection and  

iden tifica t ion  m odule, u s in g  the te sts d e sc rib ed  in section  4.3, 

is a lso  re q u ire d .  T h is  w hole p ro c e s s  shou ld  be repeated  a s  m any 

times a s  n e c e s sa r y  to gu a ra n te e  that th is  f ir s t  estim ation is  free 

of a n y  g r o s s  m easurem ent o r s ta tu s  e r ro r .

6 .5 .2  P R E D IC T IO N  A N D  E S T IM A T IO N  S C H E D U L E

A lt h o u g h  p r im a r ily  d e s ign e d  to p roduce  estim ations 

at s h o r t  time in te rv a ls ,  it may happen  that in a p a rt ic u la r  ap p lic ­

ation  a new estim ation  a t e v e ry  m easurem ent scan  is e ithe r not 

d e s ire d  o r  no t co n v e n ie n t,  d u r in g  a ce rta in  period  o f the estim ­

ation o p e ra t io n . In  tha t ca se  at least the p re d ic t ive  sta ge  and 

the a n a ly s is  o f  the c h a n g e s  between scan s shou ld  be perfo rm ed  

at the a r r iv a l  o f  e v e ry  new m easurem ent scan .



A  p o s s ib le  s c h e d u lin g  schem e would be to r u n  the 

estim ator at re g u la r  in t e r v a ls  ( sa y  e ve ry  five  s c a n s )  o r w hen 

the p re d ic t io n / c h a n g e  a n a ly s is  stage  detects some abno rm a lity  

in the new  sca n . In  the latter case, a t ra c k in g  e stim ation  

would be pe rfo rm ed  if  the abnorm a lity  tu rn s  ou t to be a s u s ­

pected b a d  data , o r  a com plete static  state estim ation  is  ru n  

if a major ch a n g e  in the  o p e ra t in g  po in t is detected.

A s  the time se r ie s  c o n s id e re d  for the p re d ic t io n  techn ique  

u se s  a s  o b se r v a t io n s  the estim ated va lu e s  ( in ste a d  o f  the mea­

su re d  v a lu e s  w h ich  a re  ne t re liab le ), the p re d ic te d  param eters 

(level a n d  tre n d ) a re  not ad ju sted  between e stim ation s and , 

th e re fo re , o n ly  an e x tra p o la t io n  of the p re se n t v a lu e s  a re  p e r­

formed u n til new estim ated  va lu e s  become ava ilab le .

In  f ig u re  6 .2  a hypo the tica l s ituation  sh o w in g  the main 

a sp e c ts  o f  the p rob lem  d is c u s se d  above  is d ep ic ted . A n  estim ated 

va lue  o b ta in e d  at in te rv a l zero is extrapo lated  u n t il in te rva l 5, 

in w h ich  an o th e r e stim ation  and  p red ic tion  are  p e rfo rm ed . A t 

in te rva l 9 a la rge  d e v ia t io n  between the m easu red  and  p red ic ted  

va lue  is  o b se rv e d ,  w h ich  the change  a n a ly s is  m odule in te rp re ts  

a s  a bad  data, a n d  a new t ra c k in g  estim ation is  perfo rm ed  before

the sc h e d u le d  in te rv a l.



F ig u re  6.2: E x a m p le  o f  p re d ic t io n  an d  e stim ation  s c h e d u lin g

6 .5 .3  C O N F IG U R A T O R  A N D  O B S E R V A B I L I T Y

W h e n e ve r  the  e stim ator is  in it ia lise d  o r  a c h a n g e  

ir  the s t a tu s  o f  a c i r c u it  b re a k e r  o r  sw itc h  ta k e s  p lace, a re ­

d e f in it io n  o f  the n e tw o rk  to p o lo gy  and  m easu rem en t p a tte rn  is  

re q u ire d .  T h i s  u p d a t in g  is p e rfo rm ed  b y  a p ro g ra m  called  the 

■ e tw o rk  c o n f ig u r a t o r  w h ich  p ro c e s se s  lo g ica l v a r ia b le s  a ssoc ia ted  

w ith  the  s t a tu s  o f  c ir c u it  b re a k e r s  an d  sw itc h e s .  R e fe rence  (51 )



g ive s a deta iled  d e sc r ip t io n  o f  a p o ss ib le  ap p ro a c h  fo r the deve l­

opment o f  s u c h  a p ro g ra m .

U su a lly  the  n e tw o rk  c o n f ig u ra to r  c o n s is t s  o f two sta ge s: 

the f ir s t  one  is  u se d  fo r in itia lisa tion  p u rp o se s ,  i.e . to bu ild  up 

the whole n e tw o rk  and  m easurem ent m odel; the second  one is 

used to u p d a te  th is  model w hen a c h a n g e  in co n figu ra t io n  takes 

place. T h e se  tw o m odules will be re fe rre d  to in th is  th e s is  a s  

the C o n f ig u ra to r  I and  C o n f ig u ra to r  II re sp e c t ive ly .

A f t e r  a new  c o n f ig u ra t io n  is ob ta in e d , it is n e ce ssa ry  to 

ana lyse  w he the r the ava ilab le  m easurem ents allow the estim ation 

o f the w hole sta te  ve c to r. In  some s itu a t io n s ,  due  to n o n s in g u la r ­

ity  o f  the A  m atrix  de fined  in ( 4 .1 9 ) - ( * * . 20) o r  the in fea sib ility  

o f the L P  p rob lem  de fin ed  in (5 .1 5 ),  th is  estim ation is not po ss ib le . 

In  that ca se  the sy ste m  is  dec lared  n o n -o b se rv a b le ^ 3^ ' a n d  

u su a lly  it is  s p lit  into an  o b se rva b le  a n d  a n o n -o b se rva b le  reg ion  

and  the e stim ation  is  then  perform ed o n ly  fo r the ob se rvab le  one.

6 .5 .4  P O S T  E S T IM A T IO N  B A D  D A T A  A N A L Y S IS

T h e  re su lt s  o f  e v e ry  t r a c k in g  estim ation sh o u ld  

be te sted , u s in g  one  o f  the detection te s ts  d e sc r ib e d  in section 

4 .3 .2 , in o rd e r  to a s s e s s  if  it is free  from  the  effect o f p o ss ib le  

bad data. T h i s  te st is  n e c e ssa ry ,  e ve n  w hen n on -q u a d ra t ic  

e stim ators a re  u se d , because  in some c ircu m sta n ce s  the estim ators 

ay fail in  s u p p r e s s in g  a bad  data, fo r  in stance , if th is  bad 

data o c c u r s  in a re g io n  in w hich  the local re d u n d a n cy  ratio  is low.

If  b ad  data is detected b y  the above  test, the sa fe st p ro ­

ced u re  is to sw itch  to the static  e stim ator a s  the re so u rce s o f the 

t ra c k in g  a p p ro a c h  have  been fu lly  u se d  at th is  stage . H ow ever, 

th is  s itu a t io n  is  b o u n d  to o cc u r  v e r y  in fre q u e n t ly  a s  it re q u ire s



the bad  data  e sc a p in g  a v e r y  h a rd  su p p re s s io n  p ro ce d u re .

6 .5 .5  C O N F IG U R A T IO N  E R R O R

If  a su dd e n  ch a n g e  in the system  state  was 

detected b y  the c h a n g e  a n a ly s is  m odule  and, a fte r a sta tic  

state estim ation  is  perfo rm ed , b ad  data is still detected b y  

the p ro c e d u re  d e sc r ib e d  in the p re v io u s  section , that is a 

s t ro n g  in d ica t ion  that there  is an  e r r o r  in the co n f ig u ra t io n .

A s  a re su lt  o f the bad  data a n a ly s is  perfo rm ed  a fte r 

e ve ry  s ta t ic  e stim ation, some m easu rem ents may be deleted.

A p ro c e d u re  like  the one p ro p o se d  in re fe rence  (59) and  re ­

view ed in section  9.5 can  then be u sed  to so r t  ou t w hether 

these de leted  m easurem ents re a lly  con ta in  g r o s s  e r ro r  o r  a re  

the re su lt  o f a c o n f ig u ra t io n  e r r o r .  In  the last ca se , a w a rn in g  

sh o u ld  be  g iv e n  to the op e ra to r in o rd e r  to ch e ck  the su sp e c ted  

sta tu s  a n d  re ru n  the ne tw ork  c o n f ig u ra to r .

6 .5 .6  G E N E R A L  FLOW  C H A R T

In  f ig u re  6 .3  a g e n e ra l flow c h a rt  o f an o n - lin e  

state e stim ator, in c o rp o ra t in g  all the fe a tu re s  d e sc r ib e d  in th is  

and  p re v io u s  c h a p te rs ,  is p re se n te d .  In  that flow c h a rt  the 

flow o f  in fo rm ation , i.e . the w ay  in w hich  the data is u se d  b y  

the v a r io u s  m odules o f the p ro g ra m  is  s to red  and  e xch a n ge d , 

is om itted  fo r re a so n s  o f  s im p lic ity .  T h is  a spect o f the problem  

is often h ig h ly  dependent on the  p a rt ic u la r  com puter sy stem  in 

w hich the  e stim ator is g o in g  to be im plemented an d , the re fo re , 

re q u ire s  specia l attention in e ach  p a rt ic u la r  app lica tion .
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F ig u re  C.3: Flow  c h a r t  o f  an in te g ra te d  s ta t lc/ tra c k ln g  sta te  estim ator



6.6 C O N C L U S IO N S

T h e  problem  o f  g r o s s  m easurem ent and  con figu ra t ion  

e r ro r  s u p p re s s io n  is  now ad ays co n s id e re d  a major is su e  in 

pow er sy stem  state  e stim ation . In  o rd e r to obta in  estim ates 

not c o rru p te d  b y  th e se  typ e s o f  e r ro r s ,  a re la tive ly  la rge  

d eg ree  of r e d u n d a n c y  and  h ig h  t im e -consum ing  re sidua l se a rch  

p ro ce d u re s  are  re q u ire d  b y  the conven tiona l static state  

estim ation a p p ro a c h .

T ra c k in g  sta te  estim ation a lg o r ith m s, like  the ones d e s ­

c r ib e d  in th is  c h a p te r ,  w hich  make use  o f the e xtra  inform ation 

conta ined  in recen t e stim ation s an d  sim ple a ssum ption s about 

the time b e h a v io u r  o f  the sy stem  state, may become more e ff ic ­

ient from the po in t o f  view o f bad  data su p p re s s io n  and  com ­

putationa l re q u ire m e n ts .

T h e  a p p ro a c h  u sed  in th is  ch ap te r com bines a p re d ic t ive  

te chn ique , based  o n  the m ode lling  of the past estim ated v a lu e s  

o f  each m easured  v a r ia b le  a s  time se r ie s, and  n o n -q u a d ra t ic  

a lg o r ith m s. W h e n e ve r  a m easurem ent scan  is availab le, the 

actual m easurem ent v a lu e s  a re  com pared w ith  p red icted  va lu e s .

If  la rge  d is c re p a n c ie s  are  detected, th is  inform ation is t r a n s ­

fe rred  to the e st im a to r, w hich b y  a s s ig n in g  le ss im portance to 

the su spected  m easu rem ents, is able to p rod uce  a hea lthy  state  

estim ate.

T he  com putationa l req u irem en ts  o f the a lgo rithm s are  

reduced  when com pa red  w ith a conven tiona l static ap p roach  while 

its e ffic iency  in te rm s of bad  data su p p re s s io n  is in c rea sed , as 

can  be checked  b y  the re su lt s  o f sim ulation  s tu d ie s  reported  in

C h a p te r  V I I .





In  t h is  c h a p te r  the  re su lt s  o f a com prehen sive  perfo rm ance  

stu d y  o f  the  a lg o r ith m s  deve loped  in the re sea rch  p roject reported  

in th is  t h e s is ,  w h ich  w ere  d e sc r ib e d  in C h a p te rs  V  and  V I ,  in 

com pa rison  w ith  a lg o r ith m s  p re v io u s ly  e x is te n t, w hich  have  been 

review ed  in C h a p te r  IV ,  is p re se n te d . T h e  s tu d y  w as perform ed 

u s in g  s im u la te d  data a n d  the  ap p ro ach  u sed  was the M onte  C a rlo  

te ch n iq u e . G e n e ra l com m ents abou t the ove ra ll re su lt s  are  

p re se n te d  to g e th e r  w ith  sam ples o f the num erical v a lu e s  ob ta ined.

7.1 IN T R O D U C T IO N

A  d e f in it iv e  te st fo r  a pow er system  state estim ation method 

can o n ly  be  made in an  o n - lin e  env ironm en t. T h is  is so because , 

as p o in ted  o u t  in p r e v io u s  c h a p te rs ,  no  adequate  model for the 

lo a d -g e n e ra t io n  m atch in g  p ro c e s s  is ava ilab le . A lso  some add itiona l 

e lem ents, l ik e  the s ta t is t ic a l p ro p e rt ie s  o f the m easurem ent no ise , 

f re q u e n c y  o f  o c c u r re n c e  a n d  s ize  o f g r o s s  m easurem ent e r ro r ,  

the p r o b a b il i t y  o f  o c c u r re n c e  o f u n re p o rte d  sta tu s  ch an ge , etc. 

are n o t y e t  well e s ta b lish e d .  T h e re fo re , it is not p o ss ib le  to 

re p ro d u c e  a c c u ra te ly  in a sim ulated  env iro nm en t the s itu a t ion s  

that the  e stim ato r w ill face in p ract ice . H ow ever, a s  a f ir s t  

step  in  a s s e s s in g  the  po ten tia lit ie s o f a new ly deve loped  techn ique , 

it is re a so n a b le  to p e rfo rm  some te sts  u s in g  sim ulated  data. 

M o re o v e r,  if two d if fe re n t  m ethods a re  tested u s in g  the same set 

o f d a ta , a fa ir  co m p a riso n  o f  the perfo rm ance  o f the m ethods is 

lik e ly  to be  a ch ie ve d .



T h e  most u sed  method to a s se s s  the perfo rm ance  of a state 

estim ator a lgo rithm  u s in g  sim ulated data is the Monte C a rlo  

a p p ro a c h  . In  th is  method, a random  num bers ge n e ra to r  is 

used to  p ro d u ce  th e  m easurem ent e r ro r  w hich  is added  to the 

re su lt s  o f  an e xact ca lcu lation  o f the m easured  va lu e s  c o r r e s ­

p o n d in g  to an  a r b i t r a r y " t r u e "  state. A fte rw a rd s  a state estim ­

ation is  perfo rm ed  u s in g  a s  inp u t the "c o r ru p te d "  m easurem ents 

and th e  re su lt in g  sta te  estim ate is then com pared w ith  the true  

va lu e s .  T h e  p ro c e s s  is repeated a re la t ive ly  la rge  num ber o f 

times (2 0  o r 30), w ith  d iffe ren t se ts o f random  n u m b ers, to 

e n su re  that the re s u lt s  have  some sta tist ica l s ig n if ica n ce .

T h e  choice o f  the param eters o f the sim u lation , like  the 

size  o f  the m easurem ent no ise , the rate o f change  o f  system  

v a r ia b le s ,  e tc .,  is  d if f ic u lt  a s  re la t ive ly  little p ractica l e xp erience  

is a v a ila b le  and  a lot o f in tu ition  sh o u ld  be u sed . V e r y  se ve re  

s it u a t io n s  will p ro b a b ly  elim inate m ethods w hich  w ould  have  an 

a d e q u a te  pe rfo rm ance  in a ve ra ge  co n d it io n s  while m ild s itu a t io n s  

co u ld  h ide  p o s s ib le  w eakne sse s o f the m ethod.

A n o th e r  d if f ic u lt  po int in a s tu d y  like  the one reported  in 

th is  c h a p te r ,  is the  cho ice  o f the sample o f re su lt s  to be show n 

in a lim ited space  am ong the la rge  am ount o f re su lt s  obta ined  

th ro u g h o u t  the s t u d y .  T he  p ro ce d u re  adopted  in th is  th e s is  is 

to co n ce n tra te  the  re su lt s  in the form o f  genera l com m ents and  

to e x h ib it  some num erica l va lu e s  w ith the on ly  ob jective  o f  il lu s ­

t r a t in g  these com m ents ra th e r than  as p ro o f or c o n c lu s iv e  ev idence .



7.2 S IM U L A T IO N  O F  T H E  M E A S U R E M E N T  S Y S T E M

The  in p u t  data to a state  estim ator is the ne tw ork  p a ra ­

meters a n d  c o n f ig u ra t io n ,  the m easurem ent p atte rn  (typ e  and  

location o f  the m easu rem ents) and  the va lu e s  o f  telemetered 

va r ia b le s .  In  an  o n - lin e  e n v iro nm en t these  data w ould be 

availab le  in the  d a ta -b a se  w h ich  is updated  from time to time 

b y  the n e tw o rk  c o n f ig u ra to r ,  the data a cq u is it io n  sy stem  and 

the o p e ra to rs .  In  a sim ulated  s tu d y  these  data have  to be 

gene ra ted  b y  an a u x il ia r y  p rog ram  (s im u la to r) and  sto red  in 

some file s w h ich  p la y  the role o f a data base .

T h e  ce n tra l p iece o f the s im u la to r is a load flow p rog ram  

w hich  p ro d u c e s  the  true  va lu e s  o f the state an d  m easured  

v a r ia b le s .  O th e r  com ponents a re  ro u t in e s  to sp e c ify  the re ­

q u ire d  m easu rem ent p a tte rn , to add  e r r o r s  (n o ise  and  bad  data) 

to the t ru e  v a lu e s  o f  the m easurem ent and  to sim ulate the time 

evo lu tion  o f  the  sy stem . A  flow ch a rt  o f the sim u lator is g iv e n  

in F ig u re  7.1 a n d  in the fo llow ing  se c tion s  some o f  the param eters 

u sed  in the sim u la tion  s t u d y  re p o rte d  in th is  ch ap te r a re  a lso  

g iv e n .

7 .2 .1  S im u la tion  o f the system  time e vo lu t ion

T h e  time e vo lu t ion  o f  the sy stem  sta tic  state  is sim u­

lated b y  the ca lcu lation  o f su c c e s s iv e  load flow s in w hich  load 

and  g e n e ra t io n  v a r y  from in it ia lly  g iv e n  v a lu e s .  Each  one of 

these load flow s c o r re sp o n d s  to an o p e ra t in g  po in t o f the sy stem  

at the moment in w hich  a m easurem ent scan  is taken . T h e  load 

c u rv e  at each  b u sb a r  is com posed o f a tre n d  (lin e a r, q u ad ra t ic , 

e tc .)  p lu s  a random  flu c tua tion . T h e  rate  o f change  of the load
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F igu re  7.1 : Flow chart o f the sim ulation program



is made d iffe re n t  fo r  each node o r  g ro u p  o f node s. T h e  random  

fluctuation  is  re p re se n te d  b y  a d d in g  norm a lly  d is t r ib u te d  random  

n um bers to the tre n d  va lu e s. T h e se  n um bers have  zero mean 

and s ta n d a rd  d ev ia t io n  o f  1% of the tre n d  va lu e ^ 62^. A  total 

load va r ia t io n  o f 50% o f  the in itial v a lu e s  w as used  and  th is  

va ria t io n  is d is t r ib u te d  am ong the g e n e ra to rs  a c c o rd in g  to p re ­

spec ified  p e rce n ta ge s. A  con stan t pow er factor was a ssum ed , 

so the  reactive  load fo llow s the a c t ive  load.

7 .2 .2  S im u la tion  o f a m easurem ent scan

A  m easurem ent scan  is  obta ined  b y  a d d in g  some 

e r ro r  to the tru e  v a lu e s  o f se lected v a r ia b le s  from the sequence  

of load flow so lu t io n s  d e sc r ib e d  in the p re v io u s  section .

T h e  m easurem ent n o ise  is sim ulated b y  a norm a lly  

d is t r ib u te d  e r ro r  com ponent w ith zero  mean and  sta n d a rd  d e v ia ­

tion g iv e n  b y

o = 1  (.0 05  F + .02 Z ) (7 .1 )
m 3  m m

w here

m : m easurem ent num ber

F : meter fu ll-sc a le  
m

Z : actual va lue  o f the m easurem ent 
m

T h e  coe ffic ien ts in equation  (7 .1 )  were set ta k in g  into con s ide ra t ion

*(28 )
re p o rte d  e r ro r  b o u n d s  for te lem etering equipm ent



C r o s s  m easurem ent e r r o r  is sim ulated  b y  se tt in g  some 

chosen  m easurem ent to v a lu e s  w h ich  d iffe r  from the true  

va lue s b y  50% to 100%. T h e  num ber and  location o f the bad  

data w as c h o se n  b a sed  on a judgem ent o f the re la t ive  d if f ic u lty  

o f detection. T h re e  s ta n d a rd  s itu a t io n s  w ere a lw ays in c luded  

in the s tu d ie s :  a) one iso lated  g r o s s  e r ro r ;  b ) more tha n  

one u n co rre la te d  g r o s s  e r r o r s ,  i.e . g r o s s  e r ro r  in m easurem ents 

e lectrica lly  fa r  aw ay  from each o the r; c) co rre la ted  g r o s s  e r ro r s .

C o n f ig u ra t io n  e r r o r s  w ere sim ulated  in the estim ation 

p ro g ra m s the m se lve s  b y  a lte r in g  the va lu e s  o f ne tw ork  param eters 

in su c h  a w ay a s  to sim ulate  the  add it ion  o r  su b tra c t io n  o f  a 

line.

7.3 P E R F O M A N C E  A S S E S S M E N T

T h e  p e rfo rm ance  o f  the a lgo rithm s in the s im u la t io n  stu d ie s  

a s a lre a dy  com m ented in the in t ro d u c t io n  to th is  c h a p te r,  is 

a s se sse d  b y  co m p a rin g  the estim ated va lu e s  o f the m easured  

va r ia b le s  an d  the re sp e c t ive  tru e  va lu e s .  H ow ever, the  d if fe r ­

ence between estim ated and  tru e  va lu e s a lone is not e n o u g h  to 

ch a ra c te r ise  the perfo rm ance  o f the estim ator. A  com pa rison  o f 

the s ize  o f  th is  d iffe ren ce  w ith  the e r ro r  p re se n t  in the  m easure ­

ments is  n e c e s sa r y  in o rd e r  to a s se s s  w hether the re su lt  of the 

estim ation co n st itu te d  an im provem ent o v e r  the raw data .

In  o rd e r  to q u a n t ita t iv e ly  m easure  the q u a lity  o f the 

estim ator re su lt s ,  the fo llo w ing  perfo rm ance  in d ica to rs  were u sed :
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E 1
'  M

Mv Z m ’  Z m m
ave ill °m

M 1 f
ZM - zT 

m m
ave M

i=l

E max Zm -  ZT  m m
max

m;= 1 ,M °m

M max Zm -  ZT  m m
max

m= 1 ,M a m

( 7 . 2 )

( 7 . 3 )

( 7 .  *t)

(7 .5 )

where

M

zE. zM, zTm m m

m

: n um b er o f m easurem ents 

: e stim ated, m easured  an d  t ru e  va lu e s 

o f the  m -th m easurem ent

: s ta n d a rd  dev ia t ion  o f  the m -th  m easurem ent e r ro r

T h e  ab o ve  q u a n t it ie s  g iv e  an ab so lu te  m easu re  o f the 

m easurem ent an d  estim ation  e r r o r s .  Re la t ive  in d ic a to rs  o f the 

e stim ator p e rfo rm ance  can  be ob ta ined  d iv id in g  c o rre sp o n d in g  

q u a n t it ie s  a s  fo llow s:

 ̂ _ ave
a v e  ~ d M

ave

(7 .6 )

R max
max

max

( 7 . 7 )



T he  v a lu e s  ob ta ined  for these  in d ic a to rs  can  be in terpre ted  

as fo llow s:

the re su lt  o f  the estim ation is w orse 

than  the o r ig in a l data

the  re su lt  o f the estim ation is  about 

the same a s  the o r ig in a l data

the re su lt  o f  the estim ation is better 

than  the o r ig in a l data. If  bad  data 

were p re se n t  in the m easurem ents, it 

m eans that the bad  data were su p p re sse d ,

7.4 C O M P U T A T IO N A L  F A C I L IT I E S  

T h e  sim u la tion  s tu d ie s  re p o rte d  in th is  chap te r were p e r­

formed in a ge ne ra l p u rp o se  65K/265K , 60 -b it  w ord, C D C  7600 

com puter. T h is  m achine doe s not h ave  in te g e r-v a r ia b le  p a ck in g  

fac ilit ie s, i.e . an in te g e r o r  a real v a r ia b le  use  the same w ord 

le n g th . T h e re fo re , s to rage  re q u ire m en ts  reported  for the a lgo ­

rithm s sh o u ld  be v iew ed  a s  an u p p e r  lim it, as in m achines w hich 

have  the p a c k in g  fac ility  it is b o u n d  to be  sm aller. T h e  in sta l­

lation ope ra te s in a time sh a re  mode w h ich  implies that the C PU  

times re co rded  fo r the a lg o r ith m s sh o u ld  be con side red  as a ve ra ge  

va lu e s .

7.5 T E S T  S Y S T E M S  A N D  M E A S U R E M E N T  P A T T E R N S  

T h e  s y ste m s  u sed  in the s im u la tion  stud ie s were the IE E E

14, 30, 57 and  118 b u sb a r  s ta n d a rd  load flow test sy stem s.

1 4 7

Rave

max

» 1 . 0

s 1 . 0

« 1. 0
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Severa l m easurem ent p a tte rn s  were d e fin ed  for each system  

by  ch o o s in g  d if fe re n t  com b ination s o f  vo ltage  m agn itudes, in ­

jections an d  lin e -f lo w s  as m easu rem ents, w ith re d u n d a n cy  ra t io s  

v a r y in g  in the ra n g e  1.6 to 3.3, w h ich  are  limit va lu e s like ly  

to be found  in p ra c t ic e ' . T ab le  7.1 show s some inform ation 

about the test s y s te m s  a s  well a s two d iffe ren t m easurem ent 

p a tte rn s  fo r each  sy stem , one c o r r e sp o n d in g  to a low and  the  

o ther to a h ig h  re d u n d a n c y  ratio . T h e se  two m easurem ent p a t­

te rn s  are  the o n e s  a ssoc ia ted  w ith the  re su lt s  that will be show n  

in later se c t io n s  o f  th is  c h a p te r.

N o .o f M ax . N u m b e r o f m easured ( * )

System line s R / X v o lta g e s in jection s flows R e d u n d a n c y

2 4 40 1.7
14 B B 20 .51 2 • 80 3.2

6 12 82 1.7
30 B B 41 1.11 6 12 164 3.1______

7 14 160 1.6
57 B B 80 1.09 7 14 320 3.0

 ̂ 1 1 ‘ 10 18 372 1.7
118 B B 186 .47 10 18 744 3.3

T ab le  7 .1 :  T e st  s y ste m s  a n d  m easurem ent p a tte rn s

( *) T h e  re d u n d a n c y  ratio  is  o b ta in e d  b y  d iv id in g  the num ber 

of m easurem ents b y  the num ber o f  sta te  v a r ia b le s .



7.6 P E R F O R M A N C E  C O M P A R IS O N  O F  T H E  PLC  B D S  A N D  
W LS  A L G O R IT H M S

T h e  sim u la tion  s tu d ie s  in v o lv in g  the im proved  v e r s io n  

of the P ie ce -w ise  L in e a r  C r it e r io n  (P L C )  estim ator d e sc r ib e d  

in C h a p te r V  w ere p e rfo rm ed  w ith  the fo llow ing ob je c t ive s:

i. to a s s e s s  the  bad  data  s u p p re s s io n  capab ility  o f the a lgo rithm , 

both in its b a s ic  fo rm u la tion  and  in the decoupled v e r s io n ,  re la ­

t ive ly  to the B D S  e stim ator w hich  is the on ly  o the r s im ila r  

ap p ro a c h  ava ilab le  in the lite ra tu re .

ii. to com pare  the  com putationa l perform ance  of the a lg o r ith m  in 

te rm s o f  time and  s to ra g e  requ irem ents and re lia b ility  w ith 

o ther state  estim ation  a p p ro a c h e s.

F o r  each  o f the test sy ste m s and  m easurem ent p a t te rn s  

shown in T ab le  7.1, a total o f  tw enty sim ulations were p e rfo rm ed , 

each one c o r r e sp o n d in g  to a d if fe re n t  set o f m easurem ent e r r o r s  

(no ise  and  bad  d a ta ) .  In  each  one o f these s im u la tion s, estim ­

ation s w ere  p e rfo rm ed  u s in g  the im proved ve rs io n  o f the  P L C  

estim ator, the b a s ic  P L C ,  the basic  VVLS, the fast d ecou p led  W LS 

and the fa st  decoup led  B D S .  From  the re su lts  o f th e se  s tu d ie s ,  

the fo llow ing  c o n c lu s io n s  w ere d raw n :

i. B a d  data s u p p re s s io n  cap a b ility  Both  basic  a n d  im proved

v e r s io n s  o f  the P L C  a lgo rithm  show ed re su lt s  s im ila r  to 

B D S  e stim ator. B o th  ap p roache s have  an ad equa te  pe rfo rm ­

ance  for the c a se s  o f  h ig h  re d u n d a n cy  (sa y  o v e r  2.0) in 

w h ich  the e stim ato rs  w ere able to s u p p re s s  b ad  data in more 

than  90 o o f the sim u la ted  s itu a t io n s. In  the c a se s  o f low
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r e d u n d a n c y , the ra te  o f total o r  partial fa ilu re  w as 

ab ou t 50%, m ost o f  the ca se s  c o rre sp o n d in g  to in t e r ­

a c t ive  bad  data . A lm ost no d iffe rence  was noticed  

betw een the  p e rfo rm ance  o f the basic  and decoup led  

v e r s io n s  o f  the P L C  estim ator w hich con firm s a s su m p t­

io n s  made in  C h a p te r  V .  In F ig u re  7.2, the  re s u lt s  o f 

some s im u la t io n s  pe rfo rm ed  w ith  the IE E E  3 0 -b u sb a r  

sy stem  a re  sh o w n . T h e se  re su lt s  are  typ ica l o f  the 

o n e s  fo u n d  th ro u g h o u t  the s tu d y .  Tab le  7.2 below  

g iv e s  an in d ica t ion  o f the type  and  q u a n t ity  o f bad  

data a sso c ia te d  w ith  each o f the sim u la tion s dep ic ted  

in F ig u re  7.2.

S im ulation Bad Data

0 None

1 None

2 S in g le

3 S in g le

H Two n o n -in te ra c t iv e

5 Tw o n o n -in te ra c t iv e

6 F o u r n o n - in te ra c t iv e

7
Two in teractive

8 F o u r in te ractive

:
9 F o u r in te ractive

10 O ne line w ith w ro n g  s ta tu s

Tab le  7.2: T y p e  an d  q u a n t ity  o f  bad data p re se n t  in  the
s im u la t io n s  for w hich  re su lt s  are  sh o w n  in 
F ig u re  7 .2 .
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(a )  Low re d u n d a n cy

( b )  H ig h  re d u n d a n cy

F ig u re  7.2 : C om parison  o f the p e rfo rm a n ce s  o f the L P C ,  B D S
and  VVLS e stim ators. T e s t  system  IE E E  3 0 -b u sb a r.



F i lt e r in g  cap a b ility  T h e  c a p a b ilit y  o f the P L C  e stim ators 

to f ilte r  ou t the m easurem ent n o ise  is w eaker than that 

o f  the  W LS  based  a lgo rithm s. In  fact, in most o f the 

te ste d  ca se s  in w hich  on ly  th e  m easurem ent no ise  was 

p re se n t ,  the re su lt s  o f the estim ation  w ith the P L C  a lg o ­

rithm  e x h ib it  about the same leve l o f no ise  as the m easure­

m ents them se lve s. T h is  can  b e  o b se rv e d  in F ig u re  7 .2 (a ) 

a n d  (b ) fo r s im u la tion s n u m b e r 0 and  1 in w hich no  bad  

data  is p re se n t.

in. C om putation  T im e F ig u re  7 .3  show s the a ve ra ge  C P U  

time re q u ire d  b y  the P LC  a n d  VVLS a lgo rithm s fo r the 

te st sy ste m s and  m easurem ent p a tte rn s  conta ined  in Tab le  

7 .1 . From  th is  f ig u re  the la r g e  reduction  in the execution  

time requ irem ent ach ieved  b y  the im provem ents in troduced  

in  the P L C  a lgorithm , w hich  were d e sc r ib e d  in C h a p te r V, 

is  e v id e n t. A lth o u g h  the ti me requ irem ent o f the P L C  

a lg o r ith m  rem ains la rge r th a n  the fa st decoupled  B D S  and 

W L S  a lgo rithm , these re q u ire m e n ts  are  now acceptab le  for 

p ra c t ica l app lication . A la st  o b se rva t io n  about F ig u re  7.3 

is  that the time requ irem ent o f  the P LC  a lgorithm  in c rea se s 

w ith  the inc rease  in the re d u n d a n c y  ratio. A s  in p ractice  

h ig h  re d u n d a n c y  ratio s a re  n o t u su a l,  th is  feature  o f the 

a lgo rithm  does not c o n st itu te  a se r io u s  d raw back .

iv . S to ra g e  T he  d iffe rence  in  sto ra ge  requ irem en ts between 

the  fast decoupled  P LC  a n d  W LS  (o r  B D S )  a lgo rithm  is 

located in the space  u sed  to  sto re  the b a s is  m atrices in 

the  f ir s t  and  the ga in  m a tr ix  in the second . T h e  b a s is





m atrices h ave  h ig h e r  d im ension  b u t less pe rcen tage  o f 

n o n -z e ro  e lem ents th a n  the c o r re sp o n d in g  ga in  m atrices. 

T h e  h ig h  s p a r s it y  o f  the b a s is  m atrices a re  m ainly due  

to the co lum ns c o r r e s p o n d in g  to the s la ck  v a r ia b le s .

A  d isa d v a n ta g e  o f  the  P L C  a lgo rithm  is that, due  to the 

n a tu re  o f  the L P  a lg o r ith m s, the se  b a s is  m atrices cannot 

be fa c to r ise d  in an  optim al w ay a s  is  the case  w ith  ga in  

m atrices in the W L S  a lg o r ith m s. H ow eve r, u s in g  the 

re - in v e r s io n  te c h n iq u e  p re se n te d  in C h a p te r  V  and  A p p e n ­

d ix  A ,  it w as p o s s ib le  to keep  the sto ra ge  requ irem ent 

o f the P L C  a lg o r ith m  abou t o n ly  40% h ig h e r  than the W LS 

m ethod.

R e lia b ility  T h e  re lia b ility  o f  a state estim ation a lgo rithm  

is u n d e rsto o d  in t h is  th e s is  a s  the ab ility  o f the a lgo rithm  

to reach  a so lu t io n  in a re a sonab le  num ber o f ite ra tion s, 

d e sp ite  the d if f ic u lt  c o n d it io n s  im po sed  b y  the p re se n ce  

o f  g r o s s  m easu rem ent o r c o n f ig u ra t io n  e r r o r s .  In  the 

sim u lation  s tu d ie s  pe rfo rm ed  w ith  the P L C  and  B D S  a lg o ­

r ith m s, n e ith e r o f  the two h a v e  failed to reach  a so lu tion  

in a n y  o f  the te ste d  ca se s  b u t  the P L C  a lgo rithm  p re sen ted  

a m uch more re g u la r  p e rfo rm an ce  in term s o f the num ber 

o f re q u ire d  ite ra t io n s ,  a s  can  be o b se rv e d  in F ig u re  7.4, 

w h ich  ind ica te s  a more re liab le  perfo rm ance .
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F ig u re  7 .4 : C o m p a riso n  o f the num ber o f ite rations req u ire d
b y  the  P L C  and  B D S  a lgo rithm s in case s in w hich 
th e re  are  a re la t ive ly  la rge  num ber o f bad data 
(c o n v e rg e n c e  to lerance: lO "4* pu )



7.7 T R A C K I N G  S T A T E  E S T I M A T O R  R E S U L T S

T h e  main ob je c t ive  o f the sim ulation  s tu d ie s  perform ed 

w ith the t r a c k in g  sta te  e stim ato rs  d e sc r ib e d  in C h ap te r V I was 

to a s se s s  the p e rfo rm a n ce  o f the ap p roach  in re lation  to the 

static  state  e stim ation  m ethod, in term s o f bad  data su p p re s s io n  

capab ility . S e c o n d a r y  ob je c t ive s  o f  the s tu d y  were the com par­

ison o f the p e rfo rm a n ce  o f the two deve loped  t ra c k in g  a lgo rithm s 

(P L C  and  B D S )  a n d  e va lua tion  o f  com putational req u irem ents.

A s  sh o w n  b y  the re s u lt s  o f the p re v io u s  section , and  

as a lready  com m ented on in p re v io u s  c h a p te rs ,  the d iff ic u lty  

in  bad data d e tec tion  and  e lim ination  u s in g  the sta tic  ap p roach  

o c c u r s  m ain ly  in  the  case  o f  low re d u n d a n c y  ratio  system . 

T h e re fo re  the sim u la tion  s tu d ie s  rep o rted  in th is  c h ap te r c o n ­

centra ted  on the  low re d u n d a n c y  sy stem  d e sc r ib e d  in Tab le  7.1.

In  se c t io n s  7.7.1  an d  7 .7 .2  some com m ents about the 

p red ic tion  a n d  lo g ica l se a rc h  p ro c e d u re  are  p re se n te d  in o rd e r  

to in d iv id u a lly  a n a ly se  th e ir  pe rfo rm ance  and  in section 7 .7 .3  

the o v e ra ll p e rfo rm an ce  o f  the t ra c k in g  state  e stim ators is d is ­

c u sse d  .



7 .7 .1  Predic t i on  t e chn ique  results

T h e  re su lt s  ob ta ined  u s in g  the p re d ic t ive  tech ­

n ique  d e sc r ib e d  in section  6 .3  can be c o n s id e re d  adequate  for 

the p u rp o se s  o f  bad  data detection  and  identification . In  all 

the s im u la t io n s  p e rfo rm ed , e r r o r s  g re a te r than 1% (w h ich  is the 

size  o f  the ran d om  com ponent o f  the load) seldom o c c u r re d  and  

the maximum e r r o r  o b se rv e d  w as le ss than  5%. T h e re fo re  the 

sim ulated  bad  data  (w h ich  w as set between 50% and  100% o f the 

m easurem ent s iz e )  were e a s ily  spotted . T h e se  re su lt s  a p p ly  to  

all the sh a p e s  o f  the load tre n d  com ponent tested  ( l in e a r,  q u a d ­

ra tic , s in u so id a l a n d  e x p o n e n t ia l) . S e ve ra l va lu e s  of the sm ooth ing 

co n sta n ts  a a n d  6 in (6 .1 2 ) and  (6 .13 ) were tested and  the va lue  

o f 0 .3  fo r  b o th  c o n s ta n ts  w as found  to p rod u ce  the b e st  re su lt s .  

T he  d iffe re n ce  between m easu red  and estim ated v a r ia b le s ,  in the 

ca se s  in w h ich  no bad  data w as p re se n t, h a s  a d is t r ib u t io n  o f 

p ro b a b ility  c lo se  to the  norm al in most o f the o b se rv e d  case s 

w hich  c o n f irm s  the a ssu m p tio n  u sed  in C h a p te r  V I .  In  F ig u re s

7.5 and  7 .6  ty p ic a l sam p le s o f the re su lt s  obta ined  u s in g  the p re ­

d ic tion  te c h n iq u e  a re  sh o w n .

7 .7 .2  B a d  Data d isc rim ina tio n  re su lt s

T h e  bad  data d isc rim ina tio n  techn ique  d e sc r ib e d  

in section  6 .U .1 , w h ich  h a s  the function  o f d if fe re n t ia t in g  between 

a s itu a t io n  o f  su d d e n  c h a n g e  in the sy stem  state and  g r o s s  e r ro r  

in the m easu rem en ts, w o rked  in almost all the ca se s  o f  s in g le  

or m u ltip le  n o n - in te ra c t iv e  bad  data, bu t h a s  a fa ir ly  h ig h  rate 

of fa ilu re  in the  ca se s  o f  m ultip le in te rac t ive  bad  data, p a rt ic u la r ly



(a ) L in e a r  tre n d



F igu re  7 .6 :  S ta t is t ic a l d is t r ib u t io n  o f no rm a lised  d if fe re n ce s  between
m easu red  an d  p re d ic te d  v a lu e s  in a sam ple o f a sim u lation  
u s in g  the IE E E -1 1 8  sy ste m , low re d u n d a n c y ,  linea r tre n d .
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F ig u re  7 .7  IE E E  1 4 -b u sb a r  sy stem  sh o w in g  the m easurem ent patte rn  
u sed  in the exam ple o f the log ica l se a rch  rou tine



the one s in w h ich  the bad  data were concen tra ted  in re g io n s  

o f the sy stem  w ith  low local re d u n d a n c y  ratio. T hese  ca se s, 

h o w e v e r , c o n s t itu te  s itu a t io n s  not like ly  to o ccu r in p ractice  

a n d  some o f  them cou ld  not be so lve d  even u s in g  the logical 

re s id u a l se a rc h  d e sc r ib e d  in section  4.4 followed b y  repeated 

r u n s  o f  the e stim ato r.

T h e  de te rm ination  o f the limit sco re s, below w h ich  a 

m easurem ent sh o u ld  be f la g g e d  a s  su sp e c ted  bad  data, were 

pe rfo rm ed  b y  in sp e c t io n  o f the n e tw o rk  and  m easurem ent pat­

te rn .  T h e  p ro c e s s  may become te d io u s  fo r la rge  n e tw o rk s, in 

w h ich  case  it sh o u ld  be automated in a p rog ra m . S u c h  a p rogram  

w as not d eve lo pe d  in the re se a rch  project d e sc r ib e d  in  th is  

t h e s is  and  is  left a s  a su g g e s t io n  fo r fu r th e r  re se a rch .

In  o rd e r  to il lu st ra te  the b e h a v io u r  o f the bad data d is ­

c r im in a tio n  ro u t in e , a s  well a s  the determ ination  o f the limit 

s c o re s ,  an exam ple  in v o lv in g  the IE E E  1 4 -b u sb a r  system , w ith 

the  m easurem ent p a tte rn  show n  in F ig u re  7.7 is now p re sen ted . 

F o r  th is  e xam p le , and  in most o f  the sim ulation s tu d ie s ,  the 

num ber o f p o in t s  a ttr ib u te d  to each f la gge d  m easurem ent at the 

sam e node (W 2) and  in nod e s d ire c t ly  connected  to the node of 

the  su sp e c te d  m easurem ent (W3) were set to 2 and  1 re sp e c t ive ly .  

T h e  maximum p o ss ib le  sc o re s  a ssoc ia ted  w ith  nodes in w hich  there  

a re  m easu rem en ts, a re  g iv e n  in T ab le  7.3. T h is  table ind ica te s 

tha t, a p a rt  from  nod e s 11 and  12, a re la t ive ly  h ig h  d eg ree  o f 

local re d u n d a n c y  e x is t s  th ro u g h o u t  the system . T h e re fo re  it w as 

dec ided  to fix  the maximum sc o re s  b ased  on the s ituation  in w h ich  

at least one o th e r  m easurem ent in the sam e node and  two in 

n e ig h b o u r in g  n o d e s  a re  f la g ge d , i.e . a maximum sco re  o f 4 to



ch a ra c te r ise  a bad  data except in nodes 11 and 12 in which th is  

maximum sco re  w as made equal to 2.

Node

N um ber o f m easurem ents
Maximum
p o ss ib le

sco re s
at the 

same node
at n e ig h b o u r in g  

node

1 2 5 9

2 3 9 15

3 1 7 9

4 2 11 15

5 0 14 14

6 3 3 9

7 1 5 7

9 1 6 8

11 0 2 2

12 0 2 2

13 0 5 5

T ab le  7 .3 : Maxim um  sco re s  fo r the exam ple u s in g  
the bad  data d isc rim in a tio n  techn ique

T w o  s itu a t io n s  in w hich  la rge  d isc re p an c ie s  between p re ­

d icted  an d  m easu red  va lu e s  were o b se rve d , are  inc luded  in 

th is  exam ple. In  the f ir s t  one, g r o s s  m easurem ent equal to 

5 0 o o f  the true  va lue  w as in troduced  in the m easurem ents o f 

the pow er flow s o f line s 5 -6  and 6-13. In the second one, a 

su d d e n  c h a n g e  in the system  o p e ra t in g  point w as sim ulated b y  

se t t in g  the load at b u sb a r  3 to zero. The  re su lt s  of the d i s ­

cr im ina tio n  rou t in e  is show n  in table 7.**, in w hich  N1 c o r re sp o n d s
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to the n u m b e r o f  f la g g e d  m easurem ents in the same node and  N2 

is the c o r r e sp o n d in g  num ber fo r n e ig h b o u r in g  nodes.

C ase L a rg e  ch a n g e s N 1 N 2 Score D e c is ion

1 flow in 5 -6 0 1 1 Bad  data

flow in 6-13 0 1 1

injection in 1 2 2 6

injection  in 2 1 5 7

injection  in 3 1 2 4 su d d e n
2

flow in 1-2 2 2 6 ch an ge

flow in 1 -5 2 2 6

flow  in 2-3 1 5 7

flow in 3-4 1 2 4

T a b le  7.4: R e su lt s  o f the exam ple u s in g  the bad  
data d isc rim in a tio n  p ro ce d u re  (o n ly  
active  m easurem ents are  co n s id e re d )

7 .7 .3  O v e ra ll ap p ro a c h  re su lt s

F o r each  one or the fou r low re d u n d a n cy  m easurem ent sy ste m s 

show n  in T ab le  7.1, a total o f  10 sim u la tion s were perfo rm ed  u s in g  

d if fe re n t  se ts  o f m easurem ent no ise  and  bad  data. D iffe re n t  sh a p e s  

o f the load tre n d  ( l in e a r, q u a d ra t ic , s in u so id a l,  e tc .)  were a lso  

u se d . In  each  sim ulation  a total of 30 m easurem ent se ts ,  c o r r e s ­

p o n d in g  to equa l num ber o f m easurem ent sc a n s,  were ge n e ra te d .

T h e  bad  data w ere in trod uced  in the time in te rv a ls  10 and  20. T he  

sy ste m  sta te  w as estim ated for the whole 30 in te rva l pe r iod  u s in g  

the P L C  and  Q S R  (o r  B D S )  t ra c k in g  e stim ators d e sc r ib e d  in section  

6.4. A t  the time in te rv a ls  0, 10, 20 and  30 com plete sta tic  sta te



estim ation (see  F ig u re  6.3) was perfo rm ed  u s in g  the fast 

decoup led  sta te  e stim ator a n d  logical re s id ua l se a rch  d e sc r ib e d  

in se c t io n s  4 .3  an d  4.5. From  the re su lt s  o f these s tu d ie s ,  

the fo llo w ing  c o n c lu s io n s  w ere d raw n:

i. B a d  data s u p p re s s io n  cap a b ility  B o th  P L C  and  Q SR

t ra c k in g  e stim ators show ed  a p e rcen tage  o f  su cce ss  

in s u p p r e s s in g  bad data su p e r io r  to 90% o f the tested 

c a se s  a g a in s t  75% for the p la in  sta tic  a p p ro a c h .

Some o f  the c a se s  in w hich  the t ra c k in g  e stim ators 

succeeded  a n d  the static  one failed, c o r re sp o n d  to 

re la t ive ly  sim ple  ca se s o f  in te ractive  bad  data which 

h a ve  a fa ir  chance  o f o c c u rre n ce  w hile  the 10% of 

the ca se s  in w hich  both ap p ro ache s  failed c o r r e s ­

p o n d s  to s itu a t io n s  le ss like ly  to o c c u r  in p ractice .

No su b s ta n t ia l d iffe rence  was o b se rv e d  in the perfo rm ­

ance  of the P L C  and  Q S R  t ra c k in g  e stim ato rs.

In  F ig u re s  7 .8  and 7.9, two exam p le s o f the 

re s u lt s  ob ta ined  in the s tu d ie s  are  sh o w n . These  

re s u lt s  c o r re sp o n d  to the most in te re s t in g  g ro u p  

o f  re su lt s ,  i.e . the ones in w hich  the t ra c k in g  a lgo rithm s 

succeeded  w hile  the sta tic  estim ator failed. The  

typ e , s ize  a n d  place o f the bad  data sim ulated  in 

the se  exam p le s a re  show n in T a b le s  7.5 a n d  7.6.

1 6 3
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Time
in te rva l Bad  data

10 ± 50% e r ro r  in ac t./ react, injection at node 1 

and  act./ react, flows in line  1-3

20 ± 50% e r ro r  in act. /react, pow er flows in 

line s 1-3 and  1-2

Tab le  7.5: S im ulated bad  data in the example 
show n In F ig u re  7.8.

Tim e
in te rva l Bad  data

10 ± 50% in act./ react, in jec tion s at nodes 1 and  3

20 ± 50% in act. /react, injection at node 7 and  in 

flow s o f lines 6-7 an d  7-8

T ab le  7 .6 : S im u lated  bad data in the exam ple show n
in F ig u re  7. 9.

T ra c k in g  and f ilte r in g  cap a b ility  Both  a lgo rithm s 

were ab le  to follow the time e vo lu t ion  of the sy stem s for 

all the typ e s  o f tre n d s  experim en ted . A s  can  be 

seen in F ig u re s  7.8 and  7 .9 , in the in te rva ls  in 

w h ich  no bad data is  p re se n t, a f ilte r in g  perform ance 

more o r  le ss  sim ilar to the one sh o w n  b y  the c o rre sp o n d in g  

static  ap p roach  was o b se rv e d . T h is  fact ind icates that 

no su b sta n tia l lo ss  in that re spect sh o u ld  be expected 

from the use o f the t ra c k in g  a p p ro a c h .

i
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f igure 7.8: Comparison of the performance of the QSR and PLC tracking estimators with the static 
estimators. T h e  static estimation is performed at intervals 0. 10. 20 and 30. Bad data 
is introduced in the measurement scans at intervals 10 and 20. Test system: IEEE 30- 
busbar.  linear trend.



Figure 7.9: Comparison of the performance of the QSR and PLC tracking estimators with the
static estimator. Th e  static estimation is performed at intervals 0, 10, 20 and 30. 
Bad data is introduced in the measurement scans at intervals 10 and 20. Test 
system IEEE 57-busbar,  sinusoidal trend.
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C om putation time A d e fin it ive  time com parison  

between the sta tic  and  t ra c k in g  ap p roache s is 

d if f ic u lt  to be ach ie ved  a s  both  app roache s use  

the com puter fac ilit ie s ava ilab le  in a d iffe ren t 

w ay. T h e  sta t ic  estim ator is executed  o n c e  at 

ce rta in  spec ified  in te rva ls  while the t ra c k in g  

estim ator is a lm ost c o n t in u o u s ly  ru n . H ow ever, 

as a ro u g h  g u id e  to the com putation time re q u ire ­

m ents o f  both ap p ro ache s, some typ ica l f ig u re s  

ob ta ined  in the sim ulation stu d ie s  are  g iv e n  in 

Tab le  7.7. T h e  re su lt s  show n in these  tab les 

c o rre sp o n d  to c a se s  in w hich  bad data w as p re se n t  

in the m easurem ents.

System

T ra c k in g

Static

P red iction
B . D . D i s -  

crim ination

Estim ation Total

P LC Q SR P L C Q S R

19 B B .001 .005 .009 .009 .015 . 015 .080

30 B B .002 .010 .020 .013 .032 .025 .190

57 B B .009 .023 .039 .030 .066 .057 . 310

118 B B .009 .057 .219 .119 .280 .180 .987

T ab le  7.7: T yp ica l com putation  time for P L C  an d  Q S R
tra c k in g  e stim ators and  state  estim ator ( sec.)

iv .  S to ra g e  T h e  e x tra  s to rage  req u ire d  b y  the ove ra ll 

a p p ro ach  d e sc r ib e d  in section  6.5 is d ue  to the p re ­

d ic t ion  and  b ad  data d isc rim ina tion  ro u t in e s. The



re q u ire m e n ts  o f  the p red iction  rou tine  is small a s 

o n ly  the re su lt  o f the last p red iction  is re q u ire d  

b y  the  e xponen tia l sm ooth ing techn ique . T h e  re ­

q u ire m e n t o f  the bad data d isc rim ina tion  rou tine  

is  a lso  sm all a s it re q u ire s  few e x tra  a r r a y s  for 

the  m easurem ent f la g s. T h e  basic  data u se d  b y  the 

d isc r im in a t io n  rou tine  (feeder and  m easurem ent 

ta b le s) h a ve  to be u sed  b y  o ther com ponents o f the 

o ve ra ll e stim ation  ap p roach  and  the re fore  does not 

in c rea se  the  overa ll requirem ent. In  the p rog ra m s 

d eve lope d  the  total e x tra  sto rage  does not exceed 

10%.

R e lia b ilit y  T he  P L C  t ra c k in g  estim ator is  linear. 

T h e re fo re  no ite rative  p ro ce ss  is re q u ire d  w hich  

g u a ra n te e s  a h ig h  d egree  o f re lia b ility . T h e  ite r­

a t ive  p ro c e s s  u sed  b y  the Q S R  estim ator is  a lso  

v e r y  re lia b le  as v e r y  good  initial co n d it io n s  (g iv e n  

b y  the p red ic tion  rou tine ) are  ava ilab le . U su a lly  

o n ly  one  iteration is  e n ou gh  to ob ta in  a so lu tion  

w ith  a 1 0 "“ to lerance on the state  v a r ia b le s.
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7.8 C O N C L U S IO N S

Tw o se ts  o f  sim u lation  re su lt s  were rep o rted  in th is  c h a p te r;  

the f ir s t  one  is  a com pa rison  o f the perfo rm ance  o f  the im proved 

v e rs io n  o f the P L C  state  estim ator d e sc r ib e d  in C h a p te r V  w ith  

the sta tic  state  e stim ato r a lgo rithm s rev iew ed  in C h ap te r IV ;  the 

second  one  is a com pa rison  between the t ra c k in g  state estim ation 

ap p roach  p re se n te d  in C h ap te r V I and  the  sta tic  ap p roach  d e sc r ib e d  

in C h a p te r  IV  a n d  V .

T h e  re s u lt s  ob ta ined  w ith  the  P L C  estim ator ind icate  that 

the method h a s  a la rg e  potential a p p lic a b ility  in pow er sy stem  state  

estim ation m a in ly  d u e  to its good  bad  data su p p re s s io n  cap a b ility .

T h e  fea tu re  o f  the  method o f b e in g  able to reject bad data au to ­

m atically a llow s a d ire c t  com parison  w ith the B D S  a lgo rithm  w hich  

is the o n ly  o th e r sta te  estim ator w ith th is  p ro p e r ty .  T h e  app lication  

o f the two m ethod s (P L C  and  B D S )  to a la rge  num ber o f c a se s  o f 

s in g le , m u ltip le , in te rac t ive  and  n o n -in te ra c t iv e  bad data p ro d u ced  

re su lt s  w h ich  d em on stra te s  that the two m ethods have  about the 

same p e rfo rm ance  in bad data s u p p re s s io n  w h ich  is a lso  e q u iva len t 

to the one  ob ta ined  b y  the logical re s id u a l se a rch  p ro ce d u re  d e s ­

c ribe d  in C h a p te r  IV .  T h is  su p p re s s io n  effect is adequa te  in sy ste m s 

w ith re la t ive ly  h ig h  re d u n d a n c y  ratio  b u t  become le ss e ffect ive  in 

system  (o r  r e g io n s  o f a system ) in w h ich  th is  re d u n d a n cy  ratio  is 

sm aller.

T h e  P L C  a lgo rithm  has show n  a more re liab le  co n ve rg e n ce  

c h a ra c te r is t ic  th a n  the B D S  method, re a c h in g  the so lu tion  in almost 

the same n um b er o f  ite ra tion s for a spec if ic  co n v e rg e n ce  to lerance 

re g a rd le s s  o f the  num ber, s ize  and  p lace  of the bad data. T h is  is



a c h a ra c te r is t ic  p a rt ic u la r ly  im portant fo r a method w hich  is g o in g  

to be u sed  o n - l in e .

A  g re a t  im provem ent in the com putational requ irem ents o f the 

PLC  a lgo rithm  w as ach ieved  b y  the in trod u ction  o f the m od ifications 

su g g e ste d  in C h a p te r  V . The  time and  sto rage  req u irem en ts  of 

the a lgo rithm  in th is  v e rs io n ,  a lth o u gh  still longer than the e q u iv ­

alent W LS  a lg o r ith m s, w as found  to be acceptab le  fo r o n -lin e  

im plem entation .

T h e  te s ts  perfo rm ed  w ith the t r a c k in g  state e stim ators (P L C  

and Q S R )  show  that both estim ators a re  able to follow (o r  tra ck ) 

the time e vo lu t ion  of the system  state  ve c to r  w ith an a cc u ra cy  

com parab le  w ith  the u n ce rta in ty  o f the sy ste m 1 s ope rationa l lim its. 

T h is  pe rfo rm ance  was o b se rve d  in p e r io d s  of re la t ive ly  la rge  load 

va ria t io n  a n d  fo r d iffe ren t shap e s o f  the  load c u rv e .  T h e  Q S R  

t ra c k in g  a lgo rithm  u su a lly  p ro d u ce s  r e s u l t s  more accu ra te  than 

the P L C  t r a c k in g  a lgorithm  whi ch is a re su lt  s im ila r to the one 

o b se rv e d  in the c o rre sp o n d in g  static  a lg o r ith m s.

B o th  t ra c k in g  a lgo rithm s have  sh o w n  an im proved  bad  data 

s u p p re s s io n  effect in re lation to the s ta t ic  estim ation a lgo rith m s, 

p a r t ic u la r ly  in the case  o f  sy stem s w ith  not v e ry  h ig h  re d u n d a n c y  

ra t io s. S e v e ra l ca se s o f in te ractive  b a d  data in su c h  sy ste m s, 

w h ich  w ere un iden tified  b y  the sta tic  e stim ato rs, have  been s u p ­

p re sse d  b y  the t ra c k in g  e stim ators. T h e se  re su lt s  confirm  the 

e ffe c t ive n e ss  o f the p re d ic t io n -d isc r im in a t io n  techn ique  in in c re a s in g  

the am ount o f inform ation ava ilab le  to the estim ator and  co n se q ue n t 

im provem ent o f its detection c a p a b ilit y .  No su b sta n t ia l d iffe rence  

in the bad  data su p p re s s io n  e ffe c t ive n e ss  was o b se rv e d  between 

the P L C  an d  Q SR  t ra c k in g  e st im a to rs.



T h e  s to ra g e  requ irem ents o f  the t ra c k in g  estim ators 

are p ra c t ic a lly  the same a s  the o n e s  o f the e q u iva len t sta tic  

a p p ro a c h e s  a s  m ost o f  the in form ation  req u ired  b y  the p re d ic t io n - 

d isc r im in a t io n  p ro c e d u re  is a lso  u se d  b y  the sta t ic  a lg o r ith m s.

The  time re q u ire m en ts  o f  t ra c k in g  a lgo rithm s if  a s in g le  sca n  is 

c o n s id e re d , is m uch le ss then the one  re q u ire d  b y  the equ iva len t 

sta tic  a lg o r ith m , b u t th is  cannot be  conside red  in ab so lu te  term s 

as the  two a p p ro a ch e s  use  the com pute r fac ilit ie s in d if fe re n t  w ays. 

T he  Q S R  a lgo rithm  is s l ig h t ly  fa s te r  than the P L C  a lgo rithm .

T h e  P L C  t ra c k in g  estim ator, b e ing  a n o n -ite ra t iv e  a lgo rithm , 

is th e o re t ic a lly  a more ro b u s t  e stim ator than  the  Q S R  t ra c k in g  

e stim ato r. H ow eve r, in the ca se s  stud ied  no c o n v e rg e n ce  prob lem s 

w ere o b se rv e d  fo r the Q S R  e stim ator p ro b a b ly  due  to the a v a il­

a b ilit y  o f an  exce llen t s ta r t in g  p o in t  fo r the a lgo rithm  p ro d u ced  

b y  the  p re d ic t io n  rou tine .
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T h e  u se  o f  d ig ita l com pu te rs  fo r  o n - lin e  co n tro l and  

su p e rv is io n  o f p ow er s y s te m s  has become common p rac t ice  

now adays. T h e  main o b je c t ive  o f th is  con tro l is to keep  the 

system  o p e ra t in g  p o in t  in a se cu re  re g io n . T h is  p re v e n t iv e  

or se c u r it y  c o n tro l is a c h ie ve d  b y  the u se  o f so p h ist ic a te d  

a lgo rith m s w h ich  sim u la te  a set o f c o n t in g e n c ie s  lik e ly  to o c c u r  

and detects p o s s ib le  e m e rg e n c y  s itu a t io n s  c a u se d  b y  the se  

co n t in g e n c ie s .  T h e se  a lg o r ith m s  re q u ire  a s  s t a r t in g  p o in t the 

know ledge  o f  the  sy ste m  p re se n t  o p e ra t in g  co n d it io n  o r  state.

State E stim ation  h a s  becom e one o f  the most accep ted  m ethods 

o f o b ta in in g  the se  o p e ra t in g  c o n d it io n s  from telem etered v a lu e s  

o f some sy ste m  v a r ia b le s  due  to its  a d v a n ta g e s  in te rm s o f  

g e n e ra lity ,  e f f ic ie n c y ,  re lia b ility  a n d  econom y.

A t  least th ree  a p p ro a c h e s  h a v e  been p ro p o se d  for the  

pow er sy stem  sta te  estim ation  p rob lem : sta t ic , d ynam ic  and  

t ra c k in g .  In  the  f i r s t  one, iso lated  m easurem ent s c a n s  ( s n a p ­

sh o ts) a re  p ro c e s se d  at some p re sp e c if ie d  in s t a n t s  o f time u s in g  

a W LS a lg o r ith m . In  the second  one  the Kalm an f ilt e r in g  te ch ­

n ique  is u se d  to p ro d u c e  a c o n t in u o u s  p ro c e s s in g  o f c o n se c u t iv e  

sc a n s  b y  a m ethod in w h ich  the model o f the sy ste m  d yna m ic  is 

u sed  to p ro ject into the fu tu re  the  in form ation  o b ta in e d  in p re v io u s  

e stim ation s. T h e  th ird  a p p ro ach  may be u n d e rs to o d  a s  a com prom ise  

between the f ir s t  two in w hich  sta tic  state  estim ation  a lg o r ith m s 

are  adap ted  to take  in to  co n s id e ra t io n  the time v a r y in g  c h a ra c te r -



¡sties o f the  sy ste m  sta te . T h e  d isa d va n ta g e  of the f ir s t  ap p roach  

is the re q u ire m e n t o f a re la t ive ly  h ig h  re d u n d a n cy  ra t io  and/o r 

com putation time to p ro d u ce  re liab le  e stim ations. D ynam ic  estim ­

a to rs  co u ld  ove rcom e  th is  prob lem  if adequate  m odels fo r the pow er 

system  d y n a m ic s  and  the  m easurem ent u n ce rta in ty  were ava ilab le .

A s  th is  is  not so , the e stim ators d e r ive d  u s in g  v e ry  sim p lified  

models do  not e x h ib it  the p ro p e r t ie s  of the true  dynam ic  e stim ators, 

apart from  som e u n d e s ira b le  com putational d ra w b a c k s.  T ra c k in g  

state e st im a to rs  may become more e ffic ien t than the o th e r two 

a p p ro a c h e s  b y  co m b in in g  some advantages o f the two a p p ro a c h e s  

and  a v o id in g  som e of th e ir  d isa d v a n ta g e s .

M o st o f  the w o rk  c a r r ie d  o u t in pow er sy stem  state  estim ation 

so fa r h a s  been  con ce n tra te d  on im p ro v in g  the pe rfo rm ance  o f the 

W LS b a se d  a lg o r ith m s  for sta tic  estim ation. Some o f th is  e ffo rt 

was d ire c ted  to w a rd s  the developm ent o f fa ste r  a lg o r ith m s su ch  

a s  the fa s t  d ecoup led  a n d  lin e -o n ly  e stim ato rs. A n o th e r  im portant 

p a rt o f  the  w o rk  was con ce n tra te d  on t r y in g  to overcom e the in ­

ab ility  o f  the o r ig in a l W LS a lgo rithm  to deal w ith g r o s s  m easurem ent 

and  topo log ica l e r r o r .  Some su c c e s s  h a s  been ob ta ined  b y  the 

use  o f  log ica l re s id u a l se a rc h  p ro c e d u re s  b ased  on sta tist ica l p ro ­

p e rt ie s  o f  the m easurem ent e r r o r .  A n o th e r  attem pt to so lve  the 

p rob lem  w as made b y  a m odification  in the o r ig in a l W LS c rite rio n  

itse lf in o rd e r  to make the a lgo rithm  le ss  vu ln e ra b le  to bad  data 

( C D S  m e thod ). B o th  a p p ro a c h e s  have  a sim ilar perfo rm ance  in 

e lim ina tin g  b ad  data w h ich  is adequa te  in a la rge  num ber o f  p ra c ­

tical s itu a t io n s  w ith  the e xception  of the ones in w hich  the bad 

data o c c u r s  in a re a s  o f  low local re d u n d a n c y .  B o th  ap p roache s



are  not ab le  to d is t in g u is h  w hether a s u p p re s se d  bad  data 

c o r r e sp o n d s  to a g r o s s  m easurem ent o r  co n f ig u ra t io n  e r ro r .

T h is  d is t in c t io n  can  o n ly  be made b y  a fu rth e r  stage  in w hich 

the r e s u l t s  o f  the  estim ation  are  exam ined .

A  com plete ly  d if fe re n t  attem pt to p rod u ce  an estim ator 

w ith  good  p e rfo rm ance  in the p re se n ce  o f bad  data is the P iece- 

w ise  L in e a r  C r it e r io n  estim ator w h ich  re p re se n ts  the estim ation 

p rob lem  a s  a se r ie s  o f L P  p rob lem s. T h e  o r ig in a l form ulation o f 

th is  m ethod h a s  a bad  data pe rfo rm ance  sim ilar to the B D S  a lgo ­

rithm  re fe rre d  to above, b u t v e r y  la rg e  sto rage  and  com puting 

time re q u ire m e n ts .  In  C h a p te r  V  o f th is  th e s is ,  an im proved 

v e rs io n  o f  th is  a lgo rithm  was p ro p o se d , based  on the fast d ecoup ­

lin g  o f the L P  p rob lem s a n d  the s im u ltaneou s use  o f the sim plex 

an d  d ua l s im p lex a lg o r ith m s to so lve  them. S im ulation  stu d ie s  

re p o rte d  in C h a p te r  V I I  show ed  that th is  im proved  ve rs io n  o f 

the a lg o r ith m  h a s  m uch le ss  s to ra g e  a n d  com puting  time re q u ire ­

m ents th a n  the o r ig in a l form ulation  w hile  m a in ta in ing  its bad  data 

s u p p re s s io n  q u a lit ie s .  A lt h o u g h  the time and  sto rage  requ irem ents 

o f  the im proved  v e rs io n  o f  the P L C  a lgo rithm  a re  still la rge r than 

the c o r r e sp o n d in g  W LS  a lgo rith m , the se  re q u is ite s  are  acceptable 

fo r o n - l in e  im plem entation. T h e  a lgo rithm  is  extrem ely re liable  in 

te rm s o f  the n um b er o f ite ra tion s  re q u ire d  to reach  the so lu tion  

even  in  ca se s  o f  la rge  n u m b e rs  o f bad  data in w hich the B D S  a lg o ­

rithm  u su a lly  sh o w s a s l ig h t  in s ta b ilit y .

A s  po in ted  ou t above , the sta tic  estim ation a lgo rithm s have  

some d if f ic u lty  in s u p p r e s s in g  bad  data in re g io n s  o f the system  

w ith  low local re d u n d a n c y .  In  tho se  c a se s  e ithe r a time con sum ing  

se a rc h  fo r the bad  data is re q u ire d ,  o r, e ven  w orse, the m ethods
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a rc  not ab le  to id e n t ify  the bad  data at all. T o  inc rease  the 

re d u n d a n c y  ratio  b y  the in sta lla tion  o f  e x tra  m easurem ents po in ts, 

a la rg e  in ve stm en t in meter and  telecom m unication equipm ent 

w ou ld  be  re q u ire d .  A n  a lte rna tive  to th is  p h y s ic a l im provem ent 

o f the re d u n d a n c y  ra t io  can  be ach ieved  b y  the use  o f the 

t r a c k in g  sta te  e stim ato r ap p roach  re fe rre d  to above. In  C h ap te r

V I  o f  t h is  th e s is ,  a c la s s  o f t ra c k in g  sta te  e stim ators developed  

a c c o rd in g  to th is  idea have  been repo rted . T h e  e stim ators are 

b a sed  on  a lin e a r s ta t ic  increm ental model o f the static  state  time 

e v o lu t io n .  T h e  in c rea se  in the e ffe c t ive  re d u n d a n cy  ''a t io  is 

a ch ie ve d  b y  a com bination  o f a p re d ic t ive  stage  based  on time- 

se r ie s  fo re c a s t in g  te ch n iqu e s and  an estim ation stage  u s in g  non ­

q u a d ra t ic  c r ite r io n  e stim ato rs. U n d e r  the assum ption  of smooth 

load v a r ia t io n ,  an abno rm a lity  is detected w heneve r the m easured  

v a lu e s  o f  a q u a n t ity  d ev ia te s  la rg e ly  from its p red ic ted  va lue.

T h is  ab n o rm a lity  can  be e ithe r cau sed  b y  a su d d e n  ch an g e  in 

the o p e ra t in g  sta te  ( lo s s  o f a la rge  load, line  ou tage , e tc .)  o r 

g r o s s  e r r o r  in  the m easu rem ents. A  logical ch e ck  rou tine  based  

on the to po logy  o f the ne tw ork  and  m easurem ent system  is u sed  

to d if fe re n t ia te  between these  two s itu a t io n s .  T he  inform ation 

p ro d u c e d  b y  th is  rou t in e  is then transm itted  to the estim ator in 

o rd e r  to d ec rea se  o r  even  elim inate the in fluence  of the bad  data 

in the e stim ation . S im u la tion  s tu d ie s  com pa rin g  the perfo rm ance  

o f the t r a c k in g  and  sta tic  m ethods, w hich  were reported  in C h ap te r

V I I  o f  th is  th e s is ,  show  a more re liab le  bad data su p p re s s io n  

c a p a b ilit y  of the t ra c k in g  ap p ro a c h  in the case  o f sy stem s w ith 

re d u n d a n c y  ra t io s  in the ra n g e  like ly  to be found  in p ractice .



T h e  re su lt  o f  the te sts  perfo rm ed  w ith the state estim ­

ation a lg o r ith m s  d e sc r ib e d  in th is  th e s is ,  in w hich  a wide 

va r ie ty  o f  m easurem ent p a t te rn s  and e r ro r  typ e s and  s ize s  were 

sim u lated, in d ic a te s  that the  sta te  estim ation ap p roach  may have  

a h ig h  d e g re e  o f  re lia b ility  a n d  com putational e ffic iency  p ro v id e d  

these  a lg o r ith m s  a re  com bined ad equa te ly  and  the m easurem ent 

system  has a re a so n ab le  am ount o f re d u n d a n c y . T h e  in teg ra ted  

u se  o f t ra c k in g  a lg o r ith m s  to follow  the slow time va ria t ion  o f the 

system  state  w ith sta tic  a lg o r ith m s  fo r in itia lisa tion  p u rp o se s  o r  

in c a se s  o f su d d e n  ch a n g e  in the  sy stem  state, was found  to be 

the m ost e ffic ie n t way o f o b ta in in g  co n se cu t ive  state estim ations 

from the p o in t  o f  view  o f the re d u n d a n c y  ratio  re q u ire d  for a 

g iv e n  d eg re e  o f  re lia b ility  in the estim ates and  the better u t il­

isa tion  o f the com putationa l re so u rc e s .  A lth o u g h  a de fin it ive  

e v id e n ce  o f the  su it a b il it y  o f  the state  estim ation ap p roach  can 

o n ly  be ach ie ve d  b y  te s ts  pe rfo rm ed  in an o n - lin e  env ironm ent, 

the re su lt s  o b ta in e d  w ith  sim u lated  data show  a perform ance  of 

the a lg o r ith m s h ig h  e n o u g h  to recom m end the state  estim ation 

ap p ro a c h  fo r  u se  in pow e r sy stem  m on ito rin g  and  contro l.

A lt h o u g h  the  theore tica l b a c k g ro u n d  for pow er system  state  

estim ation is  at p re s se n t  well e s ta b lish e d  and  e ffic ien t a lgo rithm s 

are  a va ilab le , some im provem ents in the  e x isten t m ethods are  still 

p o s s ib le  and  d e s ira b le .  O ne  o f these , w h ich  h a s  a lready  been 

d is c u s se d  a b o v e , is the e ffe c t ive  o n - lin e  identification  of topological 

e r r o r s  w h ich  may have  been treated  a s  g r o s s  m easurem ent e r r o r s  

b y  the sta te  e stim ator. A n o th e r  po in t w h ich  re q u ire s  some in v e s t i­

ga tion  is the e r r o r  a n a ly s is  o f  n o n -q u a d ra t ic  estim ator re su lt s  in 

w h ich  case  a s im ila r a n a ly s is  e x is te n t  fo r the VVLS a lgo rithm s is



not v a lid .  A n  in te re s t in g  p o in t for fu r th e r  in ve st iga tion , w hich 

a r ise s  from  the  p re d ic t io n  m odule u sed  in the t ra c k in g  estim ators 

d e sc r ib e d  in C h a p te r  V I  o f th is  th e s is ,  is  a p o ss ib le  assoc iation  

of th is  m odule o f the e stim ator w ith the one re spo n sib le  fo r the 

sh o rt -te rm  load f o r e c a s t in g .  F in a lly , a s a re su lt  o f in c re a s in g  

use o f  new com puter h a rd w a re  fac ilit ie s, like  com puter ne tw ork s 

and  ve c to r  and  para lle l p ro c e s s in g ,  an in ve st iga t io n  of the in f lu ­

ence o f th is  new te ch n o lo gy  in the pow er system  state estim ation 

m ethods sh o u ld  be  c o n s id e re d  c a re fu lly .
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a p p e n d i x  a

S O M E  L IN E A R
P R O G R A M M IN G  T E C H N IQ U E S



In  th is  a p p e n d ix  a b r ie f  rev iew  o f  the linear p ro g ra m m in g  

te ch n iqu e s  u se d  in d e v e lo p in g  an effic ient PLC  estimator is 

p re sen ted .  T h e  aims o f  the a p p e n d ix  are to complement the 

in form ation con ta ined  in C h a p te r  V  and  to e s tab l ish  a common 

notation and  te rm in o lo gy  ra th e r  than  to p re sen t  a com prehen s ive  

rev iew  o f  the sub jec t.

A . 1 T H E  R E V I S E D  S I M P L E X  M E T H O D 113'  “ 3'  57)

T h e  l inear p ro g ra m m in g  p rob lem s which  have  to be so lved  

in each  iteration o f  the P L C  estim ator can  be written in a genera l 

form a s

m inim ise  J = c x  (A .1 )

subjec t to A  x  = b  ( A . 2)

x  > 0 ( A . 3)

w h e r e :

J : ob ject ive  funct ion  

c : c o s t  coe ff ic ien t  ve c to r  ( n x l )  

x  : v e c to r  of u n k n o w n  va r ia b le s ,  in c lu d in g  the 

main and  s la c k  v a r ia b le s  ( n x l )

A  : c o n s t r a in t s  coeff ic ient matrix  (nxm ) 

b  : k n o w n  r . h . s .  ve c to r  (m x l )
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A  b a s ic  so lu t ion  for the above problem is a vector

obta ined  b y  s e t t in g  n -m  unkno w n  va r iab le s  equal to z e ro  and 

so lv in g  the r e s u l t in g  sq u a re  system  o f  equations obta ined  from 

(A .  2). I f  t h i s  ba s ic  so lution  sat is f ie s  (A .  3) it is  called a 

ba s ic  feas ib le  so lu t ion  ( b . f . s ) .  The  simplex a lgorithm  is a 

p ro c e d u re  w h ich  se a rch e s  for the optimum by  d isc re te  change s  

from one b . f . s .  to the  o ther,  s ta r t in g  from an y  b . f . s . ,  and 

im p ro v in g  (d e c re a s in g )  the objective function at e ve ry  step.

a re  d iv id e d  in to  a set o f  m bas ic  va r iab le s  (x ^ )  and m -n unknow n  

n o n -b a s i c  v a r ia b le s  ( x  ). T h e  elements of the cost vec to r  and—3

coeff ic ient m atr ix  c o r r e s p o n d in g  to the basic  v a r iab le s  are called 

the  b a s ic  c o s t  ve c to r  ( ^ )  and  the b a s is  matrix ( B ) . Equations 

( A . 1 ) a n d  ( A . 2) then become

A s  the n o n -b a s i c  v a r ia b le s  are made equal to zero, the b . f . s .  at 

each s tep  o f  the a lgor ithm  is g ive n  by

A t  each  step  o f  the a lgorithm , the unknow n  va r iab le s

x

[ A 1 B ] = b ( A . 3)

J ( A . 4)

( A . 5)



with the a ssoc ia ted  co st

fo l lo w s :

J-  = i b i b
( A . 6)

T h e  s implex a lgor ithm , in its re v ised  v e r s io n ,  is as

1. F in d  an initial b . f . s .  and  c o r r e s p o n d in g  initial 

b a s is  m atr ix

2. Ca lcu la te  the reduced  cost  vec to r  c * :

c '  = c -  c. B 1 A '— — 3  ~0 —
( A . 7)

3. Determ ine: min c! = c|. , j = n o n -b a s ic  va r iab le s

i

where  c! is an element o f  c '  .

If  c '  > 0, s t o p . T h e  c u r re n t  ba s ic  so lution  is optimal.

it. Ca lcu la te

P = B  A, ( A . 8)

where  A ^  is the s - t h  column o f  A .
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P. P
5. Determ ine: min ¡-J- = r-̂ -

i  b i  b r

where  p. and  b. a re  the j - th  e lements o f  P and 

b re sp e c t ive ly .

6a. In t e r c h a n g e  x r  b y  x g as b a s ic  va r iab le .

b . U pdate  B 1 b y  a p ivo t  ope rat ion  on  the element 

at colum n s a n d  row r.

c. Com pute  the new ba s ic  so lu t ion  : x ^  = B 1 b

R e tu rn  to step  2.

A .  2 I N V E R S E  B A S I S  IN T H E  P R O D U C T  F O R M ( 8 '  9 ' 1 3 '  40 '  57'  711

In  s tep  6b of the re v i se d  s im p lex  a lgor ithm  p resented  

in the  p re v io u s  sect ion , the in v e r se  b a s i s  m atr ix  B is updated 

b y  a p ivo t  ope rat ion . A n  equ iva len t  ope ra t ion  is performed 

b y  m u lt ip ly in g  the p re v io u s  b a s i s  b y  the fo llow ing elementary 

m atr ix .

E j

n
1

( A . 9)



m

w here

n. =

a.

r 1  • '  =r s

, i = r
r s

m , i i  r

( A . 10)

a.. = element o f  A .

A f t e r  k p ivo t  ope rat ion s,  the  in verse  b a s is  is g iv e n  b y :

5 . " ' *  E k  E k - i  • •
E . B. ... . 

1 — initial ( A . 11)

T h e  e lem entary  matrices can  be stored by  re co rd in g  o n ly  

the n o n -z e ro  elements (and  the ir row posit ion) of the n o n -u n i t  

colum n and  its posit ion  in the m atr ix .  These  columns are often  

called  " e t a - v e c t o r s " .

I f  the b a s i s  matrix is s p a r s e ,  great s a v in g s  in s to ra g e  

a n d  com pu t in g  time can be obta ined  b y  the representat ion  o f  its 

in v e r s e  in compact form p rov ided  some precautions are taken  a s  

e xp la ined  in the nex t  section.

A . 3 R E I N V E R S I O N  T E C H N IQ U E S
( 40, 46, 57, 71)

If  the in v e r se  b a s is  in p ro d u c t  form is u sed, at each  

iteration o f  the re v ise d  simplex a lgo r ithm  a new eta-vecto r is 

g e ne ra ted  and  added  to the c u r r e n t  set. There fore  the n u m b e r

o f  elements req u ire d  to rep re sen t  the in verse  b a s is  in c rea se s  v e r y  

ra p id ly  with the num ber of ite rat ions.  The  problem is a g g ra v a te d



b y  the fact that e ta -ve c to r s  gene ra ted  in late iterations tend  

to conta in  more n o n -ze ro  e lements. A p a r t  from obv iou s  la r g e  

s to rage  requ irem en ts ,  th is  p rob lem  also affects the com pu t in g  

time a s  more elements enter in the p roduc t  defined in ( A .  11).

T h e  rep re sen ta t ion  of the  in ve rse  b a s is  as a p ro d u c t  

form is  not u n iq u e .  It d e p e n d s  on the chosen  sequence  o f  

p ivo t  op e ra t ion s .  T h i s  se qu e n ce  also has  a d ra st ic  in f luence  

in the gene ra t ion  of n o n -ze ro  elements. There fo re  after  some 

ite rat ions it may become w orthw hile  to compact the r e p re s e n t ­

ation o f  the c u r r e n t  in v e r se  b a s i s  b y  a regeneration  o f  th e  eta- 

v e c to r s ,  u s i n g  the o r ig ina l  prob lem  data and  an optimal sequence  

of p ivo t  op e ra t ion s .  T h i s  h a s  a lso  the advantage  of e lim inat ing  

cum ula t ive  e r r o r s .

T h e  bas ic  p roce d u re  in deve lop ing  a set o f  e ta -v e c to r s  

is  a s  follows: 1 2 3 4 5

1. select a column o f  the b a s is  not a lready se lected  for  

p ivo t in g .

2. t ran sfo rm  th is  co lum n b y  a p p ly in g  the c u r r e n t  set 

o f  e ta -vec to rs .

3. choo se  a p ivo t element for the transfo rm ed column 

in a row where  n o  column has  p ivoted p re v iou s ly .

4. form a new e ta -ve c to r  from the t ran sfo rm ed  column 

u s in g  (A .  10) a n d  add to the e ta -vecto r se t .

5. repeat s teps  1 t h r o u g h  4 until all co lum ns have  

been p ivo ted.



M a n y  p ro c e d u re s  to optimise the p rocess  o f  ge n e ra t in g  

the e ta - v e c to r s  ju st  d e sc r ib e d  are available in the  l iterature.

T h e  im provem ents  s o u g h t  by  these p rocedure s  a r e :

a. to minimise the  time requ ired  to gen e ra te  a new 

set o f  e ta -v e c to r s  b y  re d uc in g  the n u m b e r  of 

"co lum n t ra n s fo rm a t io n s "  (step  2 of th e  above 

p r o c e d u r e ) .

b . to reduce  the  num ber of created zero  elements.

A n  a n a ly s i s  of  the  generat ion  p rocess  s h o w s  that both  

ob ject ive s  can be ach ie ve d  if the rows and  co lum ns  o rd e r in g  

of the m atr ix  is r e - a r r a n g e d  in s u c h  a way as to keep the matrix  

a s  c lo se  a s  p o s s ib le  to a lower t r ia n gu la r  rep re sen ta t ion .  Most 

o f  the b a s i s  matrices fo u n d  in practica l prob lems cannot be 

fu l ly  t r ia n g u la r i s e d  a n d  attempts to do so re su lt  in the matrix  

in the form sh o w n  in F i g u r e  A . 1 ,  in which the d a sh e d  area 

co n ta in s  o n ly  zero e lements. P ivot operat ions d o w n  the main 

d ia gona l in section  A  o f  the m atrix  will ne ither r e q u i re  the e xe ­

cu t ion  o f  step  2 o f  the p ro ce d u re  descr ibed  a b o v e  nor create  n o n ­

zero  elements.

Sec t ion  B of the  matrix shown in F ig u re  A . l  is often 

called the "b u m p "  and  the s o r t in g  out of an optimal sequence  for 

the p iv o t in g  of its e lements is the main step in a re in ve r s io n  

method. M any  te ch n iqu e s  to f ind  th is  sequence  are  availab le  in 

the l ite rature .  T h e  one  which  was used  in the p rog ram  developed
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F ig u re  A.1

F ig u re  A . 2
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to test the P L C  estimator is called P re -a s s ig n e d  P ivot P rocedu re  

and  is d e s c r ib e d  in re ference  (46 ) .  T h e  basic  idea of th is 

method is to postpone  colum ns in s u c h  a way as to have  as 

many as p o s s ib le  co lum ns with o n ly  zero s  above the main d iagona l.  

T h e  p o s tp on e d  co lum ns are  know n  a s  " s p i k e s "  and  are  the on ly  

one s  r e sp o n s ib le  for the creation o f  n o n -ze ro  elements.

A t  the end  o f  the p roced u re  the m atr ix  would have  the form 

g iv e n  in F i g u r e  A .  2.

A . 4 D U A L - S IM P L E X  A L G O R  IT H M ( 43 '  57, 7 1 )

T h e  test o f  optimality in the  re v ised  s im plex a lgorithm  

re q u i re s  tha t all com ponents o f  s h o u ld  be pos it ive .  A s  can 

be o b se r v e d  in (A .  7), the va lue o f  C 1 does not depend  on the 

r . h . s .  v e c to r  b. The re fo re ,  an y  ba s ic  so lution  w h ich  p ro d u ce s  

all C '  p o s it iv e  and  is a lso  feasible will be optimal independent ly  

of the r . h . s .  vecto r.

T h i s  fact can  be exp lo ited  fo r  the so lution  o f  repeated 

linear p r o g r a  Timing p rob lem s w h ich  d if fe r s  one from the o the r  on ly  

b y  the ve c to r  b. The  f ir s t  p rob lem  is so lved  b y  the (primal) 

simplex a lgo r ithm  g iv e n  in section A . 1 .  A s  a su b p ro d u c t  of 

th is  so lu t ion  an optimal b a s is  m a t r ix  is availab le. Fo r  the next  

problem th i s  b a s is  will remain optimal as long a s  the basic  so lution  

g i v e n  b y  ( A . 5) is feasible, i.e. 0. O the rw ise  a p rocedure

based  on the dua l ity  theory  can be  developed to move from th is  

ba s ic  so lu t ion  to ano the r  in s u c h  a way that is kept pos it ive

7



and  e v e n tu a l ly  reaches  the optimal so lu t io n . T h i s  p rocedure  is 

called the dual s implex a lgo r ithm .

A s s u m in g  that a b a s i s  matrix for  w h ich  the c o r r e sp o n d in g  

C '  2 0 is  ava ilab le , the dual s implex a lgorithm  is a s  follows:

1. Ca lcu late  : x ^  = 1 b

I f  x ^  i  0, s t o p . T h e  c u r re n t  bas ic  so iut icn  is optimal.

2. C hoo se  row r a s

* b , r  = m.in  ^ b , i  < 0

where x. . a re  the elements o f  Xu..
- b ,  i

3. C hoo se  column s  a s

C  C !
—  = min — J r

- p5 - pj

where  CJ and  Pj are  the elements of C 1 and  P 

re spec t ive ly  a s  def ined  in (A .  7) and  ( A . 8).

4. O bta in  the new  b a s is  b y  a p ivo t  operation on the 

element r - s  a n d  go back  to s tep  1.
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B . 1 B A S I C  M E T H O D

A  t im e - se r ie s  is a collection o f  o b se r v a t io n s  made s e q u e n ­

tially in t i m e ^ 7^. T h e  prob lem  o f  fo re ca s t in g  fu tu re  v a lu e s  o f  

a t im e -se r ie s  can be  sum m arised  a s  fo llows: g iv e n  a se r ie s  o f
A

o b se r v a t io n s  x . ,  x 1( x  . it is  re q u i re d  to fo recast  x  .
i i  n ^ n+h

for some p o s it iv e  in te g e r  h .  T h e  ea r l ie st  ve r s io n  of exponen t ia l  

sm ooth ing,  w h ich  w as  p ro p o se d  b y  C .  C .  Holt in 1978^1 7 '* *2 ' 52^ , 

app lie s  o n ly  to t h e  case in w h ich  the t im e -se r ie s  is s ta t io n a ry  

and  n o n - s e a s o n a l . In tha t  case  a rea sonab le  estimate o f  the va lue  

of the se r ie s  in t h e  nex t  in te rva l  is g i v e n  b y  a w e igh ted  sum o f  

past  o b s e r v a t io n s

x  , = c x  + c , x  , + c , x  , + . . .  
n+1 o  n  1 n -1  2 n -2

( B . 1)

where  Cj, i = 0 , 1 , . . . , n, a re  w e igh ts .  I f  more w e igh t  is to be 

g iv e n  to recen t  o b s e r v a t io n s ,  a p o s s ib le  set o f  w e igh t s  would 

be a se r ie s  of  geom etr ic  w e ig h t s  w h ich  dec rea se  b y  a co n s ta n t  

ratio like

c. = a (1~a ) , i — 0 , 1 , . . . (B .  2)

/here a is  a c o n s t a n t  s u c h  that 0< <i<1. In  that case  ( B . 1 )  becomes:

< , = a x  + a ( 1 -  oj x  . + a (1 -  a ) 2 X -  + • • *
n + l  n n - i  "  *

( B . 3)



T h e  va lue  g iv e n  b y  ( B . 3) depends  on  all the p re v io u s  

o b se r v a t io n s .  In  o rd e r  to obtain  an e x p re s s io n  in w h ich  this 

va lue  is made d ependen t  on ly  on the last ob se rva t ion ,  equation 

( B . 3 )  is  u su a l ly  re -w r it te n  as:

x
n+1 a  xn + ( 1-a)(a x   ̂ + a( 1-a) x n _ 2  + • • •)

(B.«»)

w h ich  p ro d u c e s  the fo llow ing re c u r s iv e  form

* n * 1  = a * n  + (1 - a) a *n -1  ( B * 5)

Equa t ion  ( B . 5 )  r e p re se n t s  a bas ic  a lgorithm  for bas ic  

exp onen t ia l  sm ooth ing  which  replaces the o r ig ina l  se r ie s  Xj 

b y  a " sm o o th e d "  se r ie s  x . .. A  s ta r t in g  po in t to the a lgorithm  

can b e  ch o se n  s im p ly  b y  se tt ing  Xj = x ^ . T h e  forecast of 

f u tu re  v a lu e s  o f  the se r ie s  are g ive n  b y  the latest smooth 

va lue ,  so  that

x  = x  
n +n  n

( B . 6)

T h e  con s ta n t  a is termed the "sm oo th in g  c o n s ta n t "  and 

an optimal va lue  fo r  th is  con stan t  can be obta ined  b y  m inim ising 

the sum  of the sq u a re d  e r ro r  which  would be obtained if past 

v a lu e s  o f  the se r ie s  were calculated u s in g  ( B . 5 ) .  T h e  mini­

m isation is c a r r ie d  out a s  f o l l o w s ^ ^  : the sum of s q u a re d  p r e ­

d ic t ion  e r r o r s  is com puted  for d if fe ren t va lue s  of a between 0 and  

1, s a y  in s tep s  o f  0.1, and  a va lue  is cho sen  which m inim ises



th i s  sum. U su a l ly  the sum of s q u a re s  is qu ite  flat near the

minimum and  so the choice  of a is not cr it ica l.

B . 2  H O L T - W IN T E R S  M E T H O D

The  p red ic t ion  p ro c e d u re  d e sc r ib ed  in the p re v io u s  section 

can  be gene ra l  i se d  to a p p ly  to t im e-ser ie s  c o n ta in in g  a trend .

O n e  of the po s s ib le  ge n e ra l i sa t ion s  availab le  is the method dev ised  

b y  Holt and  W in ters .  T h i s  method, fo r  the case  o f  linear t rend ,  

is g ive n  b y :

x_ = x „  + {1 -a ) ( xn-1 T n - ,>
( B . 7)

= ^ ( x n '  Xn-1>  + (1 -y )  T n-1
( B . 8)

w he re  a and  y  a re  co n s ta n t s  s u c h  that 0< y  <1.

A  simple way to obtain " s t a r t i n g  u p "  va lu e s  for the a lg o ­

r ithm  g ive n  above  is to set

T h e  forecast o f  fu tu re  va lue s

( B . 9)

( B  . 10)

of the se r ie s  is g i v e n  by

n+h
= x_ ♦  h T .





C .1  I N T R O D U C T I O N

T h e  fo l low ing  th ree  p ro g ra m s  have  been developed in 

a sso c ia t ion  w ith  the re sea rch  w o rk  reported  in th is  the s is :

S im u la to r

B D S  state estimator

P L C  state  estim ator

T h e  p ro g ra m s  were w r itten  in F O R T R A N  IV  ( A N S I  S ta n d a rd )  

a n d  each one o f  them is an "a ll in c o re "  p ro g ra m , i .e .  they do not 

u se  a n y  a u x i l ia r y  means of s to rage  d u r i n g  the execution  phase .

T h e  on ly  machine d ependen t  feature  of the p rog ra m s  is the two- 

level s to ra g e  feature  o f  the com puter in which  the p ro g ra m s  were 

deve loped  and  tested ( C D C  7600). I f  the  p ro g ra m s  are  requ ired  

to r u n  on o the r  m achines the statements c o r r e sp o n d in g  to th is  

mode o f  s to ra g e  ( L E V E L  2 statements) sh ou ld  s im p ly  be removed.

A p a r t  from the p ro g ra m s  re fe rred  to above, o th e r s  were 

u se d  in the  r e s e a r c h  project for the perfo rm ance  com par ison s  

re p o r te d  in C h a p te r  V I I .  H ow eve r,  these  p ro g ra m s  were developed 

in a s soc ia t ion  with o the r  p ro jects  and  a re  well documented in 

re fe re n ce s  (11) and  (5 1 ).

C . 2  S I M U L A T O R

T h e  s im u la tor is u sed  to gene ra te  the data (param eters,  net­

w o rk  a n d  measurem ent sy stem  c o n f igu ra t io n ,  measurement va lue s ,  

e tc ) ,  a c c o rd in g  to the p ro c e d u re  d e sc r ib e d  in section 7.2. In 

F i g u r e  7.1 of that section a flow ch a r t  o f  the p rog ram  is p re sented



in w h ich  the in p u t  a n d  ou tpu t  files u se d  b y  the p rogram  are  

shown.

T h e  main s u b ro u t in e s  o f  the p rog ra m  are:

L F IN P  -  re ad s  a n d  w r ite s  the inp u t  data

L F S O L  -  s o lv e s  a load flow problem u s in g  the fast decoupled

method

L F O U T  -  w r ite s  the  re su l t  of  the load flow 

F D 1 S E L  -  ge n e ra te s  ne tw ork  con f igu ra t ion  a n d  measurement 

patte rn  ( th is  s u b ro u t in e  simulates the netw ork  

c o n f ig u ra to r )

T R S I M  -  u p da te s  the o p e ra t in g  po in t  b y  c h a n g in g  the va lue s  

o f  loads and  ge ne ra t ion s

T R M E A S  -  a s s i g n s  the va lu e s  fo r  the  m easured  va r iab le s  and  

in t ro d u ce s  the m easurement noise  ( th is  su b ro u t in e  

s im ulates  the telemetering system )

T h i s  p ro g ra m  a lso  u se s  a set o f  s u b ro u t in e s  for the so lution  

of a sy stem  o f  l inear equa t ion s  b y  the B ifacto r isa t ion  method^ 

land su b ro u t in e s  from the N A G  l ib r a r y  (w h ich  are  de sc r ib ed  in 

a manual edited b y  U M R C C )  for the genera t ion  o f  random num bers .

C .2 .1  IN P U T  D A T A  S T R U C T U R E

1 -  O ne  title ca rd  o f  80 a lphanum eric  ch a ra c te rs

2 -  O ne  genera l  information ca rd  with the following 

sp ec i f ic a t io n :
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C o lu m n s D e sc r ip t ion T y p e

1-10 . M V A  Ba se Real

11-20 C o n v e rg e n c e  tolerance Real

21-25 Maximum num ber  of ite rat ions In tege r

26-33 S la ck  b u sb a r  name A lphanum eric

39-49 S ta n d a rd  dev ia t ion  o f  load

random component Real

3 - O ne  contro l  c a rd  with the following spec if ica t ions:

C o lu m n s D e sc r ip t io n T y p e

1-5 Maximum num ber  of s im ulations In tege r

6-10 Maximum n um b er  o f  time in te rva ls In tege r

11-15 T y p e  o f  load t re n d  com ponent In tege r

4 - B u s b a r  data c a r d s .  O ne  ca rd  fo r  each ne tw ork  data 

w ith the fo llow ing spec if ica t ion :

C o lu m n s D e sc r ip t io n T y p e

1-8 B u s b a r  name A lphanum eric

9-13 Spec if ied  vo ltage Real

14-18 A c t iv e  genera t ion Real

19-23 R eact ive  gene ra t ion Real

24-28 A c t iv e  load Real

29-33 React ive  load Real

34-38 Nominal vo ltage Real

49-58 Load rate of change Real

59-68 G enera to r  s h a re  o f  total load ( o) Real
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5 -  B la n k  ca rd

6 - B r a n c h  data c a r d s .  One  ca rd  for each netw ork  b ranch

w ith  the fo llow ing specif ication  :

C o lu m n s D e sc r ip t io n T y p e

1-8 S e n d in g  e n d  name A lphanum eric

9-16 R e c e iv in g  end  name A lphanum eric

17-24 R e s is tan c e  (p u ) Real

25-33 Reactance  (p u ) Real

34-41 S h u n t  s u s c e p ta n c e  (p u ) Real

42-47 Initial tap  pos it ion Real

49-53 Minimum tap pos it ion Real

54-57 T a p  s tep Real

58-63 Maximum tap pos it ion Real

64-69 Spec if ied  vo ltage Real

7 - B la n k  ca rd

T h e  spec if ica t ion  o f  the measurement patte rn  (place and type

o f  the m easurem ent) is ob ta ined  b y  c h a n g in g  the va lues  o f  a few

va r iab le s in the su b ro u t in e  F D 1 S E L  a cco rd in g  to comment c a rd s

in that rou t ine .
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C . 2 . 2  O U T P U T  D A T A  S T R U C T U R E

T h e  s im u la tor gene ra te s  two data files to be used 

b y  the estim ator p ro g ra m s .  T h e  f i r s t  one w h ich  is called F B A S E  

con ta in  in form ation about  ne tw ork  param eters, conf igurat ion , 

m ete r-fu l l  sca le, etc. T h e  second one conta ins  the measured 

and  t rue  va lu e s  o f  m easurement and  the true  va lues  of state 

v a r ia b le s  and  is called T L M D T .

F B A S E  S t r u c t u re

1 -  O ne  title c a rd  of 80 a lphanum eric  charac te rs

2 -  Node c a r d s .  O ne  ca rd  for each b u sb a r  with the

fo llow ing spec if ica t ion :

C o lum ns D e sc r ip t io n T y p e

5-8 B u s b a r  name A lphanum eric

10-13 B la n k  if not the reference  b u sb a r .

A n y  ch a ra c te r  o therw ise A lphanum eric

3 - B la n k  ca rd

4 - B r a n c h  c a r d s .  One  ca rd  for  each b ranch  

fo llow ing spec if icat ion  :

with the

C o lum ns D e sc r ip t io n T ype

5-8 S e n d in g  end  name Alphanum eric

13-16 R e c e iv in g  end  name Alphanum eric

17-26 R e s is tance  (p u ) Real

27-36 Reactance  (p u ) Real

37-46 S h u n t  su scep tance  (p u ) Real

47-56 T a p  posit ion Real

i



5 - B la n k  ca rd

6 - A c t iv e  measurement patte rn  c a r d s .  O ne carc* for each 

measurem ent with the fo llow ing spec if ica t ion :

C o lu m n s D e sc r ip t io n  T Y P e

1 -4 Measu rem ent t y p e  In tege r

5 -8 M easu rem ent location In tege r

7 - Te rm ina t ion  ca rd  : 99999 (co lum ns 1 to

8 - React ive  measurement pa tte rn  c a r d s .  O ne  ca rd  for 

each  measurement with the fo llow ing specif icat ion:

C o lu m n D e sc r ip t io n  "^YPe

1 -4 Measu rem ent typ e  In tege r

5 -8 M easu rem ent location In tege r

9 -  Te rm ina t ion  c a rd :  99999 (co lum ns '  to 5)

10 -  Meter fu l l- sca le  c a r d s .  O ne  ca rd  for  each m eter '  in 

the same o rd e r  a s  the measurem ent pa tte rn s ,  w ith 

the fo llow ing spec i f ica t ion s:

C o lu m n s  D e sc r ip t io n

1 - 1 0 Meter fu l l- sca le
Real



T L M D T  S t ru c t u re

1 -  Measurem ent c a rd s .  One  ca rd  for each measurement, 

in the same o rd e r  a s  the measurement pa t te rn s  in 

F B A S E ,  with the following spec if ica t ion s:

Co lum ns D e sc r ip t ion T y p e

1-15 M ea su red  va lue Real

16-30 T ru e  va lue Real

31-45 E r r o r  s ta n d a rd  dev iat ion Real

2 - T ra n s fo rm e r  tap. O ne  card  for  each 

w ifh the following specif icat ion:

T C U L  tran sfo rm er

Co lum ns D e sc r ip t io n T y p e

1-15 T a p  posit ion  (p u ) Real

3 - State  va r iab le s  c a r d s .  O ne  c a rd  for 

the fo llow ing spec if ica t ion s:

each b u sb a r  with

Co lum ns D esc r ip t ion T y p e

1-15 Vo ltage  m agn itude Real

16-30 Vo ltage  phase  ang le Real

The  conven t ion s  u sed  for the measurement p a tte rn s

specif ication  are as follows:



0 injection

T yp e  = 999 vo ltage  m agn itude

t  0 or  999 line flow ( l ine  num ber)

injection o r  vo lt, mag : node num ber
Location

line flow : line num ber

C  . 3 B D S  S T A T E  E S T IM A T O R

T h e  B D S  state estimator p rog ram  u se s  the estimation a lgo ­

r i thm s  d e sc r ib e d  in section 6 .9 .2  and  the bad  data detection 

techn ique  d e sc r ib e d  in section 6.9 .1 .  T h e  input  data to th is  

p ro g ra m  is the one  contained in the files F B A S E  a n d  T L M D T  

d e sc r ib e d  in the p re v io u s  section and  a o n e -c a rd - f i le  of contro l 

v a r ia b le s  w h ich  is specif ied a s  follows:

C o lu m n s  D e sc r ip t io n  T y p e

0 -5  A C / D C  key  (=  1 full A C  estim ator; In tege r

= 0 act ive  estim ator on ly )

6-10 Sim ulation  key  (=  1 s imulated data;

= 0 real-time data)

In tege r

11-15 N um b e r  of time in te rva ls In te g e r

In teger16-20 Number of simulations



T h e  main s u b ro u t in e s  of th is p rog ram  are:

T R I N P

T R S O L

T R F A C

B D S U P

T R L D T

T R O U T

T R H P

T R H Q

T R Z C P

T R Z C Q

S E A

S E D B

-  re ad s  a n d  writes (p a r t  of) the inpu t  data 

main contro l rou t ine  for the B D S  a lgorithm

- b u ild  u p  and  factorise  ga in  matrices

-  app l ie s  bad  data s u p p re s s io n  effect

-  re a d s  telemetered data ( T L M D T )

- w r i t e s  the  re su lt  of  the estim ator

-  ca lcu lates  act ive  Jacobian

-  ca lcu la tes  react ive  Jacobian

- ca lcu lates  h ( x )
~ P  “

-  ca lcu lates  h ^ ( x )

-  ca lcu la tes  the g a in  matrices

-  ca lcu lates  the p ro d u c t  R̂  1 AZ

C . 4  P L C  S T A T E  E S T I M A T O R

T h e  P L C  state estim ator u se s  the estimation algorithm 

d e s c r ib e d  in sect ion  6 .4 .3 ,  and  the bad  data detection techn ique  

d e s c r ib e d  in section  6 .4 .1 .  The  in p u t  data for th is  p rog ram  is 

the  same a s  the one  d e sc r ib e d  for the  B D S  estim ator in the last 

s e c t io n .

Some o f  the su b ro u t in e s  u sed  in th is  p rog ra m  are identical 

to the ones  u sed  in the B D S  estim ator. T h e se  common su b ro u t in e s  

a re :  T R I N P ,  T R O U T ,  T R L D T ,  T R H P .  T R H Q ,  T R Z C P  and  T R Z C Q .



T h e  rem a in ing  main s u b ro u t in e s  of the p rog ram  are:
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T R S O L -  main contro l rou t ine  of the P L C  algorithm

L P R O G main contro l rou t ine  for the solution of the LP  problems

P R S P X primal simplex a lgo r ithm

D U S P X -  dua l s implex a lgo r ithm

P V S E L selection o f  an optimal p ivo t  o rd e r in g  for re inve rs ion

R E IN V re in v e r s io n

C . 5 S A M P L E  O F  T H E  P R O G R A M S '  O U T P U T

In  the nex t  p a g e s  a sample o f  the output of the simulator 

and  the state  estim ator p ro g ra m s  for the case o f  the IE E E  14- 

b u s b a r  sy stem  is p re se n te d .
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* *
* SIAlfc ESTIKATION *
* RLSOLTS *

OPERATlNG MODfc- 1 T k R A I 1 V E ( I N 1 T1 AL I Z AT I O N ) 
LONvERGENCE IOLERANCE= . OUU1 O 
NUMdkR Of ITERA!IONS= 5 
SI MUI A 1 ION NHKBER= 1
TIME INIEHVAls U

STATE VARIABLES (PO/DEG)

HOSBAR ! RUE TRUE EST1MATL0
ÑAME VOl MAG VOL PH ANG VOL hAG

N A U1 T.0600 U.UUUÜ 1.U5VA
NA 1)2 1 .l)4CU -1 .90A1 1 . 0 3 9 A
ÑADÍ 1 . U1 8 7 -7 .1U27 1.0160
NADA 1 .02 T U - 6 . 5 9 2 0 1 . 0 2 0 A
NAU3 T.0271 - 3 . 6 2 9 5 1 . 0 2 6 A
NADO 1 .0933 - 9 . 7 3 0 9 1 .0926
NAO? 1 .U527 - 8 . 1 9 1 3 1 .032 1
NA06 1.1182 - 6 . 1 3 3 5 1.1172
NAOS 1 ,U192 - 10 . 3 2 2 3 1.0185
NATO 1 . o 2 A 7 - 10 . 6 8 3 0 1 . 02 A 1
NATI 1 .03a6 -1l ) .72b3 1.0361
NA12 1.0649 -1U.A665 1 . 06A 1
NA13 1 .U548 -1U.6731 1 . 0 5 Ao
NATA .9822 - 10 , 9 6 3 7 ,96 1A

ERROR IN ESIINAIED STATES (X)

MAXIMUM AVERAGE 
MAGN11UDE .1 .1
F EU J  !« frj - E _____.4  . 3

ESTIMATE!) ERROR(X) ERROR U )
VOL PH ANG VOL MAG VOL PH ANG

U.OOÜO .1 0 . 0
- 1 . 9 1 1 0 .1 .4
-7 .12A5 .1 .3
- 6 . 6 1 3 3 .1 .3
-  5 . 6  A 6 9 .1 .3
- 9 . 7 3 1 5 .1 .2
- 6 . 2 0 9 2 .1 .2
- 6 . 1 33A .1 .3

- 10 . 3 4 2 5 .1 .2
- 1 0 . 7 0 6 2 .1 .2
-10 . 7491 .1 .2
-1U.3U42 .1 .4
- 10 . 7 1 1 9 .1 .4
- 1 0 . 9 8 9 9 .1 .2
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a * * * * * * * * * * * * * * * * * * *
* S I A IE ESTIMATION *
* h £ Sul I s *

OPERATING MUL'ts TRACKING 
S I MULA 11 ON NUMUEW* 1 
TIME INTERVAL» 1

SIATE VARI AbLES (PU/UEG)

UIISUAK TRUE 1 ROE ESTIMATED EST 1MAIED ERROR (X) ERROR(X)
NAME VOL MAG VOL PH ANG VOL MAG VOL PH ANG VOL MAG VOL PH ANG

nAu1 1.0600 0.0000 1 .0S9A 0. 0000 .1 0 . 0
N Al) 2 T. UA UO - 1 .90A1 I .0 39A - 1 .96A7 .1 3 .2
N A U i 1.0187 - 7 . 1 0 2 7 1. 016« -7.32A1 .2 3.1
N A U A 1.0210 - 6 . 5 9 2 0 1.0193 - 6 . 7 7 1 8 .2 2 . 7
IIAOS 1.0271 - 3 . 6 2 9 5 1.0233 - 3 . 7 7 2 0 .2 2 .3
MA 06 1.0933 - 9 . 7 3 0 9 1.0917 - 9 . 8 8 6 0 . 1 1 . 6
MAO/ 1.032 7 - 8 . 1 9 1 3 1.0308 - 8 . 3 7 1 6 .2 2 . 2
MA UH 1 -11«2 - 0 . 1 3 3 5 1.1167 - 6 . 2 4 9 7 .1 1.9
N Au9 1 .0192 - 1 0 . 3 2 2 3 1.U172 - 1 0 . 3 3 1 9 .2 2 . 2
NA |U 1.0247 - 10 . 6 8 3 0 1.0229 - 10 . 9 0 3 3 .2 2.1
M A 1 1 1.0586 - 1 0 . 7 2 8 3 1.0369 - 10 . 9 1 8 6 .2 1. 8
NA |2 1.0649 - 10 . 466 5 1 ,0o2V - 1 0 . 6 3 / 7 .2 1 .6
N A 1 3 1.0548 - 10 . 6731 1 .U32V - 1 0 . 8 3 3 3 .2 1.7
N A H . 9  622 - 1 0 . 9 6 3 / . 9n02 - 11 . 1 9 0 7 . 2 2.1

E R R O R IN t S I 1HATED STATES m

MAXIMUM AVERAGE 
MAGNITUDE .2  .2
PH. ANGLE 3 . 2  2.1
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A b s t r a c t  -  In  t h i s  p a p e r  the t r a c k i n g  o f  the time 
varying power sys tem  s t a t i c  s t a t e  i s  a n a ly s e d .  The 
r e l a t i v e  im p o r ta n c e  o f  the  small  measurement n o i s e  and 
che e v e n tu a l  o c c u r r e n c e  o f  g r o s s  e r r o r  in  the measure- 
aents i s  used  as a d e s i g n  c r i t e r i o n  f o r  the  development 
of f a s t  t r a c k i n g  e s t i m a t o r s .  The b a s i c  approach  uses 
a p r e - e s t i m a t i o n  bad d a ta  d e t e c t i o n / e l i m i n a t i o n  scheme 
based on  the e x p o n e n t i a l  s m ooth in g  o f  p a s t  e s t im a t io n s  
and L o g i c a l  c h e c k s  f o l l o w e d  by an e s t i m a t i o n  s t a g e .
Three d i f f e r e n t  e s t i m a t i o n  a lg o r i th m s  were t e s t e d :  
p la in  w e igh ted  l e a s t  s q u a r e s ,  q u a d r a t i c  s q u a r e - r o o t  and 
l inear  c r i t e r i o n .  N u m er ica l  r e s u l t s  showing the p e r ­
formance o f  the  th r e e  e s t i m a t o r s  i n  a s im u la ted  t e s t  
case arc  a l s o  p r e s e n t e d .

INTRODUCTION

Tne power system  s t a t i c  s t a t e  ( v o l t a g e  magnitude 
and phase a n g le s  a t  a l l  n o d e s )  i s  a s lo w  time v a ry in g  
v e c to r .  I t  f o l l c - s  the  d a i l y  c y c l e  o f  e l e c t r i c  en ergy  
demand. A s t a t e  e s t i m a t o r  i s  a s e t  o f  programs which  
ob ta ins  e s t im a t e s  o f  the  s t a t i c  s t a t e  a t  some r e q u i r e d  
in s tan ts  o f  t ime from  t e l e m e t e r e d  va lu e s  o f  network 
v a r ia b le s  ( l i n e  f l o w s ,  n o d e  i n j e c t i o n s ,  v o l t a g e  magni­
tudes e t c . )  and t o p o l o g i c a l  in f o r m a t i o n .  The measure­
ments c o n t a i n  a c e r t a i n  amount o f  e r r o r  which can be 
o f  two t y p e s ,  e i t n e r  a s m a l l  s t a t i s t i c a l l y  " w e l l  
behaved" e r r o r  due to  in s tr u m e n t  i n a c c u r a c y  i n t e r f e r ­
ence ,  m i s c a l i b r a t i o n ,  e t c .  (measurement n o i s e )  o r  a 
l a rge ,  u n p r e d i c t a b l e  e r r o r  due to  some s o r t  o f  p a r t i a l  
or t o t a l  f a i l u r e  o f  th e  t e l e m e t e r i n g  system , t r a n s ie n t s ,  
e t c .  (bad d a t a ) .  The e r r o r  in t r o d u c e d  by the measure­
ment n o i s e  i s  com p a ra b le  w i t h  the u n c e r t a in t y  o f  most  
o f  the o p e r a t i o n a l  c o n s t r a i n t s  ( e . g .  t ra n s m is s i o n  o v e r ­
load l i m i t s )  a g a i n s t  w h ic h  the r e s u l t s  o f  -the es t im ­
a t io n  w i l l  be c h e c k e d .  T h e r e f o r e  h ig h  f i l t e r i n g  
c a p a c i ty  i s  n o t  a n e c e s s a r y  requ irem en t  o f  the e s t im a t ­
o r .  Bad d a t a ,  h o w e ve r ,  c a n  s e r i o u s l y  d i s t o r t  the 
r e s u l t s  o f  the e s t i m a t i o n ,  p r o d u c in g  c o m p le te ly  u n r e l i ­
able s t a t e  e s t i m a t e s .  T h e r e f o r e  a p r a c t i c a l  power 
system s t a t e  e s t i m a t o r  s h o u l d  be d e s ig n e d  b e a r in g  in  
oind that  i t  s h o u ld  be a b l e  to  d e t e c t  and e l im in a t e  
e f f i c i e n t l y  the g r o s s l y  w ron g  measurements e v e n t u a l l y  
present in  a s n a p s h o t  and from the bad d ata  f r e e  s e t  o f  
aeasurements i t  s h o u ld  o b t a i n  an e s t im a t e  o f  the s t a t e  
with the a c c u r a c y  r e q u i r e d  by the a p p l i c a t i o n  programs 
that w i l l  use the e s t i m a t i o n  r e s u l t s .  Most o f  the j  ̂ 3 

s ta te  e s t i m a t i o n  methods  p r o p o s e d  i n  the l i t e r a t u r e  * * 
use the s t a t i c  a p p r o a c h  i n  which each snapshot  i s  con ­
s id e r e d  s e p a r a t e l y .  An a l g o r i t h m  based  on the Weighted 
Least Squares (WLS) m ethod  i s  norm al ly  used to  f i l t e r  
the measurement n o i s e  and a p o st  e s t i m a t i o n  r e s id u a l  
a n a ly s is  i s  c a r r i e d  o u t  t o  d e t e c t  and i d e n t i f y  bad data .  
However, some a ttem p ts  h a ve  been made to  e x p lo r e  the

time v a r y i n g  c h a r a c t e r i s t i c s  o f  the s t a t e .  They can be 
d i v i d e d  i n t o  two c a t e g o r i e s :  dynamic s t a t e  e s t im a t io n  
ap p roa ch  based on Kalman f i l t e r i n g  tech n iq u es  and us ing  
a s i m p l i f i e d  model o f  the  s t a t e  dynamic behaviour^  
and t r a c k i n g  s t a t e  e s t i m a t i o n  which  exten d s  the te ch ­
n iq u es  d eve lo p e d  f o r  s t a t i c  e s t i m a t i o n  to  the time 
v a r y i n g  case  w i th o u t  e x p l i c i t  d e f i n i t i o n  o f  the dynamic 
model^» 7.

Measurement scans  are  n o r m a l ly  taken a t  s h o r t  
i n t e r v a l s  (up to  one m in u t e ) .  Assuming that  a p r o c e s s  
c o n t r o l  computer i s  u s e d ,  a c om p le te  s t a t i c  s t a t e  
e s t i m a t i o n  c o u ld  not  p o s s i b l y  be per form ed  f o r  each 
s c a n .  The c o n v e n t i o n a l  p ro ce d u re  i s  to  s t o r e  the data  
and o n l y  when a s u b s t a n t i a l  change i s  d e t e c t e d  ( o r  
a f t e r  some s p e c i f i e d  p e r i o d  o f  t im e ,  w h ic h ever  comes 
f i r s t ) ,  a new e s t i m a t i o n  i s  p er form ed ^ .  However,  in  
some s i t u a t i o n s  ( e . g .  d u r i n j  an unusual load p i c k  up 
p e r i o d )  a more c l o s e  m o n i to r in g  o f  the system  s ta t e  
would  be  d e s i r a b l e .  M o r e o ve r ,  a la r g e  i n t e r v a l  between 
e s t i m a t i o n s  weaiten the c o r r e l a t i o n  between c o n s e c u t iv e  
e s t i m a t i o n s  making d e t e c t i o n  and i d e n t i f i c a t i o n  o f  bad 
data even  more d i f f i c u l t .

T ra ck in g  s t a t e  e s t i m a t o r  a lg o r i th m s  can be d e s ig n e d  
in  o r d e r  to  g iv e  r e s u l t s  w ith  a d e la y  which a l lo w  the 
e s t i m a t o r  to  "keep  up" w i th  the r a t e  o f  incom ing d ata .
In t h i s  paper th ree  t r a c k i n g  e s t i m a t o r  schemes are  
a n a l y s e d .  The a ig o r i t n m s  are b ased  on a s te p  by s tep  
l i n e a r i s a t i o n  o f  the network e q u a t i o n s  and on the 
assu m p tion  o f  a smooth loa d  v a r i a t i o n .  The p r i n c i p l e  
o f  d e c o u p l i n g  a c t i v e  and r e a c t i v e  v a r i a b l e s  i s  a l s o  
u s e d .  The f i l t e r  e l e m e n ts o f  the e s t i m a t o r s  are based 
on a q u a d r a t i c  (WLS), q u a d r a t i c - s q u a r e  r o o t  and l i n e a r  
(sum o f  the moduli  o f  the r e s i d u a l s ) c r i t e r i o n  r e s p e c t ­
i v e l y .  A l l  o f  them use a p r e - e s t i m a t i o n  d e t e c t i o n /  
i d e n t i f i c a t i o n  o f  bad d ata  pro ce d u re  based on an 
e x p o n e n t ia l  smoothing o f  p r e v io u s  e s t i m a t i o n s .  The main 
p u rp ose  o f  the s tu dy  was t o  show the v i a b i l i t y  o f  
t r a c k i n g  e s t im a t io n  e i t h e r  on i t s  own o r  as a complacent 
to  o t h e r  methods o f  s t a t e  e s t i m a t i o n .

FORMULATION OF THE PROBLEM

The measurement and s t a t e  v e c t o r s  at an in s ta n t  ji 
time k are  r e l a t e d  by the e q u a t i o n

Z (k )  -  h ( x ( k ) )  ♦ W(k) (1)

where

£ ( k )  -  measurement v e c t o r  (mxl)
>c(k) -  s t a t e  v e c t o r  ( n x l )  
v ( k )  -  measurement e r r o r  v e c t o r  (mxl)  
h (  •) -  n o n l in e a r  f u n c t i o n  g iv e n  by network laws 

( s e e  Appendix A)

Assume that  a s t a t e  e s t i m a t i o n  has been performed 
a t  an in s ta n t  o f  time k - l  and l e t  £ ( k - l )  be the r e s u l t  
o f  th at  e s t i m a t i o n .  Then d e f i n e

Z ( k - l )  -  h ( x ( k - l ) ) ( 2 )

Let £ ( k )  be the v e c t o r  o f  measurements a t  time k and 
d e f i n e

AZ(k) -  Z (k )  -  Z ( k - I )  

Ax(k)  -  x ( k )  -  ¡ ( k - l )

(3 )

(4 )



From ( 2 ) .  ( 3 )  and ( 4 )  and u s i n g  T a y lo r  s e r i e s  expansion

A Z(k)  -  H ( x ( k - l ) ) A x ( k )  + W '(k)

where
j h  I

H ( x ( k - I ) )  -  r -  
— 3 x X -  x ( k - l )

( 5 )

( 6 )

W' (k )  i s  a v e c t o r  wh ich  components a re  the sum o f  
che measurement e r r o r s  p lu s  the e r r o r  i n t r o d u c e d  by 
the l i n e a r i s a t i o n  o f  h ( x )  . Under the assum ption  t h a t  
the system  s t a t e  v a r i e s  l i t t l e  between two c o n s e c u t i v e  
snapshots , t h e  e r r o r  o f  l i n e a r i s a t i o n  i s  com parable  to  
che measurement n o i s e .

Decoupled M ode l

The s e n s i t i v i t y  o f  v o l t a g e  phase a n g le s  (m agni­
tudes; to  ch a n g e s  on r e a c t i v e  ( a c t i v e )  v a r i a b l e s  i n  an 
EHV network i s  s m a l l .  Th is  p r o p e r t y  has been e x p l o i t e d  
in the d e v e lo p m e n t  o f  v e r y  e f f i c i e n t  s t a t i c  s t a t e  
es t im a to rs 9  » 1 ° »  . The a p p l i c a t i o n  o f  t h i s  d e c o u p l i n g
technique t o  the t r a c k i n g  e s t i m a t i o n  model g iv e n  b y  
(5) w i l l  p r o d u c e  two in d ep en d en t  s e t s  o f  e q u a t i o n s  as 
f o l lo w s :

L l  ( k )  -  H ( x ( k - I ) A 9(k) ♦  W *(k) (7 )
“ P “ P -  —  “ P

AZ ( k )  -  H ( x ( k - l ) A V ( k )  ♦ W ’ (k )  (8 )
_q -q  —  —  -q

where

x ( k )  -  ( 0 ( k ) j  V ( k ) ) T ; V v e c t o r s  o f  v o l t a g e
p h a se  a n g le  and  m a g n itu d e  r e s p e c t i v e l y

Z(Y.) -  (Z (k)| Z ( k ) ) T ; Z , Z v e c t o r s  o f  a c t i v e
anS r e a c t i v e  m e a s R r e m ln ts .

e x a c t l y .  A " s o l u t i o n "  f o r  such a system can be c h a r a c ­
t e r i s e d  by  the c h o i c e  o f  a c r i t e r i o n  to  be o p t im i s e d .  
This  c r i t e r i o n  i s  u s u a l ly  d e f i n e d  as a f u n c t i o n  o f  the 
r e s i d u a l  term s.

The most  u s e d c r i t e r i o n  f o r  the s o l u t i o n  o f p r o b l e c »  
l i k e  the one r e f e r r e d  to  above i s  the Weighted L east  
Squares (WLS). I f  the  e r r o r  i s  n orm a l ly  d i s t r i b u t e d  
the s o l u t i o n  o b ta in e d  w ith  the VLS c r i t e r i o n  can be 
p roved  t o  g i v e  the minimum c o v a r i a n c e  e s t i m a t e .  Even 
i f  the  n o r m a l i ty  assum ption  cann ot  be guaranteed  the 
WLS can s t i l l  g iv e  good r e s u l t s  p r o v id e d  the e r r o r  terms 
are  a l l  s m a l l .  However,  i f  bad d ata  i s  p r e s e n t  the WLS 
method w i l l  g iv e  i n c o r r e c t  r e s u l t s  due to  e x c e s s i v e  
w e ig h t  a s s ig n e d  to  bad d a ta .

The methods o f  s o l u t i o n  adopted  i n  t h i s  paper w i l l  
c o n s i s t  o f  a two s te p  p r o c e d u r e :  f i r s t  an a n a l y s i s  o f  
the in com in g  measurements w i l l  be made i n  o r d e r  to  
d e t e c t  p o s s i b l e  g r o s s l y  wrong measurements ( s e e  next  
s e c t i o n ) ;  a f te r w a rd s  an e s t i m a t i o n  w i l l  be per form ed  
i n  which  the su sp e c te d  measurements w i l l  r e c e i v e  s p e c i a l  
a t t e n t i o n .

P la in  MLS1

In t h i s  method the o r d in a r y  WLS c r i t e r i o n i s  u s e d .  
The s u s p e c te d  measurements are  s u b s t i t u t e d  by p r e d i c t e d  
v a lu e s  o b t a i n e d  by an e x p o n e n t ia l  smoothing o f  the pa st  
e s t i m a t i o n  ( s e e  n ex t  s e c t i o n ) .  The a lg o r i t h m  i s  g iv e n  
by

A 6(k ) -  A * l H j l ^ l AZp(k) (M >

AV(k) -  (1 2 )

where
A • H^R” ^H ; A ■ HTR *H are the c o n s t a n t  ga inp p p q q q

m a t r ic e s

H’ f k )  -  ( w ' ( k ) ! u ' ( k ) ) T ; W ',  W  v e c t o r  o f  e r r o r  
— —p 1 —q “p ~~q

terms c o r r e s p o n d in g  to  a c t i v e / r e a c t i v e  
measurements.

H ( x ( k ) ) 
P “

H ( x ( k ) )pq -
H ( x ( k ) )

pq -
Hq ( x ( k ) )

Constant J a c o b i a n  M a t r i c e s

The c h a n g e s  i n  the e lem en ts  o f  H ( x )  and H ( x )  due 
to ch an ges  i n  the s t a t e  x i s  n ot  s i g R i f i c a n t .  qAs 
observed i n  9 and * * the e r r o r  i n t r o d u c e d  in  the 
e s t im a t io n  b y  making th ese  m a t r i c e s  in d ep en d en t  o f  the 
s ta te  a re  a c c e p t a b l e .  In  Appendix  A the approxim ations  
in t r o d u c e d  i n  the c a l c u l a t i o n s  o f  the J a c o b ia n  e lem en ts  
in o r d e r  t o  p ro d u c e  c o n s t a n t  m a t r i c e s  a re  d e s c r i b e d .
A t u r t h e r  improvement i n  the model can be a c h i e v e d  by 
d i v i d i n g  e a c h  o f  the e q u a t i o n s  o f  the r e a c t i v e  s e t  by 
the v o l t a g e  a t  the bu sba r  i n  which the measurement i s  
taken. The f i n a l  model  i s  then g i v e n  by

AZ ( k )  -  H A0 ♦  W' (k )  (9)
~ V  “P  “  “ P

AZ' ( k )  -  H' AV ♦ W "(k) (10)-q -q -  -q
The e r r o r  i n t r o d u c e d  by the  d e c o u p l in g  p r o c e d u r e  can 
a lso  be c o n s i d e r e d  as b e i n g  i n c o r p o r a t e d  i n  the e r r o r  
terms W' and W".-p -q

METHODS OF SOLUTION

E q u a t i o n s  (9 )  and (1 0 )  r e p r e s e n t  two in d ep en d en t  
sets  o f  o v e r d e te r m in e d  l i n e a r  e q u a t i o n s .  Due to  the  
p resen ce  o f  the e r r o r  terms these  systems are  i n c o n ­
s i s t e n t ,  i . e . ,  th ere  i s  no s o l u t i o n  th at  s a t i s f i e s  them

R «  d i a g  ( R j , R 0, . . . ) ;  R j , R^. ••• « r e  w e ig h ts
ch osen  a c c o r d i n g  to  the r e l a t i v e  a c c u r a c y  o f  
the measurements ( u s u a l l y  made e q u a l  to  the 
i n v e r s e ,  o f  the assumed e r r o r  c o v a r i a n c e ) .

M o d i f i e d  WLS (Bad Data S u p p r e s s i o n ) ^

The per form an ce  o f  the WLS method i n  the p r e s ­
ence  o f  bad data  can be improved i f  a n o n -q u a d r a t i c  
c r i t e r i o n  which a s s ig n s  l e s s  w eight  to  measurements w ith  
la r g e  r e s i d u a l s  i s  u s e d .  This te ch n iqu e  has been used 
i n  s t a t i c  s t a t e  e s t i m a t i o n  w ith  r e a s o n a b le  s u c c e s s .  I t  
can be e xten d ed  to  the t r a c k in g  s t a t e  e s t i m a t i o n  p r o b ­
lem by a p p ly in g  the n o n qu ad r at i c  c o r r e c t i o n  terra to  the 
s u s p e c te d  measurements . Even though the models  g iv e n  
by ( 9 ) and ( 1 0 ) are  l i n e a r  the r e s u l t i n g  e s t im a t o r  has 
to  be s o lv e d  i t e r a t i v e l y  ( f o r  d e t a i l s  see Appendix B ) . 
The a lg o r i t h m  i s  g iv e n  by

A6l * ' ( k )  -  A8l (k )  ♦  A- ' hTC (AZ (k ))o (A Z  ( k ) )  (13)
—  — P P P ” P —  -P

A V ^ ' f k )  -  AVl (k )  ♦  A- I h t C (AZ’ ( k ) ) e ( A Z l( k ) )  (14)
—  -  q q <1 - q —  "•*

where Che e lem en t«  o f  the  d ia g o n a l  m a tr i c e e  C (• )  and 
G (• )  and the v e c t o r s  P p i - ) and 0q(*)  a t «  g i v* n by 
(us ing a s i m p l i f i e d  n o t a t i o n )  1

°»

*»

<  

1.0

i f  the m-th measurement i s  

not  a su sp e c te d  bad data

o • s i g n ( A z S  Xo (A
AZ

Xa
1 ft
-3)

o N - ) AZ1

m •

u -3Xa Xaa

o th e r w is e

2



m -  measurement number 
i -  i t e r a t i o n  c o u n t e r  
X -  ch o se n  t h r e s h o ld

assumed s ta n d a rd  d e v i a t i o n  o f  the measurement 
e r r o r

Linear C r i t e r i o n  (L in ea r  Programming) 3 , 1 2

In t h i s  e s t i m a t o r  the c r i t e r i o n  u se d  i s  the sum o f  
the moduli  o f  the  r e s i d u a l s .  The f i l t e r i n g  c a p a c i t y  
of th is  e s t i m a t o r  i s  n o t  as h ig h  as the WLS based 
e s t im a to rs .  However i t  has a much b e t t e r  per form ance  
in the p r e s e n c e  o f  bad d a t a .  I f  the  l i n e a r  c r i t e r i o n  i s  
used the prob lem  can be fo r m u la te d  as the s o l u t i o n  o f  
the f o l l o w i n g  L in ea r  P r o g r a m i n g  p ro b le m s  ( s e e  A ppen d ix  
C fo r  d e t a i l s ) :

Ad

_p

o.
*:—

»
7 < * u

r Ad(aj uD)p p S
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AZ
-P

and
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where

m , m a re  the number o f  a c t i v e / r e a c t i v e
P Q measurements

s ! ,  s'.' are  s la c k  v a r i a b l e s  r e p r e s e n t i n g  the 
r e s i d u a l s

U ,U -
P q

1 -I
I -I

1 - I (m x 2m ) , (m x 2m )
P P q q

I f  no measurement i s  s u s p e c te d  o f  b e in g  a bad d ata  
the w e ig h ts  R and R are  ch o se n  i n  the  same way as i n  
the wLS methoH. In” "?he c a s e  o f  a s u s p e c t e d  measurement 
the c o r r e s p o n d i n g  w e ig h t  i s  reduced  a c c o r d i n g l y  to  the 
degree  o f  s u s p i c i o n .

BAD DATA REJECTION TECHNIQUE

The power system .load v a r i e s  d a i l y  a c c o r d i n g  t o  a 
p r e d i c t a b l e  p a t t e r n .  Sudden v a r i a t i o n s  are  not  f r e q u e n t  
and when i t  o c c u r s  i t  i s  e i t h e r  the r e s u l t  o f  a p r e ­
d i c t a b l e  e v e n t  ( e . g .  d i s c o n n e c t i o n  o f  a la rge  lo a d )  o r  
an i n d i c a t i o n  o f  some abnormal s t a t e  o f  o p e r a t i o n  ( e . g  
o u t a g e s ) .  Network v a r i a b l e s  f o l l o w  th e s e  v a r i a t i o n s  
a c c o r d in g  to  the adop ted  c o n t r o l  s t r a t e g y  and network 
c o n s t r a i n t s .  Apart from  e v e n tu a l  t r a n s ie n t s ,  th e se  
v a r i a b l e s  p r e s e n t  v a r i a t i o n  p a t t e r n s  s i m i l a r  to  demand. 
A s im ple  r e l a t i o n s h i p  between ch an ges  i n  load and n e t ­
work v a r i a b l e s  i s  not  a v a i l a b l e .  The same o c c u r s  w i t h  
a model f o r  the d a i l y  v a r i a t i o n  i n  l o a d .  However,  i t  
is  p o s s i b l e  t o  o b t a i n  r e a s o n a b ly  a c c u r a t e  p r e d i c t i o n  o f  
the b e h a v io u r  o f  th ese  v a r i a b l e s ,  w i t h i n  c e r t a i n  c o n ­
d i t i o n s ,  based on p r e v io u s  o b s e r v a t i o n s .  Time s e r i e s  
te chn iques  are  p a r t i c u l a r l y  a p p r o p r i a t e  t o  use in  
s i t u a t i o n s  l i k e  that i n  which  a r e l a t i v e l y  s im ple  p r o ­
c e s s  ( i n  v iew  o f  the a p p l i c a t i o n  i n  mind) is  to  be 
ob ser ved  but  an adequ ate  model i s  n o t  a v a i l a b l e .

Exp o n e n t ia l  Smoothing o f  Measured V a r i a b l e s **

The recent pa ¡»ted i ingle

measured v a r i a b l e  can be c o n s i d e r e d  as a time s e r i e s .  
P ro v ide d  a r e l a t i v e l y  s h o r t  p e r i o d  i s  c o n s id e r e d  (up to  
I h o u r ) ,  t h i s  time s e r i e s  can be r e a s o n a b ly  m od e lled  as 
b e in g  made up o f  a trend  component p lu s  a random change. 
The t rend  component v a r i e s  a c c o r d i n g  to  the time o f  day 
but i t  u s u a l l y  r e p e a t s  e v e r y  day f o r  c o r r e s p o n d in g  
p e r i o d s  o f  t im e .  For i n s t a n c e ,  the morning load p i c k ­
up p e r i o d  i n  most systems can be o b se r v e d  to  f o l l o w  a 
l i n e a r  p a t t e r n .  The most s u i t a b l e  model f o r  the trend 
component as w e l l  as in f o r m a t i o n  about the random 
change can be o b ta in e d  from o f f - l i n e  s t u d i e s  o f  p rev ­
i o u s  d a y s '  e s t i m a t i o n s .

Assuming a l i n e a r  t ren d  the p r e d i c t e d  v a lu e  o f  a 
measured v a r i a b l e  i n  the n ex t  snapshot  can be o b ta in e d  
throu gh  an e x p o n e n t ia l  smoothing f u n c t i o n  l i k e

z . ( k ) -  a . ( k - l ) ♦  Z b j i k - I )  ♦  2 ( l- B ) e i C k -l) (17)

» . ( I t ) -  « ¿ ( k - l ) ♦  b j i k - l )  ♦  ( l - B i ) c t ( k - l ) ( IS )

b i (k ) -  b ^ k - l ) ♦  (1 -B )2ei ( k - I ) (19)

e . ( k - l ) -  ¿ ¿ ( k - l ) -  z1 ( k - iy (20)

where

„ i  : measurement number
Z ^(k )  : e s t im a t e d  v a lu e  a t  i n s t a n t  k

Z^(k)  : p r e d i c t e d  va lu e  a t  i n s t a n t  k

S : time s e r i e s  parameter

The sm ooth ing  parameter  B r e g u l a t e s  the r e l a t i v e  
w e ig h t  g iv e n  to  more r e c e n t  e s t i m a t i o n s  on the c a l c u l ­
a t i o n  o f  the  p r e d i c t e d  v a l u e .  I t  can a l s o  be o b ta in e d  
by o f f - l i n e  c a l c u l a t i o n s  based  on p r e v io u s  e s t i m a t i o n s .

Bad Data D i s c r i m in a t i o n

The e x p e c t e d  v a lu e s  o f  the measured v a r i a b l e s  i n  the 
n e x t  sn a psh ot  are  c a l c u l a t e d  a t  the end o f  each 
e s t i m a t i o n  u s in g  e x p r e s s i o n  ( 1 7 )  to  ( 2 0 ) .  When the 
p r e s e n t  snapshot  i s  a v a i l a b l e ,  the va lu e s  o f  i t s  com­
p on en ts  are  ch eck ed  a g a in s t  the p r e d i c t e d  v a l u e s .  In 
normal c o n d i t i o n s  o f  o p e r a t i o n  the d i f f e r e n c e  between 
measured and e x p e c te d  va lu e s  should  not e xc eed  a c e r ­
t a i n  t h r e s h o ld  v a lu e  determ in ed  by the parameters  o f  
the random component o f  the s e r i e s .  I f  one o r  more 
measurements  do not  pass  the above t e s t  then an abnor­
mal s i t u a t i o n  i s  d e t e c t e d .  This  a bn orm al i ty  can be 
due to  e i t h e r  bad data  o r  sudden change in  the systr .*  
s t a t e  due to  l o s s  o f  a la rge  l o a d ,  u n re p o r te d  outage  o f  
l i n e ,  e t c .  I f  a r e a l  sudden change o c c u r s  i n  the system 
then v a r i o u s  c o r r e l a t e d  v a r i a b l e s  should  be a f f e c t e d  in  
the r e g i o n  near the a b n o r m a l i t y .

In o r d e r  to  d i f f e r e n t i a t e  the s i t u a t i o n s  d e s c r i b e d  
above an a n a l y s i s  o f  the i n t e r c o r r e l a t i o n  between s u s ­
p e c t e d  bad d ata  p o i n t s  should  be p er form ed .  A  l o g i c a l  
ch eck  r o u t i n e  to  p e r fo rm  t h i s  a n a l y s i s  should  take i n t o  
c o n s i d e r a t i o n  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  the power 
and t e l e m e t e r i n g  systems such as e x i s t e n c e  o f  r a d i a l  
l i n e s ,  d a ta  c o n c e n t r a t i o n  in  some r e g i o n s ,  e t c .  In the 
t r a c k i n g  mode the r e q u i r e d  speed  o f  response  demands a 
f a s t  a l g o r i t h m .  Furtherm ore, due to  the  small  i n t e r v a l  
between e s t i m a t i o n s  a bad data  can be more e a s i l y  
s p o t t e d .  A s im ple  r o u t in e  can be programmed as 
f o l l o w s :  a su sp e c te d  d ata  p o i n t  i s  checked  a g a in s t
o t h e r  measurements in  the same node and n e ig h b o u r in g  
n o d e s .  For each measurement not  f l a g g e d  a c e r t a i n  
number o f  p o i n t s  i s  added to  the measurement f l a g .  
Depending on the f i n a l  s c o r e s  the s u sp e c te d  measure­
ments are  f l a g g e d  as bad data  o r  n o t .



Comments STAT-l
The bad d a t a  d i s c r i m i n a t i o n  method d e s c r i b e d  

above, even th ou gh  p r o d u c in g  good  r e s u l t s  i n  the 
m ajor i ty  o f  c a s e s ,  may f a i l  i n  c e r t a i n  s i t u a t i o n s .
For i n s t a n c e ,  i n  the  c a s e  o f  h i g h l y  i n t e r a c t i v e  bad 
data p o i n t s ,  v e r y  low l o c a l  r e d u n d a n c y , e t c . I f  t h i s  
fa i lu r e  o c c u r s ,  two s i t u a t i o n s  can a r i s e :  ( a )  a bad 
data goes  i n t o  th e  e s t i m a t o r ,  ( b )  a good  measurement 
is  f l a g g e d  as a s u s p e c t e d  bad d a ta .  In the f i r s t  c a s e  
thepiainW LS e s t i m a t o r  would  p r o b a b l y  g iv e  a bad r e s ­
u lt  depending o n  the  s i z e  o f  the bad d a t a .  The two 
other  a l g o r i t h m s ,  w i t h  a " b u i l t - i n "  way o f  r e j e c t i n g  
bad d a ta ,  c o u l d  i n  most c a s e s  p r o d u c e  an a c c u r a te  
s o lu t i o n .  In t h e  s econ d  c a s e  the r e j e c t i o n  ( o r  
w e ight in g  down) o f  good  measurements  would  n o t  cause 
much damage t o  the  e s t i m a t i o n  p r o v id e d  the number o f  
r e j e c t e d  m easurements  i s  n o t  h ig h  enough to  a l t e r  sub­
s t a n t i a l l y  the  s y s te m  red u n d an cy .

COMPUTATIONAL ASPECTS

For i n i t i a l i s a t i o n  p u r p o s e s  o r  when a m ajor  change 
in the system s t a t e  ( o r  netw ork  s t r u c t u r e )  takes  p l a c e  
the a lg o r i t h m s  d e s c r i b e d  e a r l i e r  s h o u ld  be used  as a 
con ven t ion a l  i t e r a t i v e  s t a t i c  s t a t e  e s t i m a t o r .  A n e t ­
work c o n f i g u r a t o r 1 and a p o s t - e s t i m a t i o n  bad data  
d e t e c t i c n / i d e n t i f i c a t i o n  r o u t i n e ^  s h o u ld  a l s o  be 
in c o r p o r a te d  i n  the e s t i m a t o r  t o  be used when a 
s t a t i c  s t a t e  e s t i m a t i o n  i s  p e r f o r m e d .  F igu re  1 shows 
a b a s i c  f l o w  c h a r t  o f  the c o m p le te  e s t i m a t o r .  At an 
i n i t i a l i s a t i o n  mode o r  when a 'h ange i n  the network i s  
reported  the e l e m e n t s  o f  the  system  a d m it ta n ce  m a t r ix  
and o f  the m a t r i c e s  Hp , , A^'and A" 1 d e f i n e d  p r e ­
v i o u s l y  are  c a l c u l a t e d  ano s t o r e d  in ^ com p act  form 
using s p a r s i t y  t e c h n i q u e s 1^ i n  a f i l e  o f  p r o c e s s e d  
network d a ta .  T h i s  d a ta  i s  then u sed  on the su bsequent  
e s t im a t io n s  u n t i l  a new change o c c u r s  i n  the n e tw ork .
In normal t r a c k i n g  o p e r a t i o n  o n ly  th e  r o u t i n e s  needed 
fo r  t h i s  k in d  o f  e s t i m a t i o n  sh o u ld  be loaded  which  
saves  co r e  s p a c e .  In p a r t i c u l a r  s i t u a t i o n s  i n  which  
on ly  a c t i v e  f l o w s  (and phase a n g l e s )  a re  r e q u i r e d ,  the 
r e a c t i v e  p a r t  o f  the  a l g o r i t h m  can e a s i l y  be " s w i t c h e d -  
o f f "  and a l l  v o l t a g e  m agnitudes  be s e t  t o  1 . 0  p e r  u n i t  
with c o n s i d e r a b l e  r e d u c t i o n s  i n  com puter  r e q u ir e m e n ts .

SIMULATION RESULTS

The a l g o r i t h m s  p r e s e n t e d  in  the p r e v io u s  s e c t i o n  
were t e s t e d  u s i n g  s im u la te d  d a ta  from d i f f e r e n t  power 
system »,  measurement p a t t e r n s , types  o f  a b n o r m a l i ty  (bad 
data , sudden ch an ge  o f  loa d  o r  g e n e r a t i o n ,  e t c . )  and 
the p a t t e r n  o f  l o a d  ch an ge .  Due to  s pa ce  l i m i t a t i o n s  
only the s i m u l a t i o n  s tu dy p e r fo rm e d  f o r  the IEEE 14- 
bu-.bar system  w i t h  the measurement pa t  t e r n  showed on F i g .
2 w i l l  be p r e s e n t e d .  This  s tu d y  was found to  r e p r e s e n t  
a t y p i c a l  b e h a v i o u r  o f  the a lg o r i t h m s  among a l l  the 
te s te d  c a s e s .

Des c r i p t i o n  o f  the  S im u la t io n

The time e v o l u t i o n  o f  the  system  s t a t i c  s t a t e  was 
s im ulated  by t h e  c a l c u l a t i o n  o f  s u c c e s s i v e  load f l o w s  
in which load  and g e n e r a t i o n  v a r i e d  from i n i t i a l  g iv e n  
v a lu e s .  Each o f  th o se  l o a d  f l o w s  c o r r e s p o n d  to  the 
svstem o p e r a t i n g  p o i n t  a t  the  moment in  wh ich  a snap­
shot i s  ta k e n .  The load c u r v e  at e a ch  bu sba r  i s  com­
posed  o f  a l i n e a r  t rend  p lu s  a random f l u c t u a t i o n .  The 
s lo p e  o f  the t r e n d  v a r i a t i o n  was made d i f f e r e n t  f o r  
groups o f  n o d e s .  Hie random f l u c t u a t i o n  was r e p r e s e n ­
ted by a n o r m a l ly  d i s t r i b u t e d  random number w i th  z e r o  
mean and a s t a n d a r d  d e v i a t i o n  o f  2 2  o f  the va lu e  o f  the 
trend com ponent .  A c o n s t a n t  power f a c t o r  was assumed 
so the r e a c t i v e  load  f o l l o w s  the a c t i v e  lo a d .  The 
in cr e a s e  o r  d e c r e a s e  o f  the  t o t a l  l o a d  i s  d i s t r i b u t e d  
among the g e n e r a t o r s  a c c o r d i n g  to  p r e - s p e c i f i e d  p e r ­
c e n ta g e s .  The s im u l a t i o n  s tu d y  was made o v e r  a p e r i o d

4

F i g .  2 :  Measurement p a t t e r n  used i n  the  s im u la t io n

o f  30 time sample i n t e r v a l s .  The i n i t i a l  end f i n a l  
va lu e s  o f  l o a d ,  g e n e r a t i o n  and s t a t e  v a r i a b l e s  f o r  each 
busbar  as w e l l  as the va lu es  o f  the r a t e s  o f  change o f  
l oa ds  and g e n e r a t i o n  are  shown on Table  I .

The measurement n o i s e  was s im ula ted  by adding a 
n orm al ly  d i s t r i b u t e d  e r r o r  to  the va lues  ob ta in ed  from 
the load  f l o w s .  The e r r o r  bounds were s e t  to  .332 o f  
the  meter f u l l - s c a l e  p lu s  22  o f  the a c t u a l  value o f  the 
measured q u a n t i ty .

' •



busbar

I N1TIAL VALUES FINAL VALUES LOAD 
RATE OF 

CHANCE

GENER­
ATION

Z

GEN. LC)AD STATE GEN. LOAD STATE
MU MVAR MW WAR pu d e g . MW MVAR MW WAR pu deg .

1 1 16 - 1 0 0 1 .06 0 204 -1 3 0 0 1 .06 0 .3 . 369t> 8 26 15 1 .04 -1  .9 155 44 49 29 1 .04 - 3 .9 .3 .28
3 60 19 113 23 1 . 0 1 - 7 . 0 98 73 215 43 1 .01 - 1 4 . 2 .3 . 18
4 0 0 57 5 1 . 0 1 - 6 . 5 0 0 107 9 1 . 0 0 - 1 1 . 1 .3
5 0 0 9 2 1 . 0 2 - 5 . 5 0 0 IS 4 1 .01 -  9.1 .3 _
6 24 44 13 9 1 .07 - 9 . 7 43 52 0 0 1 .07 - 1 2 .7 . 2 .09
7 0 0 0 0 1 .03 - 8 . 2 0 0 0 0 1 . 0 2 - 1 2 . 3 . 2
8 24 35 0 0 1 .09 - 6  . 0 43 47 0 0 1.09 - 8 . 4 . 2 .09
9 0 0 35 2 0 1 . 0 0 - 1 0 . 4 0 0 57 32 .97 -1 5 .6 . 2

10 0 0 10 7 1 . 0 0 - 1 0 . 7 0 0 14 9 .98 - 1 5 . 7 _
11 0 0 4 2 1 .04 - 1 0 . 7 0 0 5 3 1 .03 - 1 4 . 8 _

12 0 0 7 2 I .04 - 1 0 . 5 0 0 10 2 1 .03 -1 3 .9 _

13 0 0 16 7 1.03 - 1 0 . 7 0 0 21 9 1 . 0 2 - 1 4 . 3 .
14 0 0 18 6 .96 - 1 1 . 1 0 0 25 8 .93 -1 6 .2 _

TOTALS 107 30 S 98 - - 54Ì ~TÏÏT 148 - - * -

T ab le  1: I n i t i a l  and f i n a l  v a l u e s  o f  the s im u la t io n  s tu dy

At time sample 10 an e r r o r  o f  50Z was i n t r o d u c e d  
in the measured v a l u e s  o f  the  a c t i v e  and r e a c c i v e  f l o w s  
in l i n e s  5 -6  and 6 -1 3  i n  o r d e r  t o  s im u la te  bad d a ta .
A sudden change in  the sys tem  o p e r a t in g  p o i n t  was s imu­
lated  a t  time sample 2 0  by s e t t i n g  the  v a l u e s  o f  the 
a c t iv e  and r e a c t i v e  lo a d  a t  b u s b a r  6  t o  z e r o .

In the  bad d a ta  d e t e c t i o n / e l i m i n a t i o n  scheme a 
measurement was c o n s i d e r e d  s u s p e c t e d  o f  b e i n g  a bad 
data whenever i t s  v a lu e  d e v i a t e d  more than 2 0  t imes 
the va iu e  o f  i t s  assumed s ta n d a rd  d e v i a t i o n  from the 
p r e d i c t e d  v a l u e .  In the l o g i c a l  ch eck  r o u t i n e  the 
number o f  p o i n t s  a t t r i b u t e d  f o r  each  n o n - f la g g e d  
measurement a t  the  same node o r  in  n e ig h b o u r in g  nodes 
were s e t  t o  2 and 1 r e s p e c t i v e l y .  A s c o r e  g r e a t e r  
than 6  was r e q u i r e d  to  d i f f e r e n t i a t e  a p o s s i b l e  bad 
data from a r e a l  change i n  the network v a r i a b l e s . I n  the 
e x p o n e n t ia l  smoothing  and q u a d r a t i c - s q u a r e  r o o t  the 
va lu es  o f  the  param eters  0  and A ured were 0  * 0 . 6  and 
A -  4 . 0 .

Per formance Assessment * I

The per form a n ce  o f  the  a lg o r i t h m s  in  the  simu­
l a t i o n  s t u d i e s  was a s s e s s e d  by  c h e c k i n g  the  e s t im a te d  
va lu es  a g a i n s t  the  a v a i l a b l e  true  v a l u e s .  The in fo rm ­
a t i o n  o b t a i n e d  from t h i s  ch e c k  i s  summarised i n  the 
three f o l l o w i n g  p e r fo rm a n ce  i n d i c a t o r s :

V k> I  <z i\k )  -  Z * ( k ) ) 2 / o ?
i -1

J (k )  -  I  ( z f ( k )  -  z * ( k ) ) 2 / o 2 

i - 1

.(k> l z * ( k )  -  z T ( k ) | / 0 i

( 2 1 )

( 22 )

(23 )

where m: number o f  measurements
zT , Z\*, Z ^ : are  the t r u e  .measured and e s t im a te d  

1 1 1  v a l u e s  o f  the  i - t h  measurement

The p er form a n ce  in d e x  i n d i c a t e s  th e  l e v e l  o f  
u c e r t a i n t y  on the measurements . The p er form a n ce  index  
J shows how c l o s e  are  the e s t im a t e d  v a l u e s  to the true  
v a l u e s .  In the c a s e  o f  a good  f i l t e r i n g  p er form a n ce  o f  
the e s t i m a t o r  Jg sh o u ld  be a lways s m a l l e r  than J^ .  The 
E.iximum v a lu e  o f  the w e ig h t e d  r e s id u e  i s  used to 
c mplement the g e n e r a l  in f o r m a t i o n  o f  the i n d i c a t o r s  
Jm and Jg .

Numerical R e su lt s

The r e s u l t s  o b ta in e d  f o r  the  t e s t  case  are  p r e ­
sented  on F igu res  3 to  7 and Table  2. F igu re  3 shows 
the r e l a t i v e  va lu e  o f  the per form ance  i n d i c e s  Jg and 
Jyj. F igu re  4 i s  a p l o t  o f  the  maximum w eighted  
r e s id u e  i n  eacn time sample. F igu res  5 and 6  show the 
time e v o l u t i o n  o f  true  and e s t im ate d  va lu es  o f  the 
v o l t a g e  magnitude a t  busbar 13 and the a c t i v e  power 
f l o w  i n  l i n e  5 -6  . In f i g u r e  7 the p r e d i c t e d  v a l u e s  
(by the e x p o n e n t ia l  smoothing te ch n iq u e )  o f  the  a c t i v e  
power f l o w  i n  l i n e  5 -6  i s  compared w ith  i t s  t ru e  
v a l u e .

In Table  2 va lu e s  o b ta in e d  from the l o g i c a l  ch eck  
r o u t in e  are  shown f o r  the time sample 10 and 20. In 
t h i s  t a b l e  Nj i s  the number o f  n o n - f la g g e d  measurements 
in  the same node o f  the measurement b e in g  a n a ly s e d  and 
h’2  i s  the c o r r e sp o n d in g  number f o r  n e ig h b o u r in g  measure­
ments.  The numbers shown c o r r e sp o n d  to  a c t i v e  measure­
ments o n l y .

TIME
SAMPLE FLAGGED MEASUREMENTS * 1 * 2 SCORE

f lo w  in  5-6 0 16 16
f lo w  in  6 -13 4 2 10

i n j e c t i o n  in  6 1 2 3
f lo w  in  6 - 1 1 1 0 2

f l o w  in  6 - 1 2 1 1 2

2 0 f l o w  in  6-13 1 1 2

f l o w  in  5-6 0 6 6

i n j e c t i o n  in  1 2 3 7
f lo w  in  1-5 2 2 6

f l o w  in  2-5 2 8 1 2

Table  2: R e su lt s  o f  the l o g i c a l  check  r o u t i n e  

A n a ly s i s  o f  R esu lts

The f o l l o w i n g  comments r e l  ate to  the t e s t  c a s e  
shown in  t h i s  paper and a l s o  o t h e r  s im u l a t i o n s .

i .  F i l t e r i n g  C a p a b i l i t v  The va lu e s  o f  J g / J *  and R* 
around I To and 3 .0  shown on Figures  3 and 4  f o r  

the time samples not c o n t a in in g  bad data  o r  not  c o r r e s ­
ponding to a sudden change show that the th r e e  a l g o ­
rithms produce  r e s u l t s  w ith  a degree  o f  u n c e r t a i n t y  
s im i l a r  to  that  e x i s t i n g  in  the raw d a ta .  These r e s u l t s  
i n d i c a t e  that  the p roduct  o f  the e s t im a t io n  i s  o n l y  a 
c o n s i s t e n t  s e t  o f  network v a r i a b l e s  w ith ou t  any its- 
provement in  terms o f  a ccu ra cy  compared to  the a v a i l ­
a b le  measurements . Under the assumption o f  sm al l
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ispLitude measurement n o i s e  t h i s  r e s u l t  i s  adequate  f o r  
practica l  a p p l i c a t i o n s .

H. T ra ck in g  C a p a b i l i t y  The a b i l i t y  o f  the  a lg o r i th m s  
based on  a c o n s t a n t  d e c o u p le d  l i n e a r  ap p ro x im at io n  

of the network model to  f o l l o w  the  s t a t e  e v o l u t i o n  can 
oe seen by the same o r d e r  o f  m agnitude o f  Jg/J\f and R^ 
at the b e g i n n in g  and end o f  the s i m u l a t i o n .  The a l g o ­
rithms were even  a b l e  t o  r e c o v e r  from a sudden change 
in the network o p e r a t i n g  p o i n t  a t  th e  t im e sample 2 0 .

ix i . E x p o n e n t ia l  Smoothing The a ssu m p tio n  o f  a l i n e a r  
trend  f o r  the e x p o n e n t ia l  s m o o th in g  o f  pa st  

aeasurements p r o d u c e d  good g e n e r a l  r e s u l t s  even in  
cases where o t h e r  t re n d s  were used  t o  s im u la t e  the 
ivstem e v o l u t i o n  p r o v id e d  the r a t e  o f  change was n ot  
high. No i n v e s t i g a t i o n  was made f o r  the  d e t e r m in a t i o n  
of opt im al  v a l u e s  f o r  the param eter  6 b u t  va lu e s  
Detween 0 . 6  and 0 . 8  were found to  p r o d u c e  good r e s u l t s .

iv . L o g i c a l  Check The s im p le  l o g i c a l  ch eck  r o u t i n e  
used p e r fo r m e d  w e l l  in  the c a s e  o f  one bad data

only or n o n - i n t e r a c t i v e  m u l t i p l e  bad d a ta  p o i n t s  ( p a i -  
t i c u l a r l y  on  r e l a t i v e l y  l a r g e  s y s t e m s ) .  In the c a s e  o f  
i n t e r a c t iv e  bad d a ta  i t  can p ro d u c e  u s e f u l  in f o r m a t i o n  
only i f  the l o c a l  redundancy i s  h ig h  (a s  i s  the  c a s e  in  
the example s h ow n ) .

v. Bad Data R e j e c t i o n  The v a lu e s  o f  Jg/dM and *c r  
t ice  sample 1J snows a s i m i l a r  p e r fo r m a n c e  by the 
J u a c r a t i c -S q u a r e  R oot  and L in e a r  Programming e s t i m a t o r s  
and p o o r e r  p e r fo rm a n ce  by the P l a i n  WLS. This  was due 
to the d i f f i c u l t y  o f  f i n d i n g  a c o r r e c t  w e ig h t  f o r  the 
p r e d i c t e d  v a l u e  used  i n  p l a c e  o f  the  r e j e c t e d  bad d a t a .  
In g e n e r a l ,  i n  the c a s e s  which the  p r e - e s t i m a t i o n  p r o ­
cedure f a i l e d ,  the  P la in  WLS has a l v a y s  p ro d u c e d  wrong 
r e s u l t s  and the  o t h e r  two e s t i m a t o r *  have p er form a n ce  
s im i la r  to  the  example shown h e r e ,  e x c e p t  f o r  c a s e s  o f  
h ighly  i n t e r a c t i v e  bad d a ta  o r  low l o c ^ l  redun dan cy .

CONCLUSIONS

In t h i s  p ap er  an approach f o r  the t r a c k in g  
e s t i m a t i o n  o f  the power system s t a t i c  s t a t e  was p r e ­
s e n t e d .  The combined use o f  a p r e - e s t i m a t i o n  d e te c t io n  
and i d e n t i f i c a t i o n  scheme, w i th  a lg o r i t h m s  us ing  some 
form o f  au tom at ic  bad data  r e j e c t i o n ,  were shown to  
have an adequ ate  perform ance under the assumed designed 
c r i t e r i a .

The o n ly  s i t u a t i o n s  in  which the a lgo r i th m s  d id  
n o t  p e r fo rm  a d e q u a te ly  was i n  c a s e s  o f  m u l t i p l e  i n t e r ­
a c t i v e  bad d a ta  in  nodes w ith  low l e v e l  o f  l o c a l  
redun dan cy .  However,  t h is  s i t u a t i o n  r e p r e s e n t s  an 
enormous c h a l l e n g e  f o r  a lmost  a l l  o f  the e x i s t i n g  s t a t e  
e s t i m a t i o n  t e c h n iq u e s .

The p er form a n ce  o f  the p r e s e n t e d  a lgo r i th m s  can be 
improved w ith  a more e l a b o r a t e  p r e - e s t i m a t i o n  d e t e c t io n  
and i d e n t i f i c a t i o n  o f  bad d a ta  r o u t i n e  i n c o r p o r a t i n g  
p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  the power and t e l e ­
m e te r in g  sys tem s .
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APPENDIX A APPENDIX B

MEASUREMENT EQUATIONS AND JACOBIAN ELEMENTS

The power system  v a r i a b l e s  n orm a l ly  measured f o r  
the purpose  o f  s t a t e  e s t i m a t i o n  are  the a c t i v e  and 
r e a c t i v e  l o a d  i n j e c t i o n s  and l i n e  f l o w s  and v o l t a g e  
magnitudes.  Those v a r i a b l e s  are  r e l a t e d  to  the s t a t e  
v a r i a b l e s  (phase  a n g le  and v o l t a g e  m agnitudes)  by the 
e q u a t i o n s :

ik i  xk i  k ik i k  ik

Q.i

p.i

" V i k *  v i vk ( c i k co>(

l  ' i

i k  ik

” i k '

.in9ik)*V^.k(A.2)i 7 ik

k e a . ik

I  Qik c a . ik

( A . 3) 

( A . 4)

where

V  Qi
p i k ’ <3ik
a.1
V . ,  0

cik" j®ik

' i k

a c t i v e ,  r e a c t i v e  i n j e c t i o n  a t  node i  
a c t i v e ,  r e a c t i v e  f l o w  a t  l i n e  i - j  

s e t  o f  nodes  d i r e c t l y  c o n n e c te d  t o  i
m agnitude ,  phase an g le  o f  v o l t a g e  at  
node i
e lem en t  o f  the  network noda l  
ad m it tan ce  m a t r ix  
shunt e lem en t

The e le m e n ts  o f  the J a c o b ia n  m a t r i c e s  Hp and
d e f i n e d  i n  ( 9 )  and (10 )  are  o b t a i n e d  from  e q u a t i o n s  
( A . 1) t o  ( A . 4 ) .  Based on p h y s i c a l  c h a r a c t e r i s t i c s  o f  
the EHV networks  th ese  e le m e n ts  can be made s t a t e  
ind ep en d en t  by  the f o l l o w i n g  a p p r o x im a t io n s 9 :

co s Q ik  * 1 .0  ( A . 5)

Vi Vk * 1 , 0  (A *6)
Gijts i n 0 n c<<Bi k c o s 0 i k  ( A , 7)

I n t r o d u c in g  a p p r o x im a t io n s  ( A . 5) and ( A . 6 ) and 
n e g l e c c i n g  some terms a c c o r d i n g  to  ( A . 7 ) ,  the e lem en ts  
o f  Hp and are  g iv e n  by the e q u a t i o n s  in  t a b l e  A .1 .

3P.
___-  a T B
39. .*• i k  1 k to . 07

1 
07

-
V

-
s i Of f*' K*

3P.

"  "  * i k

3Q!

3V^ *  ■  “ ik

Ü U . g
30. ® ik 

X

* U . ,  - y
3V. “ ik  y tk

Ü Ü L . B
39k * ik

9Qi “  .
3Vk “ ik

Ü L . o
î e i

3 l . ,
>Vl

TABLE A.I

QUADRATIC-SQUARE ROOT ESTIMATOR

C o n s id e r  a l i n e a r  e s t im a t io n  p rob lem  d e f i n e d  by 
the m odel eq u a t io n

Z -  H x ♦ W

D e f in e  a performance c r i t e r i a  by 

J ( x )  ■ p t (x )R “ , p

( B . l )

(B .2 )

where R i s  a d iag o n a l  m atr ix  o f  w e ig h ts  and the elements 
o f  £ ( x )  a re  g iven  by

^(x)

i - l . . .

r l i f

l r  l i  1
s ig n ( r ^ )  À o . ( 4  j  * - 3 )  i f  

r  -  Z -  Hx

1  X

(B .3 )

(B .4 )

where

o .  -  assumed s tandard  d e v i a t i o n  o f  measurement e r r o r  x
X »  chosen th r e s h o ld  
m -  number o f  measurements

The minimum o f  J ( x )  i s  g iven  by 

d J (x )
dx - 0

or  

where

A c c o r d in g  to  the ch a in  ru le

d j  _ d j  d ¿  dr 
d x  dp_ d_r dx

2HTCTR_ , £ < r )  -  0

G -  d i a g ( , , g 2 • • . « „ )

<fel> 1 1

-1
(4

i f

[4
- J )  i f

r i i  X

> X

(B.S)

<B.6>

(B .7 )

( B .8 )

E qu at ion  (B .7 )  ia  n o n l in e a r  i n  x and can b«  ao lvad  
o n ly  b y  an i t e r a t i v e  p r o c e i a .  A p p ly in g  T a y lo r  e e r i e a  
e x p a n s io n  to  £ ( x )  around an i n i t i a l  gu ess

p ( x )  * o i x ^  -  CH ( x - x ° )  <»•»>

wh ich  lea ds  to  the i t e r a t i o n

HTcV ' cH (x k * ' -  xk ) • H V ' c 0 ( x k )  (B.IO)

The ga in  m atr ix  g iven  by the p r o d u c t  H G R CH 
has i n f l u e n c e  on the speed o f  c o n v e r g e n c e  but not  on 
the o p t i m a l i t y  o f  the s o l u t i o n  g iv e n  by ( B . I O ) .  In 
o r d e r  to  a vo id  the need f o r  r e f a c t o r i s a t i o n  at ever y  
i t e r a t i o n  i t  can be made equal  to  the  ga in  m atr ix  o f  
a p l a i n  WLS e s t im a t o r  prod u c in g  the f i n a l  a lg o r i th m

hV ' h ( i k* , - a ‘ ) -  k ‘ r ' c0 ( x ‘ ) ( B . l l )



APPEND IX C REFERENCES

LINEAR PROGRAMMING ESTIMATOR

C o n s id e r  the  same e s t i m a t i o n  prob lem  as in  
Appendix B bu t  w i t h  a p er form a n ce  c r i t e r i a  g i v e n  by

J -  | r t |

Z. -  H .xl —l— i - l ,  . . . ,

(C.l)

(C .2 )

where i s  the  i - t h  column o f  H

Using the above c r i t e r i a  the e s t i m a t i o n  problem 
can be f o r m u la te d  as a l i n e a r  p r o g r a m i n g  p rob lem  p r o -  
ided some ch an ges  o f  v a r i a b l e s  are  i n t r o d u c e d .  Let

i .  s u b s t i t u t e  the r e s id u e  terms r .  b y  the
d i f f e r e n c e  o f  two p o s i t i v e  s l a c k  v a r i a b l e s

2 i - l 2 i

i l .  add a la r g e  enough c o n s t a n t  d t o  the 
e le m e n ts  o f  the s t a t e  v e c t o r

x .  ♦ d 1

(C .3 )

( C . 4)

which w i l l  l e a d  t o  a r e d e f i n i t i o n  o f  the measurement 
v a r ia b le s  as

Z' Z ♦ Hd (C . 5)

The e s t i m a t i o n  prob lem  can now be fo r m u la te d  as 
a l i n e a r  programming prob lem  as

Min J -  I  V ‘ 2 1 - ,  * V  
1*1 ( C . 6 )

s u b j e c t  to  [H I u j

where

U -

- I

1 -1 mx2m

< V 2 2m-l 2m'
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e q u a t io n s  o f  the p ro b le m ,  i . e .  i t  w i l l  l i e  on the p o i n t  
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han m-n the c r i t e r i o n  g iv e n  by ( C . l )  w i l l  almost 

always c h o o s e  a s o l u t i o n  p o i n t  in  which the  eq u a t io n s  
c o r r e s p o n d i n g  to  the bad data  are  e x c l u d e d .
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INTRODUCTION

T h e  o b j e c t i v e  o f  a p o w e r  s y s t e m  s t a t e  e s t i m a t o r  i s  t o  o b t a i n  a r e l i a b l e  e s t i m a t e  

o f  t h e  s y s t e m  s t a t e  ( v o l t a g e  m a g n i t u d e  a n d  p h a s e  a n g l e s  a t  a l l  n o d e s )  f r o m  a s e t  o f  

t e l e m e t e r e d  i n f o r m a t i o n  ( u s u a l l y  a n a l o g u e  v a l u e s  o f  i n j e c t i o n s ,  l i n e  f l o w s ,  v o l t a g e  

m a g n i t u d e s  a n d  s w i t c h e s  s t a t u s ) . T h e  m e a s u r e m e n t s  c o n t a i n  a c e r t a i n  d e g r e e  o f  n o i s e  

i n t r o d u c e d  b y  m e t e r i n g  a n d  c o m m u n i c a t i o n  d e v i c e s  a n d  s o m e t i m e s  c o m p l e t e l y  w r o n g  i n f o r m ­

a t i o n  d u e  t o  p a r t i a l  o r  t o t a l  f a i l u r e  o f  t h e  t e l e m e t e r i n g  s y s t e m  ( b a d  d a t a ) .

M o s t  o f  t h e  e x i s t e n t  s t a t e  e s t i m a t i o n  a l g o r i t h m s  ,  w h i c h  a r e  b a s e d  o n  t h e  W e i g h t e d  

L e a s t  S q u a r e s  (W LS ) m e t h o d ,  a r e  a b l e  t o  d e a l  q u i t e  w e l l  w i t h  t h e  m e a s u r e m e n t  n o i s e  

l e v e l s  o f  m o d e r n  t e l e m e t e r i n g  s y s t e m s .  H o w e v e r ,  t h e y  u s u a l l y  f a i l  i n  t h e  p r e s e n c e  o f

b a d  d a t a .  An a c c e p t a b l e  s o l u t i o n  c a n  o n l y  b e  o b t a i n e d  b y  r e p e a t e d  r u n s  o f  t h e  e s t i m a -
2

t o r  f r o m  w h i c h  so m e  s u s p e c t e d  m e a s u r e m e n t s  a r e  e x c l u d e d  .

S t a t e  e s t i m a t i o n  a l g o r i t h m s  w i t h  a b e t t e r  p e r f o r m a n c e  i n  t h e  p r e s e n c e  o f  b a d  d a t a  

c a n  b e  a c h i e v e d  b y  t h e  u s e  o f  o t h e r  c r i t e r i a  t h a n  t h e  W LS. A n  e x a m p le  o f  t h i s  t e c h ­

n i q u e  i s  t h e  D a d  D a t a  S u p p r e s s i o n  m e t h o d * 2 .  I f  t h e  l e v e l  o f  n o i s e  o f  t h e  m e a s u r e m e n t s  

i s  n o t  h i g h  ( a s  i s  U3 u a l  i n  p r a c t i c e )  t h e  sum  o f  t h e  m o d u l i  o f  t h e  r e s i d u a l s  c a n  b o  

u s e d  a s  a c r i t e r i o n  t o  d e v e l o p  a n  e s t i m a t o r  w i t h  a  g o o d  b a d  d a t a  r e j e c t i o n  p e r f o r m ­

a n c e 3 . I n  t h i s  e s t i m a t o r  e a c h  i t e r a t i o n  c a n  b e  f o r m u l a t e d  a s  a L i n e a r  P r o g r a m m in g  ( L P )  

p r o b l e m .  T h e  p r o p e r t y  o f  t h e  s o l u t i o n  o f  a  LP p r o b l e m  o f  a l w a y s  l y i n g  i n  o n e  c o r n e r  o f  

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

r e j e c t i o n  o f  b a d  d a t a



I n  t h i s  p a p e r  a n  i m p r o v e d  v e r s i o n  o f  t h e  LP e s t i m a t o r  i n  t e r n s  o f  s p e e d  a n d  s t o r ­

a g e  r e q u i r e m e n t s  i s  p r e s e n t e d .  E a c h  o f  t h e  LP p r o b l e m s  i s  d e c o m p o se d  i n t o  t w o  s m a l l e r  

o n e s  b y  d e c o u p l i n g  t h e  e q u a t i o n s  c o r r e s p o n d i n g  t o  a c t i v e  a n d  r e a c t i v e  m e a s u r e d  v a r i a b ­

l e s .  T h e  c o e f f i c i e n t s  o f  e a c h  LP p r o b l e m  a r e  made c o n s t a n t  d u r i n g  t h e  i t e r a t i v e  p r o ­

a s i m p l i f i e d  R e v i s e d  S i m p l e x  a l g o r i t h m  a d a p t e d  t o  t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  t h e  

p r o b l e m .

FORMULATION OF THE PROBLEM

T h e  m e a s u r e m e n t s  a n d  s t a t e  v e c t o r s  a r e  r e l a t e d  b y  t h e  e q u a t i o n

G i v e n  a s e t  o f  m e a s u r e m e n t s  Z L h e  s t a t e  e s t i m a t i o n  p r o b l e m  c a n  b e  s e e n  a s  t h e  c a l ­

c u l a t i o n  o f  a v e c t o r  x  w h i c h  " b e s t  f i t s "  t h e  g i v e n  m e a s u r e m e n t s .  T h e  e s t i m a t e  i s  o b ­

t a i n e d  b y  o p t i m i s i n g  a  c h o s e n  c r i t e r i o n  w h i c h  i s  u s u a l l y  a  f u n c t i o n  o f  t h e  r e s i d u a l s .  

T h e  r e s i d u a l s  a r e  g i v e n  b y

I f  t h e  m e a s u r e m e n t  e r r o r s  a r e  s m a l l  a n d  r a n d o m  ( p r e f e r a b l y  i f  n o r m a l l y  d i s t r i b u t e d !  

t h e i r  e f f e c t  i n  a n  e s t i m a t e  o b t a i n e d  b y  m i n i m i s i n g  ( 3 )  w i l l  b e  c o m p e n s a t o r y ,  i . e .  t h e  

m e t h o d  w i l l  w o rk ,  a s  a n  a v e r a g i n g  p r o c e s s  p r o d u c i n g  a n  e s t i m a t e  w i t h  a  l e v e l  o f  u n c e r ­

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

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

w r o n g  m e a s u r e m e n t s  a r e  a p p r o x i m a t e l y  e q u a l  t o  t h e  e r r o r .  T h i s  k i n d  o f  s o l u t i o n  c a n  

n e v e r  b y  a c h i e v e d  u s i n g  t h e  WLS c r i t e r i a  b e c a u s e  t h e  sum o f  t h e  s q u a r e  o f  s u c h  l a r g e  

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

E s t i m a t o r s  l e s s  v u l n e r a b l e  t o  b a d  d a t a  c a n  b e  d e s i g n e d  u s i n g  c r i t e r i a  w h i c h  a s s i g n s  

l e s s  i m p o r t a n c e  t o  l a r g e  r e s i d u a l s .  A n  e x t r e m e  c a s e  w o u l d  b e  t h e  c r i t e r i a  g i v e n  b y

A n a l g o r i t h m  b a s e d  on  ( 4 )  w i l l  a l w a y s  c h o o s e  o n  e s t i m a t e  t h a t  s a t i s f i e s  e x a c t l y  n 

o f  t h e  m e q u a t i o n s  o f  ( 1 ) ,  i . e .  t h e  s o l u t i o n  o f  t h e  a l g o r i t h m  w i l l  l i e  i n  o n o  o f  t h e

c e s s  b y  t h e  i n t r o d u c t i o n  o f  som e a p p r o x i m a t i o n s .  T h e  LP p r o b l e m s  a r e  t h e n  s o l v e d  u s i n g

Z = h ( X )  < W ( 1 )
w h e r e

Z -  m e a s u r e m e n t  v e c t o r  (m x15

X -  s t a t e  v e c t o r  ( n x D

W -  m e a s u r e m e n t  e r r o r  v e c t o r  (m x 1 )
■i

h ( . l  -  n o n - l i n e a r  f u n c t i o n s  g i v e n  b y  n e t w o r k  l a w s

r  = Z -  h ( X ) ( 2 )

I n  t h e  WLS m e t h o d  t h e  c r i t e r i o n  i s  d e f i n e d  a s

J ( 3 )

w h e r e

r ^  a r e  t h e  c o m p o n e n t s  o f  r

w ^ a r e  c h o s e n  w e i g h t s  ( u s u a l l y  t h e  i n v e r s e  o f  t h e  a s s u m e d  c o v a r i a n c e  o f

t h e  m e a s u r e m e n t  e r r o r ) .

m
(4)



v e r t i c e s  o f  t h e  p o l y h e d r o n  d e f i n e d  b y  t h e  m e a s u r e m e n t  e q u a t i o n s .  P r o v i d e d  t h e  n u m b e r  

o f  b a d  d a t a  i s  s m a l l e r  t h a n  m - n  t h e  a l g o r i t h m  w i l l  e x c l u d e  t h e  e q u a t i o n s  c o r r e s p o n d i n g  

t o  t h e  b a d  d a t a  * f r o m  t h e  f i n a l  s o l u t i o n  i n  m o s t  o f  t h e  p r a c t i c a l  s i t u a t i o n s .  T he  e s t i ­

m a te s  w i l l  n o r m a l l y  c o n t a i n  a  d e g r e e  o f  u n c e r t a i n t y  o f  t h e  sam e l e v e l  o f  t h e  g i v e n

m e a s u r e m e n t s  C lo w  f i l t e r i n g  c a p a b i l i t y ) .  x |  

I n  F i g u r e  1 a h y p o t h e t i c a l  2 - d i m e n s i o n a l  

p r o b l e m  i s  d e p i c t e d  a n d  t h e  p r o b a b l e  

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

t e r i a  d e f i n e d  i n  ( 3 )  a n d  ( 4 )  a r e  s h o w n .

I n  t h i s  f i g u r e  t h e  f u l l  l i n e s  r e p r e s e n t  

a s e t  o f  f o u r  m e a s u r e m e n t  e q u a t i o n s  

c o r r e s p o n d i n g  t o  m e a s u r e m e n t s  2 ^ t o  

Z . T h e  d o t t e d  l i n e  r e p r e s e n t s  t h e  

f o u r t h  e q u a t i o n  i n  t h e  c a s e  o f  l a r g e  

e r r o r  ( b a d  d a t a ) .  a n d  a r e  t h e  

s o l u t i o n s  g i v e n  b y  t h e  LP c r i t e r i o n  a n d  

S ,  a n d  S_ b y  t h e  WLS c r i t e r i a  f o r  t h e  

c a s e s  w i t h  a n d  w i t h o u t  b a d  d a t a  r e s ­

p e c t i v e l y .

LP DECOUPLED ALGORITHM

2 - li.(x)

Figurel. Two-dimensional example

T h e  u s u a l  p r o c e d u r e  f o r  t h e  s o l u t i o n  o f  n o n - l i n e a r  s t a t e  e s t i m a t i o n  p r o b l e m s  i s  b y
1 o

T h e  T a y l o r ' s  e x p a n s i o n  o f  ( 2 )  i n  t h e  n e i g h b o u r h o o d  o f  Xs u c c e s s i v e  l i n e a r i s a t i o n  

g i v e s

w h e r e

o
r = A Z °  - H ( X ° ) A X °

A Z ° = Z -  h ( X ° )

A X ° = X -  X °

H ( X ° )
3 h (  X)
3X w vO

( 5 )

X=X

T h e  s o l u t i o n  o f  t h e  m i n i m i s a t i o n  p r o b l e m  d e f i n e d  b y  ( 4 )  a n d  ( 5 )  w i l l  g i v e  a f i r s t  

a p p r o x i m a t i o n  t o  t h e  e s t i m a t e .  T h e  f i n a l  s o l u t i o n  w i l l  b e  g i v e n  b y  s o l v i n g  t h e  s e q u e n c e  

o f  m i n i m i s a t i o n  p r o b l e m s  d e f i n e d  b y  

m
m i n i m i s e  « £ w . | r  ^  |

i -1

H ( X K ) aXK ♦  r K AZ"

(6)

( 7 )s u b j e c t  t o

w h e r e  k  ■  1 .  2 ,  . . .  i s  t h e  i t e r a t i o n  c o u n t e r .

E a c h  o f  t h e  p r o b l e m s  d e f i n e d  b y  ( 6 ) a n d  1 7 )  c a n  b e  f o r m u l a t e d  a s  a LP p r o b l e m  p r o ­

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

w i l l  r e m a i n  p o s i t i v e .  T h e s e  c l i a n g o s  a r c  a s  f o l l o w s :

i .  s u b s t i t u t e  t h e  r e s i d u a l  t e r m s  r  k b y  t h e  d i f f e r e n c e  o f  t w o  p o s i t i v e  s l a c k  v a r i a b l e s



’2 i - 1 2i i » 1 .

i i .  a d d  a  l a r g e  c o n s t a n t  d  t o  t h e  e l e m e n t s  o f  x

X ‘
i x i  * d 1.

w h i c h  w i l l  l e a d  t o  a r e d e f i n i t i o n  o f  Z a s  

Z '  = Z ♦  H ( X k ) d

T h e  LP p r o b l e m s  c a n  n o w  b e  f o r m u l a t e d  a s  

m
M i n  J

l ï 1Wi Î S 2 i - 1

S u b j e c t  t o  ( H ( X  ) j U)

w h e r e

*  s i )

-6 Z '

S 2 0 

-1

-1 rax 2 m

( s „ s -> . a, ) T2m-1 ^m

I n  t h e  o p t i m a l  s o l u t i o n  o f  t h e  L P  p r o b l e m s  f o r m u l a t e d  a b o v e  a t  l e a s t  o n e  o f  t h e  

s l a c k  v a r i a b l e s  d e f i n e d  b y  ( 8 ) w i l l  b e  n u l l  ( n o n - b a s i c ) .  T h e r e f o r e  t h e  o b j e c t i v e  f u n c ­

t i o n  g i v e n  b y  ( 1 1 ) i s  e q u i v a l e n t  t o  ( 6 ) .

T h e  d e c o u p l i n g  o f  a c t i v e  a n d  r e a c t i v e  e q u a t i o n s  i n  t h e  s t a t e  e s t i m a t i o n  p r o b l e m  h a s  

b e e n  a p p l i e d  s u c c e s s f u l l y  t o  a l g o r i t h m s  b a s e d  o n  t h e  WLS m e t h o d .  I t  r e d u c e s  t h e  c o m p u t ­

i n g  t i m e  p e r  i t e r a t i o n  a n d  s t o r a g e  b y  t h e  u s e  o f  c o n s t a n t  g a i n  m a t r i c e s  w i t h o u t  a f f e c t ­

i n g  t h e  r e l i a b i l i t y  a n d  a c c u r a c y  o f  t h e  a l g o r i t h m s .  T h e  same t e c h n i q u e  c a n  b e  a p p l i e d  

t o  t h e  LP e s t i m a t o r  b y  d e c o u p l i n g  t h e  s e t  o f  c o n s t r a i n t  e q u a t i o n s  M 2 )  i n t o  a c t i v e  a n d  

r e a c t i v e  s u b s e t s .  A f u r t h e r  s i m p l i f i c a t i o n  c a n  b e  o b t a i n e d  b y  a l s o  a s s u m in g  a s u b -  

o p t i m a l  d e c o u p l e d  c r i t e r i o n  f u n c t i o n .  I n  t h i s  d e c o u p l e d  v e r s i o n  t h e  s e q u e n c e  o f  o p t i m ­

i s a t i o n  p r o b l e m s  l e a d i n g  t o  t h e  s o l u t i o n  w i l l  b e  g i v e n  b y
mp

M in  7 w ( s i  + s '  
i t - i  i * P  21-1  21

s u b j e c t  t o

(H ; U ) 
P P

a n d A0 ,S 
P P

A0 '

S
AZ

mq
M i n  y  w ( s "  ♦  s " )i i 1 i .q  21-1 2 i

o b j e c t  t o
(H  : U )q q

A V .  S > 0q

A V

s
AZ



w h e r e

®»V : v e c t o r s  o f  v o l t a g e  p h a s e  a n g l e s  a n d  m a g n i t u d e

^ . 2 ^  : * v e c t o r s  o f  a c t i v e  a n d  r e a c t i v e  m e a s u r e m e n t s

W. , w ,  : a c t i v e  a n d  r e a c t i v e  w e i g h t s
i . p  i . q  b

U p . U p . S p . P ^ s  a s  d e f i n e d  i n  ( 1 3 )  a n d  ( 1 4 )  w i t h  a p p r o p r i a t e  d i m e n s i o n s  

m p ,  mq : n u m b e r  o f  a c t i v e ,  r e a c t i v e  m e a s u r e m e n t s

H_ » H _  : s u b m a t r i c e s  o f  t h e  J a c o b i a n  m a t r i x  H ( X  ) j  t h e  e l e m e n t s  o f  H a n d  H
P 4  o  p q

a r e  m a d e  s t a t e  i n d e p e n d e n t  b y  t h e  i n t r o d u c t i o n  o f  some a p p r o x i m a t i o n s  
4

a s  d e f i n e d  i n  ,

COMPUTATIONAL ASPECTS

A l l  p u r p o s e s  " p a c k a g e s "  f o r  t h e  s o l u t i o n  o f  LP p r o b l e m s  l i k e  t h e  o n e s  g i v e n  b y  

( 1 5 )  a n d  ( 1 6 )  u s i n g  d i f f e r e n t  f o r m s  o f  t h e  s i m p l e x  m e t h o d  a r e  l a r g e l y  a v a i l a b l e .  T h e s e  

p r o g r a m s  a r e  v e r y  e f f i c i e n t  a n d  c a n  b e  u s e d  w i t h  g o o d  r e s u l t s  i n  o f f - l i n e  a p p l i c a t i o n s  

o f  t h e  LP e s t i m a t o r .  H o w e v e r ,  ' o r  o n - l i n e  a p p l i c a t i o n s ,  i n  w h i c h  a m o d e s t  s i z e  p r o c e s s  

c o n t r o l  c o m p u t e r  i s  n o r m a l l y  u s e d ,  a s m a l l e r  a n d  d e d i c a t e d  LP r o u t i n e  w i l l  c e r t a i n l y  be  

r e q u i r e d .

I n  t h e  d e v e l o p m e n t  o f  t h e  LP  r o u t i n e  t h e  f o l l o w i n g  o b s e r v a t i o n s  a b o u t  p a r t i c u l a r

c h a r a c t e r i s t i c s  o f  t h e  LP  p r o b l e m s  w i l l  h e l p  t o  a c h i e v e  e f f i c i e n t  p r o g r a m i n g ;

i .  M a t r i x  o f  c o e f f i c i e n t s  On t h e  s u b m a t r i c e s  c o r r e s p o n d i n g  t o  t h e  J a c o b i a n  (H ^

a n d  H ) s h o u l d  b e  s t o r e d .  T h e  e l e m e n t s  o f  U a n d  U c a n  b e  g e n e r a t e d  e a s i l y  b y  t h e  
Q P q g

a l g o r i t h m  w h e n  r e q u i r e d .  As a n d  a r e  s p a r s e  a c o m p a c t  f o r m  o f  s t o r a g e  s h o u l d  be

u s e d .

i i .  I n i t i a l  b a s i c  f e a s i b l e  s o l u t i o n  I t  c a n  b e  o b t a i n e d  d i r e c t l y  b y  c h o o s i n g  m 

s l a c k  v a r i a b l e s  a s  b a s i c  v a r i a b l e s .  T h i s  c h o i c e  h a s  a s  a n  e x t r a  a d v a n t a g e  a u n i t y  

i n i t i a l  b a s i s  m a t r i x .

i i i .  S p a r s i t y  T h e  c o e f f i c i e n t  m a t r i x  a s  a  w h o l e  i s  v e r y  s p a r s e  d u e  t o  t h e  f o r m  o f  

s u b m a t r i c e s  U a n d  U . A t y p i c a l  v a l u e  o f  p e r c e n t a g e  o f  n o n - z e r o  e l e m e n t s  i s  1%.
P q s, 6

T h e r e f o r e  t h e  R e v i s e d  S i m p l e x  a l g o r i t h m  w i t h  t h e  i n v e r s e  b a s i s  i n  p r o d u c t  f o r m  '  s h o u l d  

b e  u s e d  w i t h  c o n s i d e r a b l e  s a v i n g s  i n  s t o r a g e  a n d  c o m p u t i n g  t i m e .

NUMERICAL RESULTS * 1 * 3

T h e  F a s t  D e c o u p l e d  L i n e a r  P r o g r a m m i n g  (F D L P )  s t a t e  e s t i m a t o r  J u s t  d e s c r i b e d  was

t e s t e d  o n  a v a r i e t y  o f  s i m u l a t e d  e s t i m a t i o n s  c o r r e s p o n d i n g  t o  d i f f e r e n t  n e t w o r k s ,  m e t e r

p l a c e m e n t ,  n u n t i e r  a n d  s i z e  o f  b a d  d a t a ,  e t c .  I n  e a c h  o f  t h e  c a s e s  s t u d i e d . e s t i m a t i o n s
1 4

u s i n g  t h e  F u l l  WLS (F W L S ) .  F a s t  D e c o u p l e d  WLS ( FDWLS) a n d  t h e  F u l l  L i n e a r  P r o g r a m i n g  

( F L P ) 3 w e r e  a l s o  p e r f o r m e d  i n  o r d e r  t o  p r o d u c e  a  c o m p a r a t i v e  a s s e s s m e n t  o f  t h e  a l g o ­

r i t h m  s t u d i e d . 3
T h e  n e t w o r k s  u s e d  f o r  t h e  s t u d y  w e r e  t h e  5 - b u s b a r  s y s t e m  g i v e n  i n  a n d  t h e  s t a n d ­

a r d  1 4 ,  3 0  a n d  57  b u s b a r  IE E E  t e s t  s y s t e m .  T a b l e  1 s h o w s  t h e  m e t e r i n g  p a t t e r n  a d o p t e d  

f o r  e a c h  s y s t e m .  I n  t h i s  t a b l e  NK *  n o .  o f  n o d e s ;  NL *  n o .  o f  l i n e s ;  N I  * n o .  o f  

m e a s u r e d  i n j e c t i o n s ;  NF » n o .  o f  m e a s u r e d  f l o w s ;  NV * n o .  o f  m e a s u r e d  v o l t a g e s  a n d  

n *  r e d u n d a n c y  r a t i o .



T,ie  f o r  t h e  s i m u l a t i o n s  ( m e a s u r e m e n t s ]  w e r e

o b t a i n e d  b y  a d d i n g  a  n o r m a l l y  d i s t r i b u t e d  e r r o r  

t o  t h e  v a l u e s  o b t a i n e d  f r o m  l o a d  f l o w  c a l c u l a t i o n s .  

The  b o u n d s  o f  t h e  e r r o r  w e r e  s e t  t o  .3% o f  t h e  f u l l  

s c a l e  p l u s  1 . 5 - *  o f  t h e  a c t u a l  v a l u e  o f  t h e  m e a s u r e d  

q u a n t i  t y .

T h e  q u a l i t y  o f  t h e  e s t i m a t i o n  w a s  m e a s u r e d  b y

,  . 1  l ^ l 2
P m *■ 2

i  = 1 o .

SYS rjK ML N I NF NV n

A 5 7 2 14 1 1 . 9

B 14 2 0 4 4 0 2 1 .7

C 30 21 12 62 6 1 . 7

D 57 60 14 1 6 0 7 1 . 6

T a b l e  1 -  T e s t  S y s t e m s  

t h e  p e r f o r m a n c e  i n d e x

( 1 7 )

w h e r e  2 ^  a n d  a r e  t h e  e s t i m a t e d  a n d  t r u e  v a l u e s  o f  t h e  i - t h  m e a s u r e m e n t  a n d  a ^  i s

t h e  a s s u m e d  s t a n d a r d  d e v i a t i o n  o f  t h e  e r r o r .  T h e  e x p e c t e d  v a l u e  o f  J f o r  a n  o p t i m a l

e s t i m a t o r  i s  g i v e n  b y  t h e  i n v e r s e  o f  t h e  r e d u n d a n c y  r a t i o 4 n .  F o r  t h e  s y s t e m s  g i v e n

i n  T a b l e  1 t h i s  v a l u e  v a r i e s  f r o m  * 5 2 6  t o  . 6 2 5 .  V a l u e s  o f  J m uch  l a r g e r  t h a n  t h e s e
P

i n d i c a t e  a p o o r  p e r f o r m a n c e  o f  t h e  e s t i m a t o r .

I n  T a b l e  2 t h e  r e s u l t s  o b t a i n e d  i n  t h e  s i m u l a t i o n s  u s i n g  t h e  s y s t e m s  i n  T a b l e  1 

a r e  s u m m a r i s e d .  T h e  v a l u e s  s h o w n  f o r  s y s t e m s  A , B , C  a n d  D c o r r e s p o n d  t o  t h e  c a s e s  i n  

w h i c h  o n l y  t h e  n o r m a l l y  d i s t r i b u t e d  e r r o r  w h o s e  b o u n d s  a r e  d e f i n e d  a b o v e  i s  p r e s e n t .

S y s t e m s  B *  a n d  C *  a r e  t h e  sa m e  a s  B a n d  C w i t h  t h e  o n l y  d i f f e r e n c e  t h a t  t h e  e r r o r  i n

t w o  m e a s u r e m e n t s  ( i n  e a c h  s y s t e m )  w e r e  m ade e q u a l  t o  50% o f  t h e  a c t u a l  v a l u e  o f  t h e  

m e a s u r e m e n t  ( b a d  d a t a ) .

I12TH0D
S Y S .

A B B * C C* D

FLP

No J  t a 3 3 3 4 4 5

T im e . 0 9 0 1 . 0 6 8 1 . 1 2 0 8 . 8 4 5 9 . 1 0 1 1 7 . 2 3 7

J
P

1 . 4 1 6 . 9 1 0 1 . 1 2 5 1 . 2 3 6 1 . 4 0 1 1 . 1 9 1

FDLP

N o . I t e . 4 3 4 4 5 5

T im e . 0 2 0 . 1 9 6 . 2 0 1 . 8 1 B .8 0 7 1 . 3 4 8

J D 1 . 5 3 4 . 9 8 1 1 . 0 8 7 1 . 3 2 5 2 . 1 1 8 1 . 2 3 7

FWLS

N o . I t e . 3 3 4 4 4 5

T im e . 0 1 6 . 1 6 5 . 1 6 6 . 6 4 4 . 6 7 0 1 . 2 2 7

J
P

. 2 5 4 . 3 6 1 2 5 . 1 . 2 9 7 1 5 . 7 . 3 5 4

FOWLS

N o . I t e . 4 4 5 4 5 5

T im e . 0 0 8 . 0 2 3 . 0 2 3 . 0 5 8 .0 6 0 . 1 4 7

J
P

. 2 3 0 . 3 1 8 2 8 . 3 0 . 3 2 0 1 8 . 3 . 3 0 8

T a b l e  2 -  S u m m a ry  o f  R e s u l t s

T h e  v a l u e s  o f  J  i n  T a b l e  2 s h o w  t h a t  t h e  FDLP e s t i m a t o r  h a s  a p e r f o r m a n c e  s i m l -  
P

1 ¡ r  t o  t h e  F L P  e s t i m a t o r .  W hen  n o  b a d  d a t a  i s  p r e s e n t  i n  t h e  m e a s u r e m e n t s  b o t h  LP

i » t i m a t o r s  h a v e  a  p o o r e r  r e s p o n s e  t h a n  t h e  WLS e s t i m a t o r s .  H o w e v e r ,  i n  c a s e s  w i t h  b a d

d a t a  ( B *  a n d  C * )  t h e  v a l u e  o f  J  f o r  t h e  LP e s t i m a t o r s  i s  p r a c t i c a l l y  u n a f f e c t e d  w h i c h
p

i n d i c a t e s  a r e j e c t i o n  o f  t h e  b a d  d a t a  w h i l e  s h o w i n g  u n a c c e p t a b l e  r e s u l t s  f o r  t h e  WLS



a l g o r i t h m s .  A b i g  i m p r o v e m e n t  i n  t e r m s  o f  s p e e d  w as  o b t a i n e d  b y  t h e  a p p l i c a t i o n  o f  

t h e  d e c o u p l i n g  t p c h n i q u e  t o  t h e  LP e s t i m a t o r  a s  c a n  b e  s e e n  b y  c o m p a r i n g  t h e  t i m e s  f o  

t h e  FD LP  a n d  F L P .  T h e  t i m e  r e q u i r e m e n t s  o f  t h e  FOLP w a s  f o u n d  t o  b e  a p p r o x i m a t e l y  

e q u a l  t o  t h e  FVJLS w h i c h  i s  a c c e p t a b l e  f o r  som e p r a c t i c a l  a p p l i c a t i o n s .  S t o r a g e  r e q u i n  

m e n t s  o f  FDLP a r e  a b o u t  t h e  sam e a s  t h e  FCWLS p r o v i d e d  a n  e f f i c i e n t  p r o g r a m i n g  i s  u s e  

f o r  t h e  S i m p l e x  a l g o r i t h m .

CONCLUSIONS

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

g r a m m i n g  w a s  p r e s e n t e d .  T h e  r e s u l t s  o f  s i m u l a t i o n  s t u d i e s  s h o w e d  t h a t  t h e  e s t i m a t o r  i  

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

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

t h e  c a s e  w i t h  t h e  w e i g h t e d  l e a s t  s q u a r e  e s t i m a t o r .  T h i s  p r o p e r t y  o f  t h e  l i n e a r  p r o ­

g r a m m i n g  e s t i m a t o r  c o m p e n s a t e s  i t s  h i g h e r  t i m e  r e q u i r e m e n t s  m a k i n g  t h e  p r e s e n t e d  m e t h o  

a p r a c t i c a l  o p t i o n  f o r  o n - l i n e  i m p l e m e n t a t i o n .
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NONQUADRATIC STATE ESTIMATION: A COMPARISON OF METHODS

D .M .  F a l c a o ,  S . H .  K a r a k i  a n d  A .  B r a m e l l e r

U n i v e r s i t y  o f  M a o c h e s t e r  I n s t i t u t e  o f  S c i e n c e  a n d  T e c h n o l o g y .  P . 0 .  B o x  0 8 .  
M a n c h e s t e r  MGO 1 QD, E n g l a n d .

I n  t h i s  p a p e r  a c o m p a r a t i v e  p e r f o r m a n c e  s t u d y  o f  t w o  n o n q u a d r a t i c  
s t a t e  e s t i m a t o r s  i s  p r e s e n t e d .  T h e  f i r s t  o n e  u s e s  a f a s t  d e c o u p ­
l e d  v e r s i o n  o f  t h e  b a d  d a t a  s u p p r e s s i o n  m e t h o d  w h i c h  c o m b in e s  
n u m e r i c a l  e f f i c i e n c y  w i t h  a c a p a b i l i t y  t o  e l i m i n a t e  b a d  d a t a .
T h e  s e c o n d  o n e  i s  b a s e d  o n  a r e c e n t l y  p r o p o s e d  e s t i m a t o r  u s i n g  
l i n e a r  p r o g r a m m i n g  w h i c h  i s  a l s o  p r e s e n t e d  i n  a  d e c o u p l e d  f o r m u ­
l a t i o n .  T h e  t w o  m e t h o d s  a r e  c o m p a r e d  i n  t e r m s  o f  t h e  a b i l i t y  t o  
d e t e c t  a n d  i d e n t i f y  b a d  d a t a ,  r e l i a b i l i t y  o f  c o n v e r g e n c e ,  t i m e  
a n d  s t o r a g e  r e q u i r e m e n t s .  R e s u l t s  a r e  g i v e n  f o r  n e t w o r k s  o f  
d i f f e r e n t  s i z e s  a n d  c h a r a c t e r i s t i c s  w i t h  d i f f e r e n t  m e t e r i n g  
p a t t e r n s .

INTRODUCTION

One o f  t h e  m a i n  p r o b l e m s  e n c o u n t e r e d  i n  d e v e l o p i n g  p o w e r  s y s t e m  s t a t e  e s t i m a t i o n  
a l g o r i t h m s  f o r  r e a l - t i m e  a p p l i c a t i o n s  i s  how t o  c o p e  w i t h  t h e  e v e n t u a l  p r e s e n c e  o f  
l a r g e  a n d  t o t a l l y  u n p r e d i c t a b l e  e r r o r s  i n  t h e  m e a s u r e m e n t s  ( b a d  d a t a ) .  A l g o r i t h m s  
b a s e d  o n  a q u a d r a t i c  w e i g h t i n g  c r i t e r i o n  ( w e i g h t e d  l e a s t  s q u a r e s )  f a i l  i n  t h e  p r e s ­
e n c e  o f  b a d  d a t a  d u e  t o  u n d u l y  l a r g e  w e i g h t s  a s s i g n e d  t o  m e a s u r e m e n t s  c o r r e s p o n d i n g  
t o  l a r g e  r e s i d u a l s  w h i c h  a r e  p r o b a b l e  b a d  d a t a .  N o n q u a d r a t i c  w e i g h t i n g  c r i t e r i a  c a n  
b e  c h o s e n  t o  r e n d e r  t h e  s t a t e  e s t i m a t o r  l e s s  v u l n e r a b l e  t o  b a d  d a t a  b y  m i n i m i s i n g  t h e  
i n f l u e n c e  o f  l a r g e  r e s i d u a l  m e a s u r e m e n t s  i n  t h e  r e s u l t s  o f  t h e  e s t i m a t i o n .

I n  t h i s  p a p e r  a p e r f o r m a n c e  a n a l y s i s  o f  t w o  c l a s s e s  o f  n o n q u a d r a t i c  e s t i m a t o r s  i s  p r e ­
s e n t e d .  I n  t h e  f i r s t  o n e .  t h e  b a d  d a t a  s u p p r e s s i o n  e s t i m a t o r  ( B O S ) ,  t h e  w e i g h t  o f  a 
m e a s u r e m e n t  w i t h  a  r e s i d u a l  l a r g e r  t h a n  a p r e s e t  t h r e s h o l d  i s  m o d i f i e d  a c c o r d i n g  t o  a 
n o n q u a d r a t i c  c r i t e r i o n  ( e . g .  q u a d r a t i c - s q u a r e  r o o t )  . T h i s  b a s i c  BDS a l g o r i t h m ,  s u g ­
g e s t e d  i n  t h e  l i t e r a t u r e  [ 1 . 2 ] ,  i s  p r e s e n t e d  i n  a f a s t  d e c o u p l e d  v e r s i o n  w h i c h  p o s ­
s e s s e s  m a n y  o f  t h e  n u m e r i c a l  a d v a n t a g e s  o f  t h e  f a s t  d e c o u p l e d  w e i g h t e d  l e a s t  s q u a r e s  
e s t i m a t o r  [ 3 ]  a n d  h a s  i n  a d d i t i o n  t h e  u s e f u l  f u n c t i o n  o f  b a d  d a t a  d e t e c t i o n  a n d  i d e n ­
t i f i c a t i o n .  T h e  s e c o n d  o n e  u s e s  a s  c r i t e r i o n  t h e  sum  o f  t h e  m o d u l i  o f  t h e  r e s i d u a l s  
[ 4 ] .  E a c h  i t e r a t i o n  o f  t h e  a l g o r i t h m  i s  f o r m u l a t e d  a s  a l i n e a r  p r o g r a m m i n g  ( L P )  p r o b ­
le m .  I n  t h e  p r e s e n t  v e r s i o n  t h e  LP p r o b l e m  i 3 r e d u c e d  t o  t w o  s m a l l e r  o n e s  b y  d e c o u p ­

l i n g  a c t i v e  a n d  r e a c t i v e  v a r i a b l e s .

FAST DECOUPLED BAD DATA SUPPRESSION ESTIMATOR

I n  t h e  BDS e s t i m a t i o n  p r o b l e m  ( 1 . 2 ] ,  i t  i s  r e q u i r e d  t o  f i n d  t h e  e s t i m a t e  o f  t h e  state  
v e c t o r  x  s u c h  t h a t

J ( x )  * p t ( x ) R  p ( x ) ( 1 )

I s  m i n i m u m ,  w h e r e  p ( x )  i s  a  v e c t o r  o f  n o n - l i n e a r  f u n c t i o n s ,  t h e  m - t h  e l e m e n t  o f  w h i c h

(2)



I n  t h i s  p a p e r  t h e  f o l l o w i n g  f u n c t i o nw h e r e  f  i s  a n o n - l i n e a r  f u n c t i o n  o f  r  . 
( q u a d r a t i c - s q u a r e  r o o t ) i s  u s e d :

I r m 5
f ( r  / o  ) -  Xo s i g n  ( r  1 ( 4  —m m  m m ft *

1 w m
-  3 ) ( 3 )

An a p p r o x i m a t e  v a l u e  f o r  t h e  s o l u t i o n  c a n  b e  f o u n d  t h r o u g h  t h e  i t e r a t i v e  p r o c e s s

eK*1 *  o h ♦  a " 1 h  r  g  p ( e k . v K) ( 4 )
p  p  p  p  p

v k+1  = V K * A H R G p  ( e K. V K) ( 5 )
q q q q q

w h e r e  A *  R H : A = R H
p P P P P  q q q

G '  3p ( x ) / 3 r  . G = 3p ( x ) / 3 r
p p p q q q

T h e  a l g o r i t h m  u s e s  c o n s t a n t  c o e f f i c i e n t  m a t r i c e s  A a n d  A w h o s e  d i a g o n a l  d o m in a n c e  
i s  p r e s e r v e d  e v e n  t h o u g h  m o r e  t h a n  o n e  l a r g e  e r r o r P i s  p r e i e n t  i n  t h e  v i c i n i t y  o f  a 
n o d e .  H e n c e  t h e  n u m e r i c a l  i n s t a b i l i t y  o f  t h e  b a s i c  BDS a l g o r i t h m  r e p o r t e d  f o r  s u c h  

c a s e s  i s  o v e r c o m e .

T h e  b r e a k p o i n t  X a f f e c t s  c o n v e r g e n c e  a n d  t h e  b a d  d a t a  s u p p r e s s i o n  e f f e c t :  i f  X i s  
t o o  s m a l l  ( e . g .  = 1 ) c o n v e r g e n c e  i s  s l o w  a n d  t h e  r i s k s  o f  l o c a l  m i n i m a  a r e  i n c r e a s e d  
a s  h e a l t h y  m e a s u r e m e n t s  w i l l  b e  t a k e n  a s  b a d  d a t a .  H o w e v e r ,  i f  X i s  t o o  l a r g e  ( = 2 0 )  
t h e n  t h e  u s u a l  b a d  d a t a  ( > 5 o )  w i l l  n o t  b e  r e c o g n i s e d .  A g o o d  c h o i c e  w a s  f o u n d  t o  be 

X » 5 .

W hen b a d  d a t a  i s  d e t e c t e d  i n  t h e  a c t i v e  o r  r e a c t i v e  p a r t  o f  a c o m p l e x  m e a s u r e m e n t  t h e  
c o r r e s p o n d i n g  t e r m s  i n  m a t r i c e s  G a n d  Gq a r e  s e t  t o  e q u a l  v a l u e s  s u c h  t h a t  t h e  f o l ­
l o w i n g  i n e q u a l i t i e s  a s s u m e d  i n  t h l  d e r i v a t i o n  o f  e q u a t i o n s  ( 4 )  a n d  ( 5 )  a r e  m a i n t a i n e d .

H
t

P
R G

P P
>> H

t
qe

R G a n d  H 1 R G
q q q q q

>> H
t
p v

R
p

Gq
FAST DECOUPLED L IN E A R  PROGRAMMING ESTIMATOR

I n  t h i s  m e t h o d  t h e  s t a t e  e s t i m a t e s  a r e  o b t a i n e d  b y  m i n i m i s i n g

J ( x )  = l  R | r  | ( 6 )
u . m ' m 

m= 1

U s i n g  t h e  a b o v e  c r i t e r i o n  t h e  e s t i m a t i o n  p r o b l e m  car.  b e  f o r m u l a t e d  a s  a s e q u e n c e  o f  

LP p r o b l e m s  w h i c h  i n  a d e c o u p l e d  v e r s i o n  w i l l  be  g i v e n  b y  

M
P

M i n i m i s e  \  RmP ( s ^  ♦  b ^ )  
m=1

s u b j e c t  t o  (H  . U ) 
P P

k  k -1  
0 - 6

•  r 1 7 )

a n d

eK -  eK‘ \  S  > 0 
n p

l  Rm*q (3 2m-T * S2mJ
m* 1 -  ,k . . k - 1-

s u b j e c t  t o  (H  . U )
q q

k k - 1

v  -  v

3 > 0

[ n 1



1 - 1

1 -1

_ ....................... ..................................1 -1

T h e  s t a t e  e s t i m a t e s  g i v e n  b y  ( 7 )  a n d  ( 8 ] w i l l  a l w a y s  s a t i s f y  ( w i t h i n  t h e  c a l c u l a t i o n  
a c c u r a c y )  N o f  t h e  M m e a s u r e m e n t  e q u a t i o n s ,  i . e .  i t  w i l l  l i e  o n  t h e  p o i n t  o f  i n t e r ­
s e c t i o n  o f  N h y p e r p l a n e s  r e p r e s e n t i n g  t h e  N c h o s e n  e q u a t i o n s .  I f  t h e  n u m b e r  o f  b a d  
d a t a  i s  l e s s  t h a n  M -N i n  m o s t  o f  t h e  p r a c t i c a l  s i t u a t i o n s  t h e  e s t i m a t o r  w i l l  c h o o s e  a 
s o l u t i o n  p o i n t  i n  w h i c h  t h e  e q u a t i o n s  c o r r e s p o n d i n g  t o  t h e  b a d  d a t a  a r e  e x c l u d e d .

I n  o r d e r  t o  o b t a i n  a n  a l g o r i t h m  s u i t a b l e  f o r  r e a l - t i m e  a p p l i c a t i o n  a c u s t o m i s e d  
r o u t i n e  e x p l o i t i n g  t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  t h e  LP p r o b l e m s  g i v e n  i n  ( 7 )  a n d  
( 8 ) s h o u l d  b e  u s e d .  A n  i m p r o v e m e n t  i n  s p e e d ,  w h i l e  m a i n t a i n i n g  t h e  b a d  d a t a  e l i m i n ­
a t i o n  c h a r a c t e r i s t i c s  o f  t h e  m e t h o d ,  i s  o b t a i n e d  b y  s o l v i n g  c o m p l e t e l y  t h e  LP  p r o b ­
le m s  o n l y  o n  t h e  f i r s t  i t e r a t i o n .  I n  t h e  f o l l o w i n g  i t e r a t i o n s  t h e  same o p t i m a l  b a s i s  
i s  m a i n t a i n e d .

S IM U L A T IO N  S TUDIES

S i m u l a t i o n  r e s u l t s  f o r  t h e  1 4 ,  30  a n d  57 b u s b a r s  IE E E  s t a n d a r d  t e s t  s y s t e m s ,  w i t h  t h e  
m e a s u r e m e n t  p a t t e r n s  s h o w n  i n  t a b l e  1 ,  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  T h e  m e a s u r e ­
m e n t s  w e r e  s i m u l a t e d  b y  a d d i n g  a n o r m a l l y  d i s t r i b u t e d  r a n d o m  p e r t u r b a t i o n  t o  t h e  
r e s u l t s  o f  a l o a d - f l o w .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  e r r o r  w a s  c a l c u l a t e d  a s  .4% 
o f  t h e  m e t e r  f u l l - s c a l e  p l u s 1 - 3 X o f  t h e  t r u e  v a l u e s  o f  t h e  m e a s u r e m e n t s .  I n  some 
c a s e s  l a r g e r  e r r o r s  ( b a d  d a t a )  w e r e  a l s o  a d d e d  t o  t h e  m e a s u r e m e n t s .  T h e  l o c a t i o n  o f  
t h e  b a d  d a t a  w as  c h o s e n  a t  r a n d o m  a n d  t h e  s i z e  w a s  f i x e d  a s  25% o f  t h e  t r u e  v a l u e .

T h e  v a l i d i t y  o f  t h e  e s t i m a t i o n s  w a s  a s s e s s e d  b y  c a l c u l a t i n g  t h e  p e r f o r m a n c e  i n d i c e s  
J . ,  J _  a n d  J _  a s  f o l l o w s

I ^ « >>
1 r 2 2

J ,  * 7;  l  ( Z '  -  Z - r / 0  , i  -  1 . 2 , 3
i  M m m mm=1

w h e r e  Z '  a n d  Z "  a r e  m e a s u r e d  a n d  t r u e  v a l u e s  f o r  J ^ ,  m e a s u r e d  a n d  e s t i m a t e d  v a l u e s  
f o r  a n d  e s t i m a t e d  a n d  t r u e  v a l u e s  f o r  J ^ .  r e s p e c t i v e l y .  T he  e x p e c t e d  v a l u e s  o f  
J ^ ,  a n d  a r e  s h o w n  i n  t a b l e  1 .

T a b l e  1 .  T e s t  s y s t e m s  a n d  m e a s u r e m e n t  p a t t e r n s

S v s t c m
N o . 

l i n e s
M a x . 
R /X

r
N o . 

M eas

l e a s u r c
R e d u n ­
d a n c y

»ment
Expec
J1

3a t t e r r  
: t e d  V£ 

J 2

A
d u e s

J 3

Mi
N o .

M e a s .

j a s u r e n
R e d u n ­
d a n c y

i c n t  Pa
rlXpGC

h

t t e r n  
t e a  va

J 2
? u e s

J 3

1 4 b U
30DD
57BB

2 0
41
80

.F
1 . 1
1 . 1

58
1 0 6
2 1 3

2 . 1
1 . 8
1 . 9

1 . 0  
1 . 0  
1 . 0

. 5 3

. 4 6

. 4 7

. 4 7

. 5 6

. 5 3

98
18 8
36 9

3 . 6
3 . 2
3 . 3

1 . 0  
1 . 0  
1 . 0

. 7 2

. 6 3

. 6 9

. 2 8

.3 1

.3 1

T a b l e s  2 ,  3 a n d  4 c o n t a i n  t h e  r e s u l t s  o f  t h r e e  o f  t h e  s t u d i e s  c a r r i e d  o u t .  F o r  e a c h  
s y s t e m  t h r e e  o u t  o f  t e n  s i m u l a t i o n s  a r c  s h o w n .  T h e  s i m u l a t i o n  s t u d i e s  w e r e  r u n  i n  a 
g e n e r a l  p u r p o s e  6 5 K / 2 6 5 K  G O - b i t  w o r d  CDC 7 6 0 0  c o m p u t e r .  T he  t i m e  s h o w n  i s  a v e r a g e  
CPU t i m e  i n  s e c o n d s .  I n  t h o s e  t a b l e s  NOD -  n o .  o f  b a d  d a t a  a n d  N I T  « n o .  o f  i t e r ­

a t i o n s  .

T h e  b a d  d a t a  c a p a b i l i t y  o f  b o t h  e s t i m a t o r s  w a s  o b s e r v e d  t o  b e  a d e q u a t e  f o r  t h e  c a s e  
o f  h i g h  r e d u n d a n c y  r a t i o  ( t a b l e  4 )  i n  w h i c h ,  f o r  a l l  t o n  s i m u l a t i o n s ,  t h e  b a d  d a t a  
w e r e  d e t e c t e d .  I n  t h e  c a s e s  o f  l o w  r e d u n d a n c y  r a t i o s  ( t a b l e s  2 a n d  3 )  b o t h  m e t h o d s  
f a i l e d  p a r t i a l l y  o r  t o t a l l y  i n  50% o f  t h e  c a s e s  c o n t a i n i n g  b a d  d a t a .  T h e  e f f e c t  o f  
t h e  m e a s u r e m e n t  n o i s e  l e v e l  w a s  f o u n d  t o  b e  o f  l i t t l e  i m p o r t a n c e  i n  t h e  f i n a l  r e s u l t s  
f o r  b o t h  e s t i m a t o r s .  T h e  LP m e t h o d  h a s  l o s s  f i l t e r i n g  c a p a b i l i t y  t h a n  t h e  DOS m e t h o d  
a s  c o n  b e  o b s e r v e d  b y  v a l u e s  o f  J 3 l a r g e r  t h a n  t h e  e x p e c t e d  v a l u e s .  T h i s  e f f e c t  i s

\



l e s s  p r o n o u n c e d  i n  t h e  c a s e  o f  h i g h  r e d u n d a n c y  r a t i o  ( t a b l e  4 ) .

T a b l e  2 .  R e s u l t s  f o r  m e a s u r e m e n t  p a t t e r n  A a n d  3 ‘;  m e a s u r e m e n t  n o i s e

S y s t e m
E r r o r BDS LP

roo J 1 N I T T im e J 2 J 3 n i t T im e J2 J 3

0 . 7 2 5 . 0 3 7 . 4 3 . 3 0 5 . 0 7 7 1 . 7 0 1 . 7 2
143B 4 2 0 . 5 4 0 . 0 4 6 2 0 . 5 4 1 . 1 5 5 . 0 0 0 2 7 . 0 7 1 . 2 1

6 5 6 . 1 6 9 . 0 5 0 1 4 . 9 4 1 5 . 1 5 5 . 1 1 3 6 2 . 2 0 4 0 . 4 5
0 . 7 5 5 . 0 7 0 . 2 9 . 4 0 5 . 3 7 4 1 . 1 3 1 .0 9

3 0 B 3 4 2 3 . 5 3 1 0 . 0 9 9 4 . 9 0 . 7 7 5 . 4 6 5 1 5 . 9 0 1 . 7 4
6 3 0 . 3 9 13 . 1 2 1 0 . 3 7 2 0 . 4 2 5 . 3 5 3 4 9 . 4 9 5 4 . 4 7
0 . 0 2 5 . 2 0 1 . 3 9 . 4 7 6 1 . 0 2 1 1 . 1 3 .9 4

57BD 4 1 6 . 2 7 0 . 1 9 9 3 . 0 1 . 6 0 6 . 9 0 7 1 0 . 3 7 2 . 0 1
1 0 1 9 . 6 5 1 2 . 2 0 7 4 . 7 0 5 . 7 0 6 1 . 1 2 3 2 1 . 1 6 2 2 . 1 1

T a p i e  3 .  R e s u l t s  f o r  m e a s u r e m e n t  p a t t e r n  A a n d  1*; m e a s u r e m e n t  n o i s e

S y s t e m
E r r o r BDS LP

N3D J1 H I T T im e J 2 J 3 H IT T im e J 2 J 3

0 . 7 2 6 . 0 3 9 . 4 3 . 2 0 5 . 0 7 7 .9 1 .9 7

14-3B 4 2 6 3 . 7 0 7 . 0 4 0 2 4 . 3 1 1 . 0 6 5 . 0 6 0 2 5 9 . 0 1 1 . 3 9
6 5 2 2 . 3 5 25 . 1 0 5 4 4 . 9 7 6 . 3 0 5 . 1 1 5 5 2 1 . 7 4 6 5 . 0 9

0 . 7 5 5 . 0 7 3 . 2 9 . 4 7 5 . 3 6 5 2 . 3 2 5.54
3 0 3 3 4 1 6 0 . 3 6 15 . 1 3 0 1 1 . 2 0 . 5 0 5 . 3 4 7 1 7 0 . 6 3 2 . 6 7

6 1 9 5 . 7 2 17 . 1 4 5 1 9 . 0 5 1 3 2 . 0 0 7 . 4 1 2 6 6 7 . 5 0 7 4 4 . 0 3

0 .6 1 6 . 1 6 7 . 4 0 . 5 1 6 1 . 7 3 4 1 . 9 5 1 .B 7

5 7BB 4 3 2 4 . 2 5 0 . 2 1 3 1 6 . 1 7 . 0 6 6 1 . 0 0 1 2 . 1 0 2 . 1 6

10 4 1 0 . 1 0 1 6 . 2 0 7 2 5 . 1 6 2 5 7 . 1 6 6 . 9 9 5 2 9 7 . 1 7 341 . 4 7

T a o l e  4 .  R e s u l t s  f o r  m e a s u r e m e n t  p a t t e r n  B a n d  m e a s u r e m e n t  n o i s e

E r r o r BDS LP

S y s t e m
N8 D J l H IT T im e J 2 J 3 N I T T im e J 2 J 3

0 . 7 9 6 . 0 4 5 .6 1 . 1 6 13 . 1 6 4 . 7 0 . 4 0

1 43B 4 6 7 .  B9 7 . 0 5 0 1 6 . 7 5 . 0 0 5 . 1 9 2 6 6 . 7 4 . 4 2

6 4 1 0 . 7 0 2 2 . 1 1 3 2 0 . 9 0 . 4 0 5 . 2 0 9 4 1 0 . 2 7 1 . 1 1
0 . 6 5 6 .0 6 1 . 7 0 . 3 0 5 1 . 5 0 3 . 9 2 . 3 0

30BB 4 4 4 . 5 5 0 . 12 1 5 . 9 3 . 3 5 5 1 . 7 9 0 4 0 . 5 0 . 7 3

6 1 0 5 . 4 2 21 . 1 6 2 1 2 . 0 4 . 4 0 5 1 . 5 6 3 1 0 3 . 5 9 . 7 5

U . 9 4 7 . 1 7 4 . 6 ? . 2 6 6 2 . 7 5 3 1 . 0 6 . 0 2

57BB 4 2 2 . 4 9 9 .2 0 3 3 . 0 0 . 3 4 6 3 . 0 0 0 1 0 . 3 4 . 01
10 0 1 . 6 7 13 . 2 6 4 9 . 5 3 . 7 0 6 3 . 1 0 7 5 6 . 3 1 1 .9 1

T h e  t i m e  a n d  s t o r a g e  r e q u i r e m e n t s  o f  t h e  LP m e t h o d  a r e  l a r g e r  t h a n  t h a t  o f  t h e  BOS 
m e t h o d ,  p a r t i c u l a r l y  f o r  a  s y s t e m  w i t h  h i g h  r e d u n d a n c y  r a t i o .  A s  t h e  r o u t i n e s  u s e d  
t o  o b t a i n  t h e  i m p l i c i t  i n v e r s e  o f  t h e  m a t r i c e s  Ap a n d  A q  i n  t h e  BBS m e t h o d  a r e  m o re  
e f f i c i e n t l y  p r o g r a m m e d  t h a n  t h e  r o u t i n e  u s e d  t o  s o l v e  t h e  LP  p r o b l e m s ,  i t  i s  b e l i e v o d  
t h a t  t h e  p e r f o r m a n c e  o f  t h e  LP m e t h o d  c a n  b e  i m p r o v e d  i n  t e r m s  o f  t i m e  a n d  s t o r a g e  

r e q u i r e m e n t s .

T h e  n u m b e r  o f  i t e r a t i o n s  r e q u i r e d  b y  t h e  BBS m e t h o d  i n  som e c a s e s  w a s  r e l a t i v e l y  
l a r g e  c o m p a r e d  w i t h  t h e  LP m e t h o d  w h i c h  i n d i c a t e s  t h a t  t h e  LP m e t h o d  i s  s l i g h t l y  m o re  
r e l i a b l e .  • N o  c a s e s  o f  n o n - c o n v e r g e n c e  h a p p e n e d  i n  t h e  s i m u l a t i o n  s t u d i e s  f o r  a n y  

m e t h o d .



CONCLUSIONS

A p e r f o r m a n c e  s t u d y  o f  t w o  n o n - q u a d r a t i c  s t a t e  e s t i m a t o r s  w a s  r e p o r t e d  i n  t h i s  p a p e r .  
T h e  f i r s t  m e t h o d  i s  a f a s t  d e c o u p l e d  v e r s i o n  o f  t h e  b a d  d a t a  s u p p r e s s i o n  a l g o r i t h m  
a n d  t h e  s e c o n d  m e t h o d  i s  a d e c o u p l e d  e s t i m a t o r  u s i n g  l i n c q r  p r o g r a m m i n g .  B o t h  m e t h ­
o d s  w e r e  f o u n d  t o  b e h a v e  a d e q u a t e l y  i n  t h e  p r e s e n c e  o f  b a d  d a t a  p r o v i d e d  t h e  r e d u n d ­
a n c y  r a t i o  i s  h i g h  e n o u g h .  T h e  b a d  d a t a  s u p p r e s s i o n  a l g o r i t h m  h a s  s m a l l e r  t i m e  a n d  
s t o r a g e  r e q u i r e m e n t s  t h a n  t h e  l i n e a r  p r o g r a m m i n g  m e t h o d  w h i l e  t h e  l a t t e r  i s  s l i g h t l y  
m o r e  r e l i a b l e .

L I S T  OF SYMBOLS

N
M
6 . V
X
Z
h ( x )
k

p. q
m

R "
r

^p * Hq 
Hpe » npV

n u m b e r  o f  s t a t e  v a r i a b l e s  
n u m b e r  o f  m e a s u r e m e n t s  
v o l t a g e  a n g l e  a n d  m a g n i t u d e  v e c t o r s  
s t a t e  v e c t o r s  x  *  ( 0 ,  V )  
m e a s u r e m e n t  v e c t o r
n o n - l i n e a r  v e c t o r - f u n c t i o n  r e l a t i n g  Z a n d  x  
i t e r a t i o n  c o u n t e r
s u b s c r i p t s  i n d i c a t i n g  a c t i v e ,  r e a c t i v e  q u a n t i t i e s  
s u b s c r i p t  i n d i c a t i n g  t h e  m - t h  c o m p o n e n t  o f  a v e c t o r  
s t a n d a r d  d e v i a t i o n  o f  t h e  m - t h  m e a s u r e m e n t  e r r o r

= d i a g o n a l  m a t r i x  o f  w e i g h t s  (R I / o  2 ) m
r e s i d u a l  v e c t o r s  r  1 Z -  h ( x )  

s u b m a t r i c e s  o f  3 h ( x ) / 3 x  a s  d e f i n e d  i n  r e f e r e n c e  [ 3 ]  f o r  t h e  FDA m e th o d

v e c t o r  o f  s l a c k  v a r i a b l e s s  S = ( s 1 S2M}
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