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FOREWORD 

The expected energy exchange between cooperating systems is an important infor- 
mation supporting capacity expansion planning for electric power systems. A model based 
on engineering considerations and a program system on IBM/PC-XT or AT compatibles 
has been developed for the stochastic analysis of the electric energy exchange between two 
interconnected power systems. Data required for the analysis are expected generation and 
load in the individual systems, and interties data. This work has been carried out in the 
frame of the IIASA Contracted Study "Modeling of interconnected power systems". 

Alexander B. Kurzhanski 
Chairman 
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The u t i l i z a t i o n  of power systems has t o  be adopted t o  

management o b j e c t i v e s .  The main t h r u s t  of e l e c t r i c  power 

s y s t e m  opera t i on  are t h e  s e c u r i t y  and c o s t  of ope ra t i on  and 

q u a l i t y  of supply.  One of t h e  ways t o  f u l f i l l  t h e  management 

o b j e c t i v e s  is t h e  coopera t ion  among e l e c t r i c  power systems. 

The purpose of t h i s  paper is  t o  p resen t  methods f o r  t h e  

computat ion of e l e c t r i c  energy exchange between coopera t ing  

systems. The s t o c h a s t i c  n a t u r e  of t h e  a v a i l a b i l i t y  of 

gene ra t i ng  u n i t s  and t ransmiss ion  l i n e s  and t h e  randomness i n  

consumer demand are taken  i n t o  account.  

The approach employed h e r e  is based on a paper by T. 

T e r s t y h s z k y  C11 and on t h e  papers  C2, 3. 41. 

The main f e a t u r e s  d iscussed are 1 i s t e d  be1 ow: 

- s t a t i s t i c a l  a n a l y s i s  of t h e  random e f f e c t s  i nf 1 uenci ng 

el e c t r  i c power exchange, 

- s t o c h a s t i c  modeling of t h e  in te rconnec ted  systems 

cons i  s t i n g  of submodel s f o r  t h e  i ndi v i  dual components. 

- computat ional procedures f o r  t h e  s o l u t i o n  of t h e  

model. 

- poss i  b i  1 i ti es f o r  f u r t h e r  devel opment . 

The c a p a b i l i t y  of c a l c u l a t i n g  t h e  expected e l e c t r i c  energy 

exchange between coopera t ing  systems can be u t i l i z e d  both f o r  

shor t - term product i  on p lann ing and 1 ong-term c a p a c i t y  

expansi on p l  anni ng. For a shor t - term hor izon b e t t e r  

u t i l i z a t i o n  of t h e  e x i s t i n g  equipment can be achived.  I n  t h e  

c a s e  of long-term planni  ng. a l a r g e  amount of a1 t e r n a t i  ves 

f o r  t h e  development of t h e  energy s y s t e m  are analyzed.  

compared and an a p p r o p r i a t e  v a r i a n t  s e l e c t e d .  I n  t h i s  c a s e  

t h e  energy exchange is c a l c u l a t e d  f o r  t h e  i nd i v idua l  

a l t e r n a t i v e s  . 



2 MAIN CHARACTERISTICS OF ELECTRIC ENERGY EXCHANGE 

I n  most c o u n t r i e s  t h e  e l e c t r i c  power i n d u s t r y  has r e a l i z e d  

t h e  econorni c and techn i  c a l  advantages of cooper a t i  on. The 

exchange of el e c t r  i c power became p a r t  of t h e  i n t e r n a t  i on21 

t r a d e ,  too .  But i n  c o n t r a s t  wi th o the r  commodities 

e l e c t r i c i t y  has t h e  very  s p e c i f i c  cha rac te r  as i t  c a n ' t  be 

s t o r e d  i n  l a r g e  q u a n t i t i e s .  This imp l i es  t h a t  i n  an emergency 

s i t u a t i o n  Ccaused e . g .  by fo rced  outages3 t h e  r i s k  of 

breaking t h e  c o n t i n u i t y  of supply  i n c r e a s e s  cons iderab ly .  I n  

t h i s  c a s e  t h e  supp ly  c o n t i n u i t y  f o r  customers can be ensured 

by power t r a n s f e r  from o the r  power systems. The q u a n t i t y  of 

e l e c t r i c  power exchanged among t h e  coopera t ing  c o u n t r i e s  or  

u t i l i t i e s  is t h e  r e s u l t  of a compromise between a concern f o r  

el e c t r  i c power i ndependence. t h e  economi c advantages of 

coopera t ion ,  and t h e  techn i ca l  problems a r i s i n g  from 

d i f f e r e n t  s t r a t e g i e s  of f requency c o n t r o l .  

The o v e r a l l  amount of e l e c t 1  c energy exchange f o r  t h e  year 

1985 can be seen on F igures  1 and 2 f o r  t h e  Western and 

Eas te rn  European c o u n t r i e s .  respec t i ve1  y Csee a l s o  C 5 . 6 1  3. 

The r el at i ve i mpor t ance of el ectr i c power exchange for 

s e l e c t e d  European c o u n t r i e s  is shown i n  Fig.  3 C71. 

Two diagrams a r e  p resen ted  t o  show t h e  s t o c h a s t i c  cha rac te r  

of t h e  power exchange: 

F ig  4. shows t h e  aggregate  sum of s imul taneous l oads  of 

e l e c t r i c  power t r a n s f e r  connect1 ons a c r o s s  state borders  

i n t h e  W e s t  European UCPTE system, over a 6 years  p e r i  od 

f o r  a s p e c i f i e d  t i m e  of a month. 

The power exchange can be seen i n  d e t a i  1s on Fig.  5, f o r  

t h e  c a s e  of t h e  Hungarian i n t e r - t i e s .  This f i g u r e  shows 

t h e  1 oad p a t t e r n  of one-horrr average s c h e d l . !  ed 

expor t-i mpor t on 1 ong-ter m agreement, i n  comparison w i  t h  

t h e  a c t u a l  l oad  which con ta ins  a l s o  t h e  shor t - te rm 

random power exchange performed on t h e  b a s i s  of mutual 

a s s i s t a n c e  between t h e  Hungarian Power System and t h e  

In te rconnec ted  Power System of CMEA. 



Consider ing t h e  unrni s takab l  y undeterml n i  st1 c n a t u r e  of 

e l e c t r i c  power exchange a s t o c h a s t i c  modeling approach is an 

aproppr1at.e way of dea l i ng  wi th t h e  problem. The model and 

comput at1 onal methods presented i n t.hi s paper are developed 

for. t h e  es t ima t i on  of power exchange based both on long  term 

and s h o r t  t e r m  agreements . 

3. STAT1 SZlCAL ANALYSIS OF ELECTRIC ENERGY EXCHANGE. 

The base  l oad  of t i e - l i n e s  between coopera t ing  power s y s t e m  

is  f i x e d  by long  t e r m  agreements. The a c t u a l  load  of l i n e s  

however, d i f f e r s  from t h i s  ass igned t r a n s f e r  l e v e l  as a 

r e s u l t  of changes i n  ope ra t i ng  cond i t i ons  such as fo rced  

outage of u n i t s .  

A s  t h e  power exchange is of a s t o c h a s t i c  na tu re .  i t.s amount 

can be cons idered as a random v a r i a b l e .  To prov ide a b a s i s  

f o r  model -development a stat1 st1 c a l  ana l  y s i  s of t r a n s f e r r e d  

power between a 1 a r g e  system having i n s t a l  1 ed c a p a c i t y  of 

approximately 70000 MW and a s m a l l  system wi th  4000 MW w a s  

c a r r i e d  ou t .  

To ensure  s u f f i c i e n t l y  l a r g e  sample s i z e s  a c t u a l  power d a t a  

of t r a n s f e r s  f o r  d a i l y  h igh load  per iods  i n  one year have 

been taken i n t o  account .  CFig. 6 .  The a n a l y s i s  w a s  repeated  

f o r  5 consecu t i ve  years .  

The hypothes is  t o  be t e s t e d  w a s  t h e  fo l lowing:  The power 

exchange is a normal ly  d i s t r i b u t e d  random v a r i a b l e .  The 

assumpi on under1 y i  ng our i nves t i  g a t i o n  w a s  t h a t  t h e  

d i s t r i b u t i o n  func t i on  belongs t o  t h e  Pearson f  ami 1 y  of 

p r o b a b i l i t y  d i s t r i b u t i o n s  C 8 1 .  

Resu l t s  of t h e  a n a l y s i s  confirmed i n  a l l  cases  cons idered 

t h a t  t h e  shor t - term e l e c t r i c  power exchange is normally 

d i s t r i b u t e d ,  s i n c e  t h e  corresponding c o n s t a n t s  i n  t h e  

d i f f e r e n t  i a1 equat ion  i dent  i f  y i  ng Pear son*  f  aml 1 y w e r e  found 

t o  be approximately zero.  



For t h e  s a k e  of a more a c c u r a t e  e v a l u a t i o n .  i t  is a p p r o p r i a t e  

t o  r e p r e s e n t  d a t a  i n  r e l a t i v e  u n i t s .  The mean v a l u e  

r e p r e s e n t i  ng t h e  sys tems '  coope ra t i on  f  1 u c t u a t e s  i n  p r i n c i p l e  

around zero. t h e r e f o r e  i t  is  r easonab le  t o  examine t h e  s h o r t  

t e r m  power exchange i n  per  u n i t  r e p r e s e n t a t i o n  w i t h  r e s p e c t  

t o  t h e  s t a n d a r d  d e v i a t i o n  Csee F ig .  7 3 .  

I n  o rde r  t o  v e r i f y  t h e  hypo thes i s  concern ing  t h e  d i s t r i b u t i o n  

of  t h e  power exchange a ch i - squa re - t es t  w a s  c a r r i e d  o u t .  

which conf i rmed t h e  h y p o t h e s i s  of normal i t y .  

4. PROBLEM FORMULATI ON AND SOLUTION METHODOLOGY 

4.1 A MATHEMATICAL MODEL OF COOPERATING POWER SYSTEMS 

A power sys tem is des igned  i n  such  a way. t h a t  mos t l y  i t  can  

s a t i s f y  t h e  consumer demand, moreover i t  h a s  a r e s e r v e  f o r  

t h e  case of f a i l u r e s .  so u s u a l l y  it. is  p o s s i b l e  t o  g i v e  

a s s i s t a n c e  f o r  t h e  c o o p e r a t i n g  p a r t n e r  i f  i t  is i n  t r o u b l e ,  

and v i c e  v e r s a .  

I n  t h e  model p r e s e n t e d  bo th  energy  sys tems a r e  reduced t o  a 

node; each  w i th  i ts own g e n e r a t i o n  and l o a d  and w i th  no 

i n t e r n a l  t ransmi  ssi on 11 mi t a t i  ons.  The i r  energy  consumpti ons  . 
t h e  a v a i  l a b 1  e power p l a n t  c a p a c i t i e s  and t h e  t r a n s m i s s i o n  

c a p a c i t y  o f  t h e  t i e - l i n e  sys tem a r e  cons ide red  t o  b e  random 

v a r i a b l e s  C21. 

For t h e  e v a l u a t i o n  o f  t h e  exchange of ene rgy  between t h e  

c o o p e r a t i n g  sys tems t h e  f o l l ow ing  var  i a b l  es w i  11 b e  

i n t r oduced :  

- y i  
and y deno te  t h e  random v a r i a b l e s  of t h e  aggrega ted  

z 
a v a i l a b l e  c a p a c i t y  of g e n e r a t i n g  u n i t s  i n  t h e  f i r s t  and 

second sys tem,  r e s p e c t i  ve l  y .  

g  Cz3 and g Cz3 d e n o t e  t h e i r  dens1t.y f u n c t i o n s ,  GiCz3 and 
i 2 

GzCz3 t h e  d i s t r i b u t i o n  f u n c t i o n s .  

- 6* and dZ deno te  t h e  random v a r i a b l e s  o f  t h e  consumer 

demand i n  t h e  f i r s t  and second sys tem.  r e s p e c t i v e l y .  



- Let s be t h e  d e t e r m i n i s t i c  v a r i a b l e  of t h e  scheduled 

exchange of energy predef ined accord ing t o  long  t e r m  

agreement. I n  t h e  model t h i s  t ype  of energy exchange is  

taken  i n t o  account  as a demand. Let p and p denote t h e  
i 2 

energy demand modif ied by s 

p i = &  + s  
1 

pz 
= 6  - s  

Z 
c 13 

Let  h C and hzCx3 be t h e i r  d e n s i t y  f u n c t i o n s .  H i C 3  
i 

and HzCx3 t h e  d i s t r i b u t i o n  func t i ons .  

- c and c are random v a r i a b l e s  of de f i c iency /excess  of 
1 Z 

energy f o r  both  systems 

I f  t h e  c.<O Ci=1,23 then  t h e r e  is d e f i c i e n c y  of energy 
L 

i n  t h e  i t h  system, i f  c.=O t hen  t h e  demand and t h e  

generated energy are balanced,  o therw ise  t h e r e  i s energy 

excess  i n  t h e  system. 

Let f  Cx3 and f  Cx3 be t h e i r  d e n s i t y  f unc t i ons .  FiCz3 
1 2 

and F Cz3 t h e  d i s t r i b u t i o n  func t i ons .  
2 

c and c can be assumed t o  be independent random 
1 Z 

v a r i a b l e s  because t h e y  mai n l  y depend on i n t e r n a l  

c h a r a c t e r i s t i c s  of t h e  i nd i v idua l  systems. 

- Let fr  denote t h e  random v a r i a b l e  of energy exchange 

f lowing through t h e  t ransmiss ion  l i n e s  connect ing t h e  

systems. Let FCz3 denote  t h e  d i s t r i b u t o n  func t i on  of f r .  
The va lue  of fr  can vary  between t h e  maxi ma1 demand of 

t h e  f i r s t  system mu l t i p l i ed  by -1, and t h e  maximal 

demand of t h e  second system. A p o s i t i v e  fr  means energy 

f lowing from t h e  f i r s t  system t o  t h e  second one. 

I n  our model w e  assume t h e  fo l low ing  a s s i s t a n c e  po l icy :  

Within a system no consumer l i m i t a t i o n s  are imposed due t o  

d e f i c i e n c y  i n  t h e  o t h e r  system. Ass is tance  is o n l y  g iven  when 

energy r e s e r v e  is avai  1 a b l e .  



There a r e  o ther  p o s s i b i l i t i e s  f o r  an a s s i s t a n c e  po l i cy .  e. g. 

t h e  systems could  s h a r e  t h e  c o s t s  of damage and l i m i t a t i o n  

of consumers i n  a p rede f ined  r a t i o .  However w e  th ink  t h a t  

t h i s  p o l i c y  is not  a f e a s i b l e  one i n  t h e  normal economical, 

account ing r  el a t i  ons between d i f f e r e n t  c o u n t r i e s .  

According t o  t h e  a s s i s t a n c e  pol i c y  assumed above t h e  exchange 

of energy is d e t e r  mined by t h e  f  01 1 owing express ion:  

mi nC E . -E 3 
: 2 

i f  r l > O  and s2<0 

f = m a d  c*. -E 3 i f  c l < O  and c2>0 C 33 
2 

0 other  w i  se 

The main problem addressed i n  t h i s  paper is t h e  computation 

of t h e  d i s t r i b u t i o n  of v a r i a b l e  c .  

The d i s t r i b u t i o n  f u n c t i o n  of c is t h e  fo l lowing func t i on .  

PC maxcc:. -c23<z. c*<o, c2>0 3 i f  110 

C 43 

I t  is easy  t o  see t h a t  t h i s  f unc t i on  can be expressed i n  t h e  

si mpl e form g i  ven be1 ow: 

Using t h e  d i s t r i b u t i o n  f u n c t i o n s  of E* and c2 t h e  f u n c t i o n  

can be r e w r i t t e n  as fo l lows  



Funct ion FCz3 has a nonzero jump at  z=O of t h e  fo l lowing 

magni t ude 

Fo = 1 + 2F C 03F2C 03 - F C 03 - FzC03 
1 i 

c 7 3  

express ing  t h e  p r o b a b i l i t y  of t h e  even t  t h a t  no energy 

exchange occurs .  Th is  is t h e  c a s e  when e i t h e r  both systems 

can produce t h e  s u f f i c i e n t  amount of energy t o  s a t i s f y  t h e i r  

consumers o r  both systems have energy de f i c i ency .  

As t h e  d i s t r i b u t i o n  f u n c t i o n  has a jump t h e r e  does not  e x i s t  

a corresponding d e n s i t y  func t ion .  To c h a r a c t e r i s e  

pr obabi 1 i ties of t h e  d i f f e r e n t  amounts of energy exchange t h e  

f  011 owing f u n c t i o n  w i l l  be in t roduced and ca l  cu l  a ted .  

- For z < 0  i t  expresses .  i n  t h e  same way a s  usual 

h istograms. t h e  p r o b a b i l i t i e s  of t h e  amount. of 

energy t r a n s m i t t e d  from system 2 t o  system 1. 

- For z=O i ts va lue  is t h e  p r o b a b i l i t y  of no power 

exchange. 

- For z > 0  i t  exp resses  t h e  p r o b a b i l i t i e s  of t h e  amount 

of energy t ransmi t t ed  from system 1 t o  

system 2. 

Th is  f unc t i on  w i l l  be c a l l e d  exchange p r o b a b i l i t y  f unc t i on  

and denoted by fCz3. As i t  p lays  s a m e  r o l e  as histograms w e  

w i l l  a l s o  r e f e r  t o  i t  a s  exchange histogram. Using t h e  

formula g iven below f o r  FCz3 an e x p l i c i t  form can be  ob ta ined  

by d i f f e r e n t i a t i o n :  

For computat ion of t h e  exchange h is togram fCz> i t  is  

necessary  t o  determine t h e  d e n s i t y  f u n c t i o n s  f Cz3 and 
i 

f2Cz>. S ince  s and s are t h e  sum of random v a r i a b l e s  
i 2 

as given above, t h e y  can be  computed by convolu t ion 

i n t e g r a l s .  The corresponding d i s t r i b u t i o n  f u n c t i o n s  can 



be ob ta ined  a f t e rwa rds  by i n t e g r a t i o n .  I n  t h e  

computat i ons h i  s tograms are used as empi r i c a l  densi  t y  

f u n c t i o n s .  

The main s t e p s  of t h e  c a l c u l a t i o n  are t h e  fo l low ing :  

- Computation of t h e  a v a i l a b i l i t y  h is togram of 

genera t  i ng u n i t s  f o r  both  energy sys tems,  which means 

c a l c u l a t i o n  of t h e  h is tograms cor responding t o  g Cz3 
: 

and g C 23. 
2 

- Computation of t h e  de f i c iency -excess  h is tograms f  Cz3 
i 

and f  Cz3 on t h e  b a s i s  of t h e  a v a i l a b i l i t y  h is tograms 
2 

g Cz3 and g2Cz3. of gene ra t i ng  u n i t s ,  and t h e  da i  1 y 
i 

v a r i a t i o n  of consumer demand. The consumer demand 

i nc l  udes scheduled expor t-i mpor t . 

- Knowing t h e  def i ci ency-excess h is togram f o r  both  

sys tems,  t h e  program c a l c u l a t e s  t h e  probabi  l i  ti ec, of 

d i  f  f  er e n t  amounts of energy exchange between t h e  t w o  

systems.  I n  t h i s  way t h e  h is togram of t h e  energy 

exchange is c a l c u l a t e d .  I n  t h i s  s t e p  t h e  coope ra t i ng  

l i n e  system is cons idered  t o  be  an i d e a l  connect ion 

wi thout  c a p a c i t y  1 i m i t a t i o n s  and wi thout  any f  a i  1 ur.e 

or outage.  

- I n  t h e  last. s t e p  t r ansm iss ion  l i n e  system l i m i t a t i o n s  

and p o s s i b i l i t i e s  of f a i l u r e  are t aken  i n t o  account .  

The computat ion of t h e  power exchange presupposes t h e  

model i ng of t h e  g e n e r a t i n g  uni ts , t h e  consumer. -demand, t h e  

scheduled export -i mpor t , as w e 1  1 as t h e  model of t h e  t i  e-1 i ne 

system. These components are desc r i bed  as f o l l ows .  

4 . 2  ELEMENTS OF THE POWER SYSTEM 

4 . 2 . 1  GENERATORS 

The r equi  r e d  d a t a  f o r  t h e  c a p a c i t y - a v a i l a b i l i  t y  

cha rac te r  i s t ics  of t h e  gene ra t i ng  b locks  are summarized as 

f  01 1 o w s  . 
- maximum c a p a c i t y  o f  t h e  i nd i v i dua l  b locks CPi i n 

CMWI3, 

10 



- self-consumption of t h e  blocks C S ,  i n  [ % I > ,  
1 

- f a i l u r e  p r o b a b i l i t y  of t h e  blocks Cpi i n  C113. 

Den0t.e by Ni t h e  c a p a c i t y  of t h e  1 - th  block decreased by i t-s 

sel fconsumpt ion.  where i denotes t h e  index  of t h e  block. 

4.2.2 CONSUMER-DEMAND 

The consumer demand is descr ibed  by t h e  random v a r i a b l e s  
b* 

and b2 which are assumed t o  be normally d i s t r i b u t e d .  The t i m e  

hor izon is subdiv ided i n t o  per iods.  The expected va lues  and 

s tanda rd  d e v i a t i o n s  are cons idered t o  be cons tan t  a long  each 

t ime-period. so t h e  expected d a i l y  load-curve is a s tepwise  

cons tan t  f unc t i on  of t i m e .  Therefore t h e  consumer demands a r e  

model ed by 

- t h e i r  s tepw ise  cons tan t  f u n c t i o n  expected 

va lues  CDk i n  CMWl3. 

- t h e i r  s tanda rd  d e v i a t i o n s  C c r  inC113. 
k 

where k denotes  t h e  t ime- in te rva l  index.  

The d e v i a t i o n  cr is g iven wi th  respec t  t o  t h e  peak Dmx. i n  
m a x  

percentage of t h e  peak value.  The d e v i a t i o n s  f o r  t h e  

i ndi v i  dual  per iods  are c a l c u l a t e d  by t h e  f  01 1 owl ng f o r  mu1 a:  

Th is  equat ion  expresses  t h e  tendency,  t h a t  a lower l oad  is 

a s s o c i a t e d  wi th a 1 o w e r  devi at1 on. 

The de te rmina t ion  of t h e  consumer-demand is based on t h e  

f o r e c a s t i n g  of d a i l y  load curves.  The c a l c u l a t i o n  of t h e  

energy exchange is u s u a l l y  c a r r i e d  o u t  f o r  a longer 

t ime- in te rva l .  e . g .  f o r  one year .  Our program a l l o w s  f o r  

s e l e c t i n g  s i x  seasons  wi th op t iona l  l eng ths .  and i t  is 

p o s s i b l e  t o  s e l e c t  d i f f e r e n t  da i l y - load  curves  t o  al l  of t h e  

seasons.  F ig  9. shows an example of a t y p i c a l  d a i l y  l oad  

curve.  



4.2.3 SCHEDULED EXPORT-IMPORT BASED ON LONG TERM AGREEMENTS 

The schedul ed expor t-i mpor t energy exchange, denoted above by 

s, is modeled as a consumer-demand. I t  is assumed t o  be 

d e t e r m i n i s t i c ,  and its v a r i a t i o n  w i th in  t h e  t i m e  hor izon is 

cons idered as a s tepw ise  cons tan t  f unc t i on .  Theref o r e  t h e  

schedul ed expor t-i mpor t i s model ed by a stepwi se cons tan t  

f u n c t i o n  wi th  va lues  Ek i n  C M W I ,  where k denotes t h e  

t ime- in te rva l  index.  

As f o r  t h e  consumer -demand model i t  is here  a l s o  p o s s i b l e  t o  

select d i f f e r e n t  cu rves ,  accord ing t o  t h e  seasons.  

In both energy systems t h e  genera t ing  u n i t s  must s e r v e  t h e  

21 gebr a i  c sum of t h e  consumer -demand and t h e  scheduled 

expor t  -i mpor t . 

4 . 2 . 4  TIE-LINES 

The d a t a  requ i red  f o r  t h e  d e s c r i p t i o n  of t h e  coopera t ing  l i n e s  

are t h e  fo l lowing.  

- maximumtransfer c a p a c i t i e s  CL i n [ W l 3 ,  
i 

- f a i l u r e  p r o b a b i l i t i e s  1 inC133. 

where i denotes  t h e  index  of coopera t ing  l i n e .  

4 . 3  THE COMPUTATI ONAL PROCEDURE 

4 . 3 . 1  COMPUTATION OF THE AGGREGATED CAPACI TY -AVAI LAB1 L I  TY 

HI STOGRAM OF GENERATI NG UNI TS 

The p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  a v a i l a b i l i t y  of 

gene ra to rs  is a d i s c r e t e  d i s t r i b u t i o n ,  s o  i ts d e n s i t y  is 

c a l c u l a t e d  i n  t h e  form of a histogram. Let  w e  cons ider  one of 

t h e  power systems i nd i v idua l  l y. 

Let  ei, i = l , . - - , n  be t h e  fo l low ing  random v a r i a b l e s  

desc r i b ing  u n i t  a v a i l a b i l i t y  f o r  t h e  i t h  u n i t  

w i th  p r o b a b i l i t y  pi 

w i th  p r o b a b i l i t y  1-p. 

where n  is t h e  number of gene ra t i ng  u n i t s  i n  t h e  system. 

1 2  



Denote by 8. t h e  p a r t i a l  sums of Bi's 

The c a l c u l a t i o n  of t h e  aggregated c a p a c i t y  a v a i l a b i l i t y  

h istogram w i l l  be c a r r i e d  o u t  i n  t h e  fo l lowing way: 

h 

For Bi = Bi t h e  histogram is known 

h 

Knowing t h e  h is togram f o r  8 . C  1 I i I n - 1  3 t h e  histogram 
h L 

f o r  
'i+i 

can be computed by convolu t ion si nce 
h h 

-Bi+Bi+i. Using t h i s  procedure t h e  histogram f o r  8 'i+i- n 

is t h e  aggregated c a p a c i t y  a v a i l a b i l i t y  h istogram g C d .  

Denote d t h e  l e n g t h  of t h e  s u b i n t e r v a l s  i n  t h e  histogram, and 

is t h e  number of t h e  s u b i n t e r v a l s  i n  t h e  histogram. 

The f i r s t  s t e p :  

i f  a < x < b o  
0 

o the r  w i  se 

where a =d e n t i  erCNi/d3 and 
0 

bo=d CentierCN /d3+13 
i 

genera l  s t e p :  Let a l r e a d y  be C i l  machines i n  t h e  system. 

Then t h e  next  machine Cnumber i+13 is added t o  

t h e  system by t h e  fo l low ing  cyc le .  w i th  

m=k-1 , k-2.. . . . I .  

Cx3 o therw ise  C133 



where 

and 
'~+2.k c X )  =gi+i,l(x) 

C N  is t h e  c a p a c i t y ,  dec reased  by t h e  selfconsumption; and p 
i i 

t h e  f a i l u r e  p r o b a b i l i t y 3 .  

Per forming t h e  gene ra l  s t e p  f o r  eve ry  machine i n  any o r d e r ,  

t h e  f u n c t i o n  gCxl,  i . e . t h e  c a p a c i t y - a v a i l a b i l i t y  h is togram of 

t h e  g e n e r a t o r s  is ob ta ined .  

The computat ion of t h e  e x a c t  d i s t r i b u t i o n  of random v a r i a b l e s  

Y1 
and 

y2 
C aggrega ted  capac i  t y  ava i  1 ab i  1 i t y 3  is 

computa t iona l l y  i n f e a s i b l e  f o r  sys tems of  rea l is t ic  s i z e  

because of  t h e  comb ina to r ia l  exp lo ison .  I t  is clear t h a t  t h e  

computat ional  e f f o r t  needed t o  g e t  t h e  r e s u l t s  h e a v i l y  

depends on t h e  l e n g t h  of s u b i n t e r v a l s  i n  t h e  h is togram.  

F ig .  11. shows a capac i  t y - a v a i l a b i l i t y  h i s tog ram,  c a l c u l a t e d  

by t h e  program, wh i l e  F ig .  12. shows t h e  d i s t i b u t i o n  f u n c t i o n .  

4 . 3 . 2  COMPUTATI ON OF DEFI CI ENCY -EXCESS H I  STOGRAM 

For both  sys tems,  t h e  energy  produced by t h e  machines must 

s e r v e  t h e  a l g e b r a i c  sum of t h e  energy  demanded by t h e  

consumers and t h e  schedu led  exchange of energy  between t h e  two 

systems.  S i n c e  t h e  comsumption is supposed t o  be  normal ly  

d l  s t r  i buted,  t h e r e f  ore t h e  sum of consumpti on and schedu led  

expor t / impor t .  denoted above by y l  and 
y, 

are normal ly  

d i s t r i b u t e d ,  as w e l l .  The expected v a l u e  is Mk=Dk+E and t h e  
k 

s t a n d a r d  devi  at1 on u 
k' 

Denoting by h Cx3 t h e  d e n s i t y  f u n c t i o n  of t h e  random v a r i a b l e ,  
k 

havi  ng t h e  paramete rs  def  i ned above, t h e  f 01 l o w i  ng convol u t i o n  

i n t e g r a l  g i v e s  t h e  def  i ci ency-excess dens1 t y  f u n c t i o n :  



k=1,2 ,  where GCy3 deno tes  t h e  d i s t r i b u t i o n  f u n c t i o n  of t h e  
k 

c a p a c i t y - a v a i l a b i l i t y  of g e n e r a t o r s .  

Th is  c a l c u l a t i o n  can b e  performed f o r  bo th  power sys tems,  so 

w e  have t h e  f u n c t i o n s  which d e s c r i b e  t h e  p r o b a b i l i t y  of  

energy  d e f i c i e n c y  or excess f o r  bo th  sys tems.  

4 . 3 . 3  COMPUTATION OF EXCHANGE POWER 

The exchange h is tog ram is c a l c u l a t e d  acco rd ing  t o  t h e  

expressionC83.  T h i s  e x p r e s s i o n  r e f e r s  t o  a g i ven  t i m e  i n t e r v a l  

which is a s u b i n t e r v a l  i n  t h e  d a i l y  l o a d  cu rve .  The exchange 

h is tog ram f o r  a g i ven  p e r i o d  of  t ime ,  e . g .  f o r  a day or f o r  a 

y e a r ,  can  b e  determined by summation of  t h e  h is tograms f o r  

t h e s e  s u b i n t e r v a l s .  

4 . 3 . 4  COMPUTATION OF EXCHANGE POWER FOR REAL CONNECTION 

Let  mi i=l , . . . , k deno te  t h e  f 01 1 owing random var  i ab l  es , 

d e s c r i b i n g  t r a n s m i s s i o n  c a p a c i t y  ava i  1 a b i  1 i t y  f o r  t h e  i t h  

ti e-1 i ne. 

w i t h  p r o b a b i l i t y  1 

wi th  p r o b a b i l i t y  1-li 

where k is t h e  number of  t r a n s m i s s i o n  l i n e s  i n  t h e  t i e - l i n e  

system. 

The method f o r  t h e  determi  n a t i o n  of aggrega ted  t r a n s m i s s i o n  

c a p a c i t y  a v a i l a b i l t y  h i s tog ram is v e r y  similiar t o  t h e  

procedure  a p p l i e d  f o r  t h e  aggrega ted  c a p a c i t y  ava i  1 ab i  1 i t y  

h i s tog ram f o r  t h e  g e n e r a t i n g  u n i t s .  Denote pCx3 t h e  h is tog ram 

of  t h e  aggrega ted  c a p a c i t y  a v a i l a b i l i t y ,  P C 3  i ts d i s t r i b u t i o n  

f u n c t i o n ,  and QCx3=1-PCx3. 

F i g  10. shows an  example of t h e  d i s t r i b u t i o n  of  t h e  a v a i l a b l e  

t r ans fe r - capac i  t y  o f  t h e  c o o p e r a t i  ng - l i ne  system. 

Taken i n t o  account  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  c a p a c i t y  

of t h e  coope ra t i ng  l i n e  sys tem,  i .e.  t h e  p o s s i b i l i t y  of  

unexpected break -down or ou tages ,  t h e  h i  s togram of t h e  exchange 



power which can  be  t r a n s m i t t e d  on a n  i d e a l  l i n e  sys tem C 8 3  is 

modi f ied accord ing  t o  t h e  f o l l ow ing  r e l a t i o n s :  

-f 
lmax 

F ig .  13. shows a n  example on t h e  h is tog rams of exchange 

power. Fig.  13/a shows t h e  h is tog ram f o r  coope ra t i on  lines 

wi th  un l im i t ed  c a p a c i t y .  F ig .  1310 shows t h e  c a s e  cf' r e z l  

connec t ions .  wh i le  F ig .  13/c shows t h e  not  r e a l i s e d  exchange 

power r e s u l t i n g  from 1 im i t . a t i ons  or f a i l u r e  of t h e  

t r ansm iss ion  system. 

5. REALIZATION ON I BM/PC 

5.1 OVERVIEW OF THE PROGRAM SYSTEM 

The a l g o r i t h m  o u t l i n e d  above has been implemented on an  

IBM../PC. To p rov ide  a conven ient  use r  i n t e r f a c e  w i th  

mu1 t . -w i  ndow f  aci 1 i t - y  and g raph i ca l  r e p r e s e n t a t i o n  of r e s u l t s  

g r a p h i c s  t - o o l k i t s  are u t i l i z e d .  

Typ ica l  a p p l i c a t i o n s  of  t h e  sys tem r e q u i r e  a series of  r u n s  

w i t h  i n p u t  d a t a  which are v a r i a n t s  of a base  case d a t a  s e t .  

D a t a  s t r u c t u r e s  are des igned  t o  suppo r t  t h i s  k ind  of usage.  

I n p u t  d a t a  f o r  t h e  d i f f e r e n t  p a r t s  of t h e  model are s t o r e d  i n  

d i f f e r e n t  d a t a - f i l e s .  and t h e  sys tem is endowed wi th  

conven ien t  d a t a  r e t r i e v a l  , modi f  i cat i  on and s t o r  a g e  

f a c i l i t i e s .  The r e s u l t  of t h e  computat ions appea rs  i n  a 

g raph i c  form on t h e  s c r e e n ,  which can be  cop ied  t o  a dot. 

m a t r i x  pr i n t e r  . 



The program-system c o n s i s t s  of t h r e e  programs. The ac tua l  

computat ions are perf  o r  med by t h e  program COOPER. whi 1 e 

r e s u l t s  a r e  d isp layed  by t h e  programs GENER and EXCHANGE. 

Running ti m e  of t h e  program la rge1  y  depends on t h e  s i z e  of 

t h e  problem. For systems wi th 10000 MW genera t ion  capac i t y  

and assuming a 24-periods subd iv i s i on  f o r  t h e  d a i l y  load  

curves ,  t h e  running t i m e  is around 10 minutes on an  IBM/PC AT 

wi th  a r i t h m e t i c  coprocessor and t u r b o  cards .  Col l  e c t i n g  d a t a  

is a c r u c i a l  po in t  i n  t h e  r e a l - l i f e  a p p l i c a t i o n s  of t h e  

system. Usual ly  u s e r s  have d a t a  f o r  t h e i r  own count ry  or 

u t i l i t y ,  but  ob ta in ing  c o r r e c t  d a t a  from t h e  cooperat ing 

pa r tne r  is not  a1 ways an easy  t a s k .  

5.2 RUNNING THE PROGRAM 

The f i r s t  a c t i o n  t o  be performed when us ing  t h e  system is t h e  

load ing  of t h e  g raph i cs  d r i v e r s .  This can be performed simp1 y  

by execu t ing  t h e  f i l e s  WM and GRAPHICS. The f i r s t  of t h e s e  

suppor t s  w i  ndow-mani pul a t i  ons , t h e  second prov ides a 

pr in t -sc reen  copy u t i l i t y .  

The genera l  p a t t e r n  of d a t a  i npu t  or modi f i ca t ion  is  t h e  

fo l lowing:  Data are t o  be typed i n t o  s p e c i f i e d  f i e l d s  on t h e  

sc reen .  d a t a  i npu t  i n t o  a  s p e c i f i c  f i e l d  is c losed  by 

p ress ing  <RETURN> , c l  o s i  ng i n p u t  f o r  a par ti cu l  ar sc reen  can 

be per f  or  med by p r e s s i  ng t h e  < F10> f  unc t i  on-key. 

The main computat ional p rocesses  are performed by t h e  program 

COOPER. which d i s p l a y s  dur ing run t i m e  t h e  requ i red  user 

i n t e r a c t i o n s  and in format ion on t h e  c u r r e n t  s t a g e  of 

computat ions. 

The a c t i o n s  t o  be performed i n  a  t y p i c a l  user  s e s s i o n  a r e  

l i s t e d  below. 

1/ Execute t h e  f i l e s  WM and GRAPHICS, and a f te rwards  

COOPER. by s imply  t yp ing  t h e i r  names on subsequent 

system prompts. 



2/ P ress  <FlO> . a menu appearsfor  modi f icatons of 

genera l  parameters of t h e  i nterconnected systems. 

3/ Perf or m modi f i c a t i  ons , i f needed. 

4/ P ress  F1O t o  c l o s e  i npu t .  

5/ A prompt appears ask ing whether t h e  new d a t a  set is 

t o  be saved. Save d a t a  set i f  necessary.  

6/ Press  <F10>, a menu appears f o r  modi f icat ions i n  

generator  d a t a  Ccapaci t y ,  s e l f  -consumpti on and 

f a i l u r e  p robab i l i t y3o f  t h e  f i r s t  power system. 

7/ Perform mod i f i ca t i ons , i f  needed. 

8/  Press  F1O t o  c l o s e  inpu t .  

9/ A prompt appears ask ing whether t h e  new d a t a  set. is 

t o  be saved. Save d a t a  set i f  necessary.  

11/ Carry out  s t e p s  6 - 9 f o r  t h e  second system. 

12/  P ress  <F10>, a menu appears on modi f icat ions i n  t h e  

schedul i ng of consumer demand and export--i  mpor t , as 

w e l l  a s  i n  t h e i r  maxima. 

13/ Perform mod i f i ca t i ons , i f  needed. 

14/  P ress  F10 t o  c l o s e  i npu t .  

15,' A prompt appears ask ing whether t h e  new d a t a  set is 

t o  be saved. Save d a t a  set i f  necessary.  

16/ Press  <F10> f o r  poss ib le  modi f icat ions i n  t i e - l i n e  

capaci  t y - d i s t r i  bu t i  on. Transmi t tab le  power should be 

s p e c i f i e d  i n  decsreas ing  order of p r o b a b i l i t y .  

17/ Perform mod i f i ca t i ons , i f  needed. 

18/ Press  F10 t o  c l o s e  i npu t .  

19/ A prompt appears ask ing  whether t h e  new d a t a  set is 

t o  be saved. Save d a t a  set i f  necessary.  

20/ Press  <F10>, t h e  computation a r e  s t a r t e d .  
21/ Af ter  running t h e  program COOPER, execute  t h e  f i l e  

GENER by typ ing  its name. This program d i s p l a y s  t h e  

a v a i l a b i l i t y  h istograms and d i s t r i b u t i o n s  f o r  both 

systems. 

22/ To d i s p l a y  t h e  histograms and d i s t r i b u t i o n s  of t h e  

exchange power f o r  t r  ansmi ssi on 1 i nes of unl i mi t e d  

capac i t y ,  w i th  real connect ions,  a s  w e l l  a s  t h e  not  

real i s e d  exchange power. execu te  t h e  f i le EXCHANGE 

by typ ing  its name. 



6. POSSI BI  LI TI ES OF FUFI"l"El? DEVELOPMENT 

I n  t h e  year  1987 t h e  program sys tem f o r  c a l c u l a t i o n  of 

exchange power between t w o  coope ra t i ng  sys tems has  been 

developed.  W e  i n t e n d  t o  m a k e  f u r t h e r  improvements on t h i s  

model i nc l  udi  ng t h e  f  01 1 o w i  ng i tems : 

- To g e t  a m o r e  a c c u r a t e  load-model, t h e  d a i l y  l o a d  

cu rves  shou ld  be  i nco rpo ra ted  i n t o  t h e  model by t a k i n g  

i n t o  account  t h e i r  dependency on t h e  type of  t h e  day 

C f i r s t  workday a f t e r  a ho l i day ,  gene ra l  workday, 

s a t u r d a y ,  h o l i d a y ,  e t c .  3 .  

- The p r e s e n t  program w o r k s  wi th  t h e  probabi  1i t y  

d i s t r i b u t i o n  f u n c t i o n  of t r a n s m i s s i o n  c a p a b i l i t y  

between t h e  t w o  systems.  I t  would be  d e s i r a b l e  t o  

deve lop  a method f o r  t h e  computat ion of t h i s  

d i s t r i b u t i o n  f rom t h e  t r a n s m i s s i o n  c a p a c i t i e s  and 

break down pr  obabi 1 i ti es of t h e  i ndi  v i  dua l  ti e-1 i nes  . 

- The ene rgy  produced by t h e  g e n e r a t i n g  u n i t s  is 

dec reas ing  acco rd ing  t o  t h e  schedu led  mi ntenance.  

Usual 1 y t h e  s t o c h a s t i c  a n a l y s i s  of exchange power is 

performed f o r  l o n g  t e r m  p r e d i c t i o n s  C 5  - 20 y e a r s > ,  so 

t h e  maintenance schedu le  is no t  known when t h e  a n a l y s i s  

is c a r r i e d  o u t .  S i n c e  t h e  capac i  ty -ava i  1 a b i l i t y  of t h e  

gener a t i  ng uni  ts depends on t h e  sel e c t  i on of gener at  i ng 

u n i t s  hav ing d i f f e r e n t  f a i l u r e  p r o b a b i l i t i e s ,  i t  is 

worthwhi le  t o  i n c o r p o r a t e  a s i m u l a t i o n  of maintenance 

schedu l  i ng. 

The poss i  b i  1 i ties of  development ou t1  i ned above r e f e r  t o  

f u r t h e r  developments o f  t h e  two-point model. W e  i n t e n d  t o  

perform f u r t h e r  r e s e a r c h  t o  deve lop a s t o c h a s t i c  model f o r  

t h e  ana l  y s i  s of  i n t e r c o n n e c t e d  sys tems cons i  sti ng of m o r e  

t h a n  t w o  systems.  

Prekopa 1 9 1  developed a gene ra l  mathematical  programming 

model f o r  c a p a c i t y  expans ion p lann ing  of t r a n s p o r t a t i  on type 

networks. Prekopa and Boros [ I 0 1  developed a n  a lgo r i t hm f o r  



t h e  computation of LOLP f o r  a d i s c r e t e  moment i n  cooperat ing 

systems.  W e  w i l l  i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  of i n t e g r a t i n g  

t h i s  technique i n t o  our model c o n s i s t i n g  of more than t w o  

energy sys tems .  
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Fig.1. Electric energy exchange among the West-Zuropean 

countries in 1985. 
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Fig.2. Electric energy exchange among the East-European 

countries in 1985. 
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Fig.3. Electric energy exchange in several European 

countries and its proportion related to gross 

electric energy consumption. 

30 

PORTUGAL 

ITALY 

HUNGARY 

F.R.G. 

FRANCE 

D A I l I 3 P r n  

CZECHOSLOVAKIA 

BULGARIA 

BELGIUM 

AUSTRIA 

I 

TWh 30 20 10 0 10 20 

P / / / F  
I 

I 1 
I 

I I 1 



- d a i l y  maximum - -. - n igh t  minimum 

Fig.4. Aggregate sum of  simultaneous load  of e l e c t r i c  

power f low across  s t a t e  borders  i n  UCPTE system. 
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Fig. 6. Load curve in Hungary 

december 1986. 
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Fig.7. Distribution functions of short-term 

power exchange. 



Fig.8. Checking hypothesis for distribution. 

Theoretical and empirical density function. 
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Fig.9. Daily load curve 

Fig.10. Capacity of a transmission line system 
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