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INTRODUCTION 

This  r e p o r t  p r e sen t s  t h e  r e s u l t s  of t h e  subp ro j ec t  on r e l i a b i l i t y  

a n a l y s i s  of t he  e l e c t r i c  power system p r o j e c t  a t  Ca i ro  Univers i ty  spon- 

sored  by t h e  Technical Adaptat ion Program, It i s  a compilat ion of f ou r  

s e p a r a t e  p r e sen t a t i ons  by independent subgroupings of t h e  r e l i a b i l i t y  

subp ro j ec t ,  

The o b j e c t i v e  of r e l i a b i l i t y  a n a l y s i s  i s  t o  determine t h e  e f f e c t  of 

p o s s i b l e  f a i l u r e  o f  devices  on t h e  operat2on o f  an e n t i r e  system and then 

t o  ana lyze  economic dec i s ions  about  how t o  expand t h e  system, what equip- 

ment should be i n s t a l l e d ,  what t h e  b e s t  maintenance p o l i c y  is ,  and so 

f o r t h ,  The i n t e n t  of t h e  subp ro j ec t  was t o  provide t h e  people  who run  t h e  

Egyptian power system wi th  some modern a n a l y t i c  t o o l s  f o r  eva lua t i ng  t h e  

r e l i a b i l i t y  of t h e i r  power system and t o  encourage them i n  applying t h e  

t o o l s  t o  analyze real po l i cy  a l t e r n a t i v e s ,  

I n  t h e  f i r s t  s e c t i o n  of t h i s  r e p o r t  e l e c t r i c  power genera t ion  reli- 

a b i l i t y  i s  examined using a Pfonte Carlo  method f o r  determining l o s s  of 

load  p robab i l i t y .  Forced ou tage  of genera t ion  u n i t s  i s  randomly simulated 

i n  compliance wi th  t h e  h i s t o r i c a l  d a t a  of t h e  u n i t s ,  The method is  appl ied  

t o  determine t h e  opt imal  per iod  of  t i m e  dur ing which no maintenance can be 

performed on genera t ion  u n i t s  due t o  low h y d r o e l e c t r i c  r e sou rce s  and high 

demand. 

The second s e c t i o n  d e a l s  w i th  r e l i a b i l i t y  of t ransmiss ion  systems. 

The l o s s  of load p r o b a b i l i t y  i s  determined by s imula t ing  t h e  random outages 

of l i n e s  using p r o b a b i l i t i e s  of outages  determined by d a t a  concerning 

p a s t  outages .  The method i s  shown as i t  was appl ied  t o  t h e  220kV network 

i n  lower Egypt. 

R e l i a b i l i t y  of t ransformer  s u b s t a t i o n s  i s  t r e a t e d  i n  t h e  t h i r d  s e c t i o n  

of t h i s  r e p o r t ,  Analysis  of t h e  r e l i a b i l i t y  of p a r a l l e l  and s e r i e s  connec- 

t i o n s  of components i s  used, The subs t a t i on  can be v i s u a l i z e d  a s  being i n  

a number of d i s t i n c t  ope ra t i ng  s t a t e s  depending on t h e  ope ra t i ng  condi t ion  

of i t s  components, The p r o b a b i l i t y  of t h e  s u b s t a t i o n  being i n  any of t he  

states i s  found by a Narkov process  c a l c u l a t i o n ,  The method i s  appl ied  t o  

t h e  Kafr El-Sheikh 55/11kV s u b s t a t i o n ,  



I n  t h e  f i n a l  s e c t i o n  an a lgor i thm i s  presented which determines l ~ s s  

of load  p robab i l i t y  and demand n o t  served f o r  a composit genera t ion  t rans-  

mission power system. The Ford-Fulkerson approach is used where t he  minimal 

c u t s e t s  of a network a r e  determined t o  provide i n f o m a t i o n  on the probabfl-  

i t y  and frequency of f a i l u r e ,  The maximum t r a n s m i t t a b l e  power can a l s o  be 

determined by t h i s  method. The algori thm is appl ied  t o  t h e  220kV network 

of Egypt. 
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PREFACE 

This report is one of a series of publications which describe 

various studies undertaken under the sponsorship of the Technology 

Adaptation Program at the Massachusetts Institute of Technology. 

The United States Department of State, through the Agency for 

International Development, awarded the Massachusetts Institute of Tech- 

nology a contract to provide support at M.I.T. for the development, in 

conjunction with institutions in selected developing countries, of 

capabilities useful in the adaptation of technologies and problem- 

solving techniques to the needs of those countries. This particular 

study describes research conducted in conjunction with Cairo University, 

Cairo, Egypt. 

In the process of making this TAP supported study some insight 

has been gained into how appropriate technologies can be identified and 

adapted to the needs of developing countries per se, and it is expected 

that the recommendations developed will serve as a guide to other developing 

countries for the solution of similar problems which may be encountered 

there, 

Fred Moavenzadeh 

Program Director 
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General I n t r o d u c t i o n  

The main o b j e c t i v e  o f  any power system i s  t o  secure t h e  t i m e l y  supply  

needs o f  i t s  consumers a t :  
- Minimum c o s t  t h a t  s a t i s f i e s  a  reasonable r a t e  o f  r e t u r n ,  and, 
- s a t i s f y i n g  an acceptable q u a l i t y  o f  supply.  

The qua1 i t y  o f  supply i s usual l y  de f i ned  by a predef ined range o f  

vo l tage  and frequency f l u c t u a t i o n s ,  i n  a d d i t i o n  t o 9  an acceptable 

re1  i a b i l  i ty 1 evel  . 

The r e l i a b i l i t y  l e v e l  o f  a  supply  i s  u s u a l l y  de f ined  by t h e  ~ e r c e n t a g e  

o f  t ime t h e  supply  i s  ava i l ab le ,  which i n t u r n  depends upon t h e  composite 

r e l i a b i l i t y  o f  t h e  supply network and t h e  genera t ion  f a c i l i t i e s .  

There a re  severa l  methods a v a i l a b l e  t o  assess t h e  r e l i a b i l i t y  o f  

e i t h e r  network o r  generat ion.  

Few methods a re  now being t r i e d  t o  assess composite r e l i a b i l i t y .  

Since genera t ion  cos t  i s  almost 50% o f  t h e  t o t a l  cos t  o f  a  power system, 

then genera t ion  must be o p t i m a l l y  planned t o  s a t i s f y  minimum c o s t  a t  a  

predef ined acceptabl  e  re1  i a b i  l f ty  1 evel  . 

It should be noted t h a t  t he  h igher  t h e  r e l i a b i l i t y  l e v e l  t h e  b i s q e r  t he  

generat ion capac i t y  necessary t o  supp ly  a  f i x e d  load, and consequent ly t h e  

h igher  genera t ion  investment w i l l  6e. 

On t h e  o t h e r  hand, t h e  lower t h e  r e l i a b i l i t y  l e v e l ,  t h e  h igher  t h e  

expected unserved energy which w i l l  adverse ly  a f f e c t  t he  Cross Nat iona l  

Product [GNP). 



It is, therefore, necessary to have an accurate efficient method 

of assessing generating reliability. 

This volume of joint work between Cairo University, MIT, and the 

Ministry of Electricity, is dedicated to evaluate the effectiveness of 

the Monte-Carlo technique to assess generation reliability. 
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DATA PROCESSING FOR GENERATION SYSTEM RELIABILITY 

1 .  GENERATION FACILITIES I N  EGYPT 

Drawing No. ( l  ) i l l u s t r a t e s  t h e  Egypt ian  e x i s t i n g  as w e l l  as p lanned u n i f i e d  

power system (UPS). The 500,220 and 132 KV t r a n s m i s s i o n  system and g e n e r a t i n g  

power s t a t i o n s  a r e  i n d i c a t e d .  

The system i s  d i v i d e d  i n t o  f i v e  e l e c t r i c  zones, namely: Upper Egypt zone, 

Cairo zone, Delta zone,  Alexandria zone and t h e  Canal zone,  

The Upper Egypt zone has two l a r g e  hydro e l e c t r i c  power s t a t i o n s  a t  Aswan, 

namely: Aswan Dam ( 7 X 4 0 + 2 ~ l l  MW) and High Dam (12x175 MW), i n  a d d i t i o n  t o  

A s s i u t  (3X30~W) thermal  power s t a t i o n .  

T h i s  zone i.s i n t e r c o n n e c t e d  t h r o u g h  5Q0 KV t r a n s m i s s i o n  system w i t h  t h e  

N o r t h e r n  Egypt 220 KV system. The Nor the rn  Egypt pcwer system i n  composed o f  

220 KV i n t e r c o n n e c t e d  b u l k  transrni'ssion network .  I t has 1 0  thermal  power 

s t a t i o n s  hav ing 41 g e n e r a t i n g  u n i t s  o f  t o t a l  i n s t a l l e d  c a p a c i t y  amounting t o  1300 M V .  

The 500 KV system c o n s i s t s  o f  two s ing1 e  c i r c u i t  [each 788 km l o n g )  overhead 

t r a n s m i s s i o n  l i n e s  e x t e n d i n g  f rom Aswan t o  Ca i ro .  Thi's system has f o u r  t r a n s -  

fo rmer  s u b s t a t i o n s ,  namely: t h e  H igh  Dam 500/132 KV s u b s t a t i o n  (HD) hav ing 

2 X 320 MVA a u t o  t r a n s f o r m e r s ,  t h e  Nag-Hamadi 500/132 KV s u b s t a t i o n  (NH) hav ing  

3  X 285 MVA a u t o - t r a n s f o r m e r s  and l o c a t e d  236 km t o  t h e  n o r t h  o f  t h e  HD, t h e  

Samalut 500/132 KV s u b s t a t i o n  hav ing  1  X 285 MVA a u t o - t r a n s f o r m e r  and l o c a t e d  

343 km t o  t h e  n o r t h  o f  NH, and t h e  Ca i ro  t e r m i n a l  3 X 500 MVA 500/220 KV 

substa t i 'on  l o c a t e d  209 km t o  t h e  n o r t h  o f  Samalut. 



FIG. ( 9 ) UNIFKED POWER SYSTEM OF EGYPT 

GENERATING 
STATIQN 

- 560 K.V CIRCUIT 

--- PLANNED 



5. FREQUENCY AND DURATION PARAMETERS OF POWER STATIONS 

The average opera t ion  time and r e p a i r  time of each s i n g l e  t u rb ine  

and b o i l e r  i n  each s t a t i o n  of t h e  Northern Egypt network a r p  given in  Table(5.1).  

i n  t h e  y e a r  1978. 
Table (5 .1 )  

Capacity,  Average Operation Time and Repair Time of Turbines and Boi le rs  i n  

The System: in t he  year 1978 ( G  = Generator & B = B o i l  e r )  . 

S t a t i o n  

- - 

Type & Ns. 
of u n i t s  

Capacity 
(MW) 

Average 
down time 

( h r . )  

69.49 
42.79 

Average 
up time 

( h r . )  

3753.33 
5329 
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T a b l e  (2.1) C o n t i n u e d  

S t a t i o n  
Type & No. 
o f  una'ts 



4. UPDATED AVAILABLE POWER FROM EGYPTIAN POWER PLANTS 

The a c t i v e  steam p l a n t s  i n  t h e  u n i f i e d  Power System i n c l u d e  an un i  s u a l l y  

l a r g e  number o f  genera t i ng  u n i t s  wh ich  compromise a  t o t a l  nameplate c a p a c i t y  

o f  3173 MW i n  1981. 

Tab le  (4.1) shows t h e  i n s t a l l e d  c a p a c i t y  o f  t h e  e x i s t i n g  genera t i on  p l a n t s  

i n  Nor the rn  Egypt, c o n s i d e r i n g  t h e  C a i r o  - 500 KV s t a t i o n  a t  t h e  t e r m i n a l s  

o f  t h e  500 KV l i n e s  as one g e n e r a t i n g  s t a t i o n  o f  i n s t a l l e d  c a p a c i t y  900 MW. 

Table  (4.1 ) shows a1 so t h e  expected useab le  power c a p a c i t y  o f  these p l a n t s  

yea r  by yea r  th rough  1981 , 



Table  (4.1) 

Updated Avai 1 abl  e Power f rom Northern Egypt Power PLants 

A v a i l a b l e  Capacity 4MW) 



The Upper Egypt 132 KV system c o n s i s t s  o f  930 r o u t e  k i l o m e t e r s  o f  doub le  . 

c i r c u i t  132 KV overhead t r a n s m i s s i o n  l i n e s .  

2. GENERATION SYSTEM RELIABILITY ASSESSMENT 

To assess t h e  r e l i a b i l i t y  o f  g e n e r a t i o n  i n  t h e  ARE power system t h e  genera- 

t i o n  i n  Upper Egypt s h a l l  be under s p e c i a l  c o n s i d e r a t i o n .  T h i s  i s  due t o  t h e  

f a c t  t h a t  t h e  g e n e r a t i o n  c a p a c i t y  i n  t h e  UE zone i s  exceeding t h e  t r a n s m i s s i o n  

1 i m i t s  by s t a b i l  i t y .  Under such c i r cums tances  and t a k i n g  t h e  f a c t  t h a t  t h e  p o w e r  

t r a n s m i s s i o n  t o  C a i r o o v e r  t h e  500 KV system has never  been due t o  l a c k e  

o f  g e n e r a t i n g  u n i t s  a t  HD, t h e  UE zone can be cons idered i n  g e n e r a t i o n  

r e 1  f a b i l  i t y  c a l  c u l  a t t o n s  as one g e n e r a t i o n  source s i t u a t e d  a t  t h e  C a i r o  

t e r m i n a l  o f  t h e  500 KV l i n e .  The amount o f  t h a t  power i s  t a k e n  equal t o  t h e  

s t a b i l i t y  l i m i t  oP t h e  l i n e ,  

To e s t i m a t e  t h e  a v a i l a b i l  i'ty o f  t h i s  source,  t h e  a v a i l a b i l  i t y  o f  b o t h  

H igh Dam s t a t i o n  and t h e  Aswan-Cairo 500 KV l i n e  had t o  be cons ide red .  The 

former  was found t o  be a lmost  100% wh ich  1  eaves t h e  l a t t e r  t o  y i e l d  t h e  

a v a i l a b i l  i t y  a t  t h i s  source poi'nt. 

3. FORCED OUTAGE RATE QF \WQ \KV L'PNES 
I t  i 5  , \ r  

As ment ioned i n  t h e  p r e v i ~ u s  s e c t i o n ,  two 500 KV t r a n s m i s s i o n  1 i n e s  

ex tend f rom H.D. s t a t i o n  t o  C 500 KV s u b s t a t i o n ,  a d i s t a n c e  o f  788 r o u t e  

k i l o m e t e r s .  There a r e  two intermedi 'ate s u b s t a t i o n s ,  one a t  - N.H. w i t h  

t h r e e  285 MVA, 5001132 KV a u t o t r a n s f o r m e r  banks, and one a t  - SAM wl ' th a  285 MVA, 

500/132 KV t r a n s f o r m e r  bank. Three 500 MVA, 500/220 KV a u t o t r a n s f o r m e r  banks 



i n t r e r c o n n e c t  t h e  500 KV and 220 KV systems a t  C 500 s u b s t a t i o n .  Shunt 

r e a c t o r s  a t  H . D . ,  u., - SAM, and synchronous condensers a t  C 500 provide  

v o l t a g e  c o n t r o l  f o r  t h e  500 KV system. 

The foremost problem is  t h e  poss i  b i l  i t y  o f  outages  on the 500 KV l i nes  

between the - H . D .  and C 500. The power t r a n s f e r r e d  from I-JJJ. t o  C 500 was 

l i m i t e d  t o  900 MV f o r  t h e  cond i t ions  o f  t h e  UPS dur ing 1978. 

During t h e  period between 1975 and 1978, t h e  outages  o f  the two 500 KV 

1 i n e s  a t  t h e  same t ime a r e  a s  fo l lows:  

a )  The s e c t i o n  (N.H.-SAM) had two i n t e r r u p t i o n s  i n  the same day (29/3/76) ,  

t h e  d u r a t i o n s  a r e  25, 1 9  minutes.  

b )  The s e c t i o n  (SAM - C 500) had t h r e e  i n t e r r u p t i o n s :  - 
1 )  In 11/4/1976 w i t h  du ra t ion  1 0  minutes .  

2 )  In 18/5/1976 w i t h  d u r a t i o n  9 minutes .  

3 )  In 20/8/1976 w i t h  du ra t ion  23 minutes .  

The d u r a t i o n  o f  t h e  forced ou tages  o f  t h e  500 KV t r ansmiss ion  1Tnes over  

t h e  four  y e a r s  i s  1.433 hours. 

. ' .  The fo rced  outage r a t e  (F .0 .R. )  = 1.433 hour 
4 y e a r s  

There fo re ,  i n  t h e  re1 i a b i l  i t y  o f  genera t ion  model , a 900 MV power source  

i s  s a i d  t o  be a v a i l a b l e  t o  supply  Lower Egypt from Upper a t  a fo rced  ou tage  o f  

4.1 X 



where f i s  the  FOR o f  the new genra t ingun i ts  whose number i s  Nb 

VERIFICATION 

The f i t t i n g  procedure o f  the  a v a j l a b i l  i t y  d i s t r i b u t i o n  was based on 

"equal f u l l  power a v a i l a b i l i t y "  p r i n c i p l e .  To substant ia te t h a t  t h e  use 

o f  such a  p r i n c i p l e  actual l y reproduces the  avai lab1 1  i t y  d i s t r i b u t i o n  an 

example i s  given: 

Data o f  Actual Power S ta t i on  

* E igh t  b o i l e r s  feed, on a common header, f o u r  turb ines.  

* FOR o f  one bo i  1  e r  = 0.0403 

* FOR o f  one tu rb ine  = 0.0234 

* S ta t i on  power r a t i n g  = 2  X 60 + 2  X 50 = 220 MW 

* Rating o f  tu rb ines  = 2  X 60MW + 2  X 50 MW 

* Rating o f  b o i l e r s  = 8 X 30 MW 

Model 

The model o f  t h a t  s t a t i o n  should have 8 "generat ion u n i t s n  equal 

t o  the number o f  bo i l e rs ,  

*'' - 27.5 MW capaci ty  o f  one generat ion u n i t  = - 8 - 

* A v a i l a b i l i t y  o f  f u l l  t u rb ine  power: 







I S t a t i o n  

TABLE (1 ) 

Character i  s t i c s  o f  Model 

Generation U n i t s  

A v a i l a b l e  / FOR/unit Avai l ab i  1 i ty  



PMFN = Expected l oad  du ra t i on  curve f o r  t h e  1,2, 10 & l l t h  months o f  t he  

s tud ied  year.  

RIS = A subrout ine which gives t he  r i s k  index, power and energy l o s s  

over the  g iven  pe r i od  f o r  t he  g iven loads and capac i t ies .  

RISK = Risk index du r i ng  December 

RISA = Risk index du r i ng  t he  1,2 , 10 & l l t h  months 

RISF = Risk index du r i ng  t he  3,4,5,6,7,8 & 9 t h  months 

R = Average r i s k  index over the  s tud ied  year  

ST = Preceding random number f o r  s e l e c t i o n  

X s s  = Random number generated f o r  l oad  select ion 

MAINT = Array represen t ing  t he  generat ing u n i t s  on scheduled maintenance. 

NgMAINT = I n d i c a t o r  if the  maintenance i s  a l lowed o r  n o t  dur ing  t he  pe r i od  

under study, 

NK = Determines t h e  power t r ans fe r red  from Upper to. Lower Egypt 
( e i t h e r  800 MW o r  900yMW). 

SUMMAN = Sum o f  t h e  capac i ty  o f  generat ing u n i t s  on scheduled maintenance. 

B = Tota l  capac i t y  o f  u n i t s  ou t  o f  se rv i ce  

AC = Ava ia lb le  capac i ty  

PLBSS = Power l o s s  

ENERGY = Energy l o s s  

S = I n i t i a l  va lue o f  t he  random number generator used t o  determine 

the generat ing u n i t s  on scheduled maintenance. 

X I  = I n i t i a l  values o f  random number generators used t o  check t he  

a v a i l a b i l  i t y  o f  the generat ing u n i t s  





can be looked upon as a va lue  assumed by a random v a r i a b l e  having 

approximately t h e  s tandard normal d i s t r i b u t i o n .  Using t h i s  approximat ion, 

we can c a l c u l a t e  conf idence i n t e r v a l s  f o r  9 . 
The 95 % conf idence l i m i t s  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  w e r e  

ca l cu la ted  (based on 36-po in t  popu la t ion)  t o  be 

0.75 < 9 = 0.84 < 0.92 

I n  t h e  f i g u r e ,  t h e  t y p i c a l  p r o f i l e  based on every 10-day measurement 

i s  p l o t t e d  f o r  1976, 1977 ,and 1978. As seen i n  another  r e p o r t  o f  t h i s  

se r ies ,  t h i s  p r o f i l e  l a r e  assoc ia ted w i t h  t he  a v a i l  a b i l  i t y  o f  generat ion 

resources t o  s e l e c t  t h e  months o f  maintenance, 





List  of Symbols 

N = No. of intervals on the load curve 

M = No. of generating units 
L = No. of shots. 

A = Per unit power unavailable due to maintenance 

PMAX = Yaxirnurn power demand of the year 
PI  = Array representing the load curve of the f i r s t  year, formed of 

365 points of daily peak. 

P2 = Array representing the load curve of the second year , formed 

of 365 points of daily peak 

P3 ; Array representing the load curve of the third  year, formed of  

365 points of daily peak 

PERUNI = A subroutine which transfers the given load curve to a per unit 

- .load curve w.r.t.  i t s  own peak. 

= Load curve array of 'the f i r s t  year in per unit  w.r. t .  i t s  own peak 

= Load curve array of the second year in per unit  w.r . t .  i t s  own peak 

= Load curve array of the third year in per unit w. r. t. i t s  own peak 

= Capacity array of generating units 

= Forced outage array of generating units 

= Total available capacity (CC(1) )  

r unit load curve during December of the f i r s t  year 

= Per unit-  load curve during December of the second year 

= Per unit load curve during December of the third  year 

= Per unit load curve during October, November, January and 

February of the f i r s t  year. 

= Per unit load curve during October, November, January and February 

of the second year. 



RN3 = Per unit load curve d u r i n g  October, November, January and February 

of the third year. 

RRl = Per unit load curve for  the 3,4,5,6,7,8&9th months of the f i r s t  year 

RR2 = Per unit load curve fo r  the 3,4,5,6,7,8&9th months of the second year 

RR3 = Per unit load curve for  the 3,4,5,6,7,8&9th months of the third year 

LOADUR = A subroutine used to  obtain the load duration curve from a given 

R1 N 

W2N 

R3N 

PMF 

RRl N 

RR2N 

RR3N 

PMA 

RNl N 

RN2N 

RN3N 

load curve. 

= Per unit load duration curve for the month of December of the f i r s t  year 

= Per unit load duration curve for  the month of December of the second 

year* 

= Per u n i t  load duration curve for  the month of December of the third year 

= Expected load duration curve for  the month of December of the studied year 

= Per unit load duration curve for  the 3,4,3,6,7,8&9th months of the f i r s t  

year. 

= Per unit load duration curve for  the 3,4,5,6,7,8&9tn inonths of the 

second year. 

= Per unit load duration carve for  the 3,4,5,6,7,8&9th months of the 

third year. 

= Expected load duration curve for  the 3,4,5,6,7,8&9th months o f  the 

studied year. 

= Per unit load duration curve for  the 1,2,10, & 19th months of the 

f i r s t  year. 

= Per unit load duration curve for the ?,2,10 & 91th months o f  the 

second year. 

= Per u n i t  load duration curve for  the 9,2,33 & 11th months of the 

third  year. 
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GENERATION SYSTEM RELIABILITY ASSESSMENT 

U S I N G  MONTE-CARLO SIMULATION 

INTRODUCTION 

The Monte-Car10 technique i s  used t o  s imu la te  t h e  random events i n  

bo th  genera t ion  and demand. Randomness o f  generat ion s t a t u s  stems from t h e  

independent fo rced  outages o f  t h e  power s ta t i ons ,  w h i l e  t h a t  o f  l o a d  i s  

expressed by t h e  annual l o a d  curve. The l a t t e r  i s  based on peak d a i l y  

1 oads 

A computer package i s  :cornpi1 ed which s imulates t h e  above two events 

and c a l c u l a t e s  p r i n c i p a l l y  t h e  "R isk  Index" o r  t he  s imulated l o s s  o f  load  

probabi 1  i ty. The package i s  w r i t t e n  i n  FORTRAN 1 anguage. 

FUNCTION 

1 .  By us ing  random number generators ,  t h e  package s imulates:  . 

a- The f o r ced  outage o f  Egypt!  s  generat ipn u n i t s .  The random number ac ts  

as a  se lec to r  dec id ing  whether a  p a r t i c u l a r  u n i t s  i s  f a c i n g  fo rced  

outage o r  n o t .  

b- The annual l oad  v a r i a t i o n  based on d a i l y  peak l oad .  The random number 

generator  se lec t s  t h e  l o a d  l e v e l  a t  a  g iven random i n s t a n t .  



usually denoted by the l e t t e r  r and i t s  calculation i s  faci l i ta ted by 

use of the formula 

The parameter !? i s  a measure of the strength of the 1 inear relationship 

between x and y. When 9 = 0, t he  two random varaiables are uncorrelated, 

and in the case of the bivariate normal distribution they are also in- 

dependent. If the points ( x i  , y i )  actually fa l l  on a straight l ine, then 

r equals +I or -1 ,  depending on whether this  1 ine has a positive or negative 

slope. The correlation analysis was repeated three times as follows: 

1- on daily basis, i . e . ,  using 365 load values for each year. 

2- on 3-day basis : This was made to rid the f i r s t  correlation of the 

effect o f  week ends. This was done by selecting for the correlation 

analysis the largest load of each successive 3 days. 
5 

3- on 10-day basis: In  Egypt,  many religious occasions are celebrated 

according to the lunar calender which shif ts  every year by some 

11 days from the solar one. To account far t h e  biased variations 

in load due to these occasions, a 10-day-based correlation was 

a1 so made. 



RESULTS 

The table shows the results of these analyses: 

Correlation Coefficient o f  

Variations i n  Annual Load Pattern 

CONCLUSIONS 

1- All correlation coefficients are positive indicating a predictable 

behavior of load pattern. 

2- The strongest correlation i s  faund ' between loads measured on 10- 

day basis. This may thus be taken to represent the sought typical 

pattern. 

Since the sampling distribution of r for random samples from 

bivariate normal populations i s  rather complicated, i t  i s  customary 
1 I t  to base t e s t s  concerning 9 on the s t a t i s t i c  Z. I n  

can be shown that  for random samples from bivariate normal populations 
l ' i s  approximately normal with the mean the distribuion of 1 - r 

1 in 1 + 9 and the variance l / (n  - 3 ) .  In other words, 
2 1 -  9 



R e p o r t  N o .  3 

C O R R E L A T I O N  LOAD DEMAND I N  LOWER E G Y P T  
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Table ( 2 )  

UNIT CODE CAPACITY FORCED OUTAGE 
(w) RATE 



Table  ( 2 )  Cont. 

UNIT CODE FORCED OUTAGE 

TE 



B O I L E R - T I J R B I N E  MODEL FOR R E L I A B I L I T Y  

STUDY 

INTRODUCTION 

In the study of the generation r e l i ab i l i t y  in Lower Egypt, i t  must be 

real ized that  a l l  such generation i s  thermal to which the contribution of 

Upper-Egypt i s  added. Thermal power stations in Lower Egypt are primarily 

of the steam type. The h i g h  forced outage ra tes  of boilers and turbines 

asoompared to other components in steam power s ta t ions  verify the considera- 

t i o n  o f  these t w o  components o n l y  i n  re1 iabii i t y  studies.  

The power s ta t ions  I n  Lower Egypt system have a large variety of boiler- 

turbine configurations. The combinations of boilers and turbines on a common 

header connection range Prom 2 boilers11 turbine units to 6 boilers/4 turbine 

uni ts .  The common-header type t s  found in old s ta t ions ,  where a number of 

boilers are Pound to feed another number of turbines. The d i f f icu l ty  then 

comes from the large number of combtnattons leading to partial fa i lures ,  or 

deratings. This poses d i f f i cu l ty  when applying most re1 iabil i t y  evaluation 

techniques. 

This paper presents a method o f  replacfng any compounded generation system 

by an equivalent non-common-header generation uni t s ,  which f ac i l i t a t e s  the 

application of most r e l i a b i l i t y  evaluation techniques. 

CONSTRAINTS 

The above rep1 acement model should be made satisfying the fol lowing constraints : 

i  ) The total  power del ivered by the station remains unchanged. 



i i )  The "forced outage dis t r ibut ion",  i  . e . ,  the distribution o f  

available power should be honoured. 

- To allow a bet ter  f i t t i n g  of the forced outage distribution the 

number of generation units was taken equal to  the number of 

boilers,  rather than turbines, as they are  the more numerous in 

a l l  cases.and dominate turbines i n  as fa r  as forced outage i s  

concerned. More generation units mean more degrees of freedom in 

the f i t t i n g  process and thus better simulation. 

METHOD. OF CALCULATION 

1- No. of equivalent generation units = No. of boilers Nb 

2- Capacity of equival ent generation u n i t  = 

3- Forced \gutage Rate: 

Based on the principle of equal-full power avai labi l i ty :  
N, 

- availabil i t y  of fu l l  turbine capacity At = (1-ft)  ' 
ft , being the FOR of one turbine, Nt-the number of turbines. 

- avai labi l i ty  of a power from boilers equal to fu l l  turbine capacity 

fb - being the FOR of one boiler 

The number of terms i s  determined by the excess power which the tota l  

boilers have over the tota l  turbines. 

Availability of s ta t ion fu l l  capacity = At Ab 

Therefore, 



S t a t i o n  
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1 . 2 ~ -  For each random "shot" in time, the program determines whether a 

deficiency in supplying the load has occured and the magnitude o f  

the def ic i t .  

3 .  Finally the program, over a prespecified number of shots, calculates 

the overall r isk of loss o f  load (another version of the loss-of 

load probability). 

Risk = <No. of shots with deficiency 

Total No. of shots 

4 .' The energy-not-served i s  a1 so estimated as 

E = < P . h t ,  P being the loss of load & at the 
i 

equivalent time interval . 
If annual energy-not-served i s  sought 

Total No. of shots (L )  

Note: I t  would be preferable to avoid pessimistic resu l t s ,  and compute the 

energy not served using average daily load instead of daily peak 

demands. More accurately, yet 1 ess practical , hourly loads may 

be used. 

DATA : - 
1 - Forced outage rates of a1 1 " equivalent generation units" and their  

capacities and numbers. 



2- Peak load demand average p ro f i l  e p ( t )  i n  p . u .  of i t s  annual peak 

value. Provision i s  made t o  accept  up t o  365 data  po in t s ,  L e e ,  on 

a day-to-day bas is ,  

3- Forecasted annual peak load in  MW f o r  the  year  under study 

4- Per u n i t  power unavai lable due t o  maintenance. 

Scheduled Maintenance 

The program simulates only t h e  forced outage of  t h e  generat ing un i t s .  

T h i s  does not  account f o r  the  u n i t s  i n  scheduled maintenance which fu r the r  

subjec t  t h e  load t o  a l o s s .  

Based on t h e  h is tory  of 1976-1978, i t  was estimated t h a t  maintenance 

schedul ing i s  governed by the  tw fo l  lowing ru l e s .  

1- The year  i s  divided i n t o :  High demand-low .hydro energy resources period of 5 '  

months: October, Nbvember, December, January & February and a low-demand- 

h i g h  hydro energy resources period o f  7 months: March-September. In t he  

f i r s t  period, no maintenance should be scheduled.  A1 l maintenance 

operat ions a r e  done i n  t h e  second. 

2- Over the  maintenance 7-month period on the  average, 14 % o f  the  

ava i l ab le  power i s  scheduled fo r  maintenance. The sel ect ion of 

the  generating un i t s  t o  go t o  maintenance i s  done by the  computer 

program. The cons t r a in t s  over t h e  average scheduled maintenance 

durat ion has not been constdered and i s  being inves t iga ted  and w?Il 

be reported as  soon a s  possible .  Random se lec t ion  of u n i t s  i s  made 

which should y i e ld  a t o t a l  o f  about 14% of  the  a v a i l a b l e  capaci ty 

fo r  maintenance, 







TOTAL DURATION 





TOTAL DURATION 





DATA 

FOR THE 220 kV TRANSMIS 
NETWORK IN LOWER EGYPT 

(PER HIS TORY) 





MAP OF 220 KV NETWORK 





2.  El ectri  cal Constants 

The power flow subroutine i s  used to calculate the over loading cycle of 

each element, and to calculate the power flow between elements each ,time one 

element a t  least changes i t s  state.  In addition t o  the history of elements, 

the input of the RAMPOT package includes the impedances of the different 

elements (transmission 1 ines) forming the netkork. For the network under 

study, which i s  the 220 KV transmission system, the different conductor types, 

and their  constants are shown below: 

3.  Element Power Capacity and Voltages: 

The power capacity of each element i s  determined according t o  certain 

factors. For long lines, with h i g h  voltage level the s tabi l i ty  point of view 

i s  the most important factor. For medium 1 ines the voltage drop becomes 

the main factor, b u t  for short lines the main factor becomes the temperature 

rise limit. 

The voltage magnitude a t  different bus-bars are considered constant, b u t  

their  angles change. 



The network i s  shown in the following map, the double circui t  l ines,  are 

considered one element having the electrical equivalent constants of the para1 lel 

connection as these parallel elements are identical from the loading point o f  

view, physical constants, and weather conditions. 



The above table shows the exact history of three transmission 1 ines 

belonging t o  the 220 KV electric network of Egypt. The constants of those 

three elements are shown below: 

Element Length Type of cond 
N 0 , k m  1 
1 11 ACSR - 400 

2 1 11 ACSR - 400 

resi stance 
ohm/ km 

total 
reactance 

ohms 

c- Frequency Distribution Form of Data: 

In this stage of data processing the intervals of similar status (operation 

or failure) are gathered t o  form a time-frequency table. As an example, for a 

certain element during the four years period the action-frequency distribution 

form is  shown below: 

E l  ernent 
No. 

-- 

Operation Operati on 
Time Frequency 

hr.-min. 
160 - 51 1 

215 - 40 1 
287 - 30 1 

575 - 55 1 

Fai 1 ure 
Time 

hr.- m i n .  

Fai 1 ure 
Frequency 



The above in format ion belongs t o  element number (22) i n  the  220 KV t rans-  

mission network which has a length o f  35 km, conductor type ACO - 240, a 

res is tance per km equal t o  0.078 ohms, and a reactance equal t o  0.41 ohms 

per km. 

The s imulat ion o f  the random f a i l / r e p a i r  cyc le  o f  an element should be 

based on a given cumulative d i s t r i b u t i o n .  This i s  i nev i tab le  when the  sample 

s i ze  i n  the  ava i l ab le  h i s t o r y  i s  small which i s  our case w i t h  transmission 

network elements. The change f r o m  the  frequency d i s t r i b u t i o n  t o  a cumulative 

i s t r i b u t i o n  i s  done w i t h i n  the  program RAMPOT i t s e l f .  For the above example 

element number (22) the  cumulative frequency-time d i s t r i b u t i o n  i s  shown be1 ow: 

il emen1 
No. 

22 

Operation 
Time 

o p e r a t i o n  
Frequency 

Cumulative 
Operation 
Frequency 

Fai 1 ure 
Time 

00 - 22 

00 - 05 

00 - 20 

00 - 30 

07 - 09 

13 - 24 

Fai 1 ure 
Frequency 

Cumulative 
Fai 1 ure 

Frequency 

0 -1  25 



b. Semi-Comwiled Data 

This i s  the second stage of data preparation, it  i s  derived from the raw 

data. In this stage the performance history of each element i s  gathered. All 

events are registered on one single chronological record beginning a t  the "lSt" 
* 

hour and ending a t  the ( ,35064 t h  ) hour . 
The failure,  and operation durations are then obtained, from which the 

performance cycle i s  fonu l  ated. The corresponding forced outage rate (F .  0. R.  ) 

i s  a1 so readily calculated. This stage of data processing i s  presented i n  a 

table fom as follows: 

El ement Operation Operation Cumulative Failure Failure Cumulative 
No. Time Frequency Operati on Time Frequency Fai'l ure 

Frequency Frequency 

* The hours sum over 4 years = 4 X 8760 + 24 = 35064 hours 





Data for RAMPOT Package 

The following sets of data must be supplied to the RAMPOT routine: 

1. Performance history 

2. Constants of the electric network elements, i .e., thier impedances and 

sizes of the conductors. 

3. TL- UG poww capacity of those elements, and the bus voltages 

4. The network configuration, 

1 . Performance Hi stow 
- - 

Data concerning the individual availability of the system elements are 

principally needed in reliability study. To be able to simulate the random 

performance of the system, the random f l  uctuatlbn between repair and fai 1 ure 

of each element must be provfded. The provision of such information passes 

through three stages, the raw data, the semi-compiled data, and the statistical 

distribution of the times to repair and fai 1 ure 

a- Raw data 

For the transmission network under study (220 K.V. ) , this form of data has 

been recorded over a period of four years (1975-1978), and documented at the dis- 

patching center o f  the: E.E.A., or at the different power stations in the network. 

In a form of a log sheet the time at which each element reverses its state 

(operationlfai lure) 1s indicated. The fol lowing table is an excerpt to out1 ine 

the contents o f  these tables. 



Date 

Year 
element * 
n urnbe r 

f a t  1 ure s tar ted 
a t  time 

opera t ion  started 
a t  t h e  

* An element i s  a % b e  sec t i on  
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CONFIDENCE IN THE RISK INDEX'BASED ON THE MONTE 

CARLO TECHNIQUE 

Obviously as the number of t r i a l s  i n  calculating the Risk Index. increases, 

the accuracy of that  index increases. In view of the marked computer 

time which i s  spent in th is  case, i t  would be useful t o  prespecify the 

number of t r i a l s .  To be able to do th is ,  a confidence analysis of the 

calculated 2isk Index must be carried out. 

As the Risk Index expresses the proportion of times that the load 

will be unserved then th is ,  i n  fact ,  i s  a problem of estimating the parameter 

o f  a binominal population. Maktng use of he f a c t  t h a t  for l a ~ g e  number 

of t r l a l s  n the binominal distribution can be approximated w i t h  a 

normal distribution, that i s ,  ( x  - n e ) /  \ /n e (1 - 9 )  can be treated as 

i f  i t  were a random variable having the standard normal distribution, where k 

i s  the number o f  failures.  A ( 1 -  d) confidence interval for may be obtained 

from 

Solving this double inequality for we o b t a i n  a 1 - oc confidence interval 

f o r  0 whose upper and lower l i m i t s  are given by 



,,-. 
I 

' A somewhat simpler large sample approximation may be obtained by w r i t i n g  

the above l imits as 

and then substituting x/n for 8 i n  the smallest and largest terms o f  

th is  double inequality. We thus get the  following approximate 1 - o( 
/ 

confidence interval for  @ : 

for example, the ~ 8 3 : ~  shot ( t r ia l )  produced a risk index of 0.0353 and 

the assumptions under1 y i  ng the binominal distribution are met. Substituting 

this  value together w i t h  ZeOz5 = 1.96 into the above limits gives the 

following 95 % confidence interval for the index 6 

In f i gu res  ( E  t o  l o ) ,  t h e  complete profile of the risk index variatinn 

as the number o f  t r i a l s  increases i s  i l lustrated. The 95 % confidnece 

1 fmits are  marked on the figure. This i s  done f o r  the different scheduled 

maintenance progracs chosen i n  t h e  previous paper, I t  appears from these 

figures t h a t  t h e  profile i s  nearly t h e  same for al l  cases and the resting 

val ues are found af ter  1400 shots on the average where the 95% confidence 
es 9 - 

intervals range fro: - 0.01 t o  - 0.02. 



Normally, the available distributions of generated and load powers 

would be used directly in a numerical integration routine. However, the 

resulting risk ind x ,  in general i s  very small (order of 1Qe4) a fact which 

could create numerical inaccuracy as the avai 1 abl e power interval (here 

10  MW) becomes then relatively large. A1 ternatively, data may be f i t ted 

to an analytical function which i s  then analytically integrated. 

This means that i n  a Monte Carlo simulation, on the average, the 

number of shots should a t  least  be 

The 95 % eonf idence interval for the risk index i s  

0 < 0.00014027 < 0.000415 

That i s  2409 shots are the minimum possible t o  materialize. the 

risk index simulation with no planned maintenance for the units a l l  over 

(1 1 the year 

1 )  For no maintenance a l l  over the year Monte Carlo simulation gave 

zero risk index w f t k  l08Q shots, 



STATISTICS OF GENERATED POWER DISTRIBUTION 

Mean power = 1882.7 MW 

Standard dev ia t ion  = 38.9 MW 

%( (measure of skewness) = - I. 12 

T&(measure of  ku r to s i s )  = 13,9 
- 

APPLICATION OF MODEL 

1 )  Referring t o  t h e  f i g u r e ,  t h e  cumulative d i s t r i b u t i o n  funct ion oa 

load over t h e  range 1660 - 1780 MW could be f i t t e d  by 

n* h'l . lT 2 F(p) = 104564 - 241577 p +  LHJW p - 81511 j j3+11895 p 4 

where p i s  load i n  Gega Watt 1.66 < p < 1.78 

f t h e  

2) The cumulative' d i s t r i b u t i o n  funct ion of  t h e  generat ing capac i ty  was a1 so 

f i t t e d  by 

~ ( p )  = 71 4224 - 1654709 p + 1437723. p2 .- 555243 p3 + 80420 p4 

where p is  i n  Gega wat t  1.71 4 p < 1.79 

3)  The dens i t y  func t ion  of generated power i s  

4 )  Therisk index i s  then 
b 

This gave risk index = 0.00014027 



55 

T a b l e  I - cont. 

UNIT CODE CAPACITY 

(W 
FORCED OUTAGE 

RATE 



Table I - cont. 



Table (11) * 
D i s t r i b u t i o n  o f  v a r i a t i o n  i n  t he  generat ino capac i t y  

* Th is  has been obta ined us ing  t h e  computer package prepared by 
Dr, M, El -Gazzar. 









LOAD DISTRIBUTION 

As the load distribution appears in the model in its cumulative form, 

that form must be computed from the annual load data Fig.(2). This is 

readily .calculated since it is also used in the Monte Carlo model. 

Appl ication 

The distribution of variation in the generatinq capacity is shown in 

Table (11) *and plotted in Figs. (3) and (4). In Table 111, the cumulative 

load distribution is shown. 



F i g ,  2 

Load Gusves f o r  the Years 

(1976-P977-1978) 



Cumul a t ive 1 oad curve 1 -L(P) 

Density of the variation in the 

generati np capaci t , y  . 

Fig. (1)  

AVAILABILITY DISTRTBUTION. 

The above model was applied to  the 1978 generation system which was 

studied in another report. Table (1)  gives the generation uni ts ,  the i r  

oowers and forced outage ratesin the year 1978. The probabi 1 i  ty di s t r i  bution 

of the generation (available) capacity could be estimated using binominal 

expansions and combinatorial probabi 1 i  ty  rules  able I I ) . 



Tab le  1 

UNIT CODE FORGED OUTAGE 
RATE 



CALCULATION OF RISK INDEXeBY 

ANALYTICAL ESTIMATES 

INTRODUCTION 

In an attempt to  verify the accuracy of calculations of the r isk index as 

obtained from the Monte-Carlo model, an analytical a~proach i s  presented. The 

variations in available power and load demand are looked upon as two in- 

dependent random variables. Search i s  then analytically made f o r  the 

probability t ha t  the demand may exceed the available power in which case 

load loss i s  said to  occur. 

ANALY S I  S 

Given the distribution of generated power c(pC) and load variation 

L(p2) calculate the r i sk  of Pt r PC 

;,ssume a  joint  distr ibution f(pc , p4 )  of the two variables. The variable ( x )  

i s  a  slack variable representing the difference between pe & p_  

- x = pc - P~ i . e .  P Q -  pc - x 

The joint  orobabil i ty distr ibution g ( x , p r )  may be calculated 



a'* g(x,pc) = f(pc 9 PL). 

The density function of x alone is 

Then 

0 
The probability that P, i s  smaller than pz is that of x being negative 

Therefore, 8; x' 

By changing variables 
cC 

R i s k  -index = rf(P, 9 pL) dpe dpc 
0 PC 

Assuming the l oad-to be independent of generation, then 

Risk index = 

where ' O 

In Fig ( 1 ) ,  the above mathematical formulation is pictorially 

illustrated. 
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Report No. 5 

CALCULATION OF R I S K  INDEX BY A N A L Y T I C A L  

ESTIMATES 



.FIG ( 2 )  

AVERAGE RISK INDEX VS. NO. OF MONTtiS WITH NO MAINTENANCE 

I 1  . 
I I 

'=.. 

No. of months with 
1 2 3 4 5 7 no maintenance 





From t h e  r e s u l t s  shown i n  f i g u r e s  (1) and (2 )  and. 

l i s t e d  i n  t a b l e s  ( I )  and ( 2 1 ,  w e  conclude t h a t  optimum 

scheduled maintenance p rog ram ' i s  that which a l l ow  scheduled 

maintenance over  e i g h t  months (March t o  0 c t o b e r ) w i t h  a t o t a l  

abou t  of  12.25% of t h e  a v a i l a b l e  c a p a c i t y  on maintenance 

du r ing  t h a t  pe r i od  of  t h e  yea r .  



FIG (1) 

ENERGY UNSERVED VERSUS NO. OF MONTHS WITH k10 MAINTENANCE 

I /  
1 2 3 4 5 7 No. of m t h s  with 

no maintenance 



SUBROUTINE LPADUR 



E f f e c t  of  scheduled maintenance 

I n  t h e  p rev ious  s e c t i o n  w e  have d iv ided  t h e  y e a r  into two 

p e r i o d s :  ( f i v e  months w i t h o u t  planned maintenance and seven 

months w i t h  planned main tenance) .  This  cho ice  has been made 

acco rd ing  t o  t h e  E .E .A.  p r a c t i c e ,  

To check t h e  e f f e c t  of t h e  pe r i od  of maintenance 

on t h e  average  r i s k  i ndex ,  w e  have chosen d i f f e r e n t  scheduled 

maintenance programs : 

- Qne month w i thou t  maintenance (Dec, )and 8m9% of a v a i l a b l e  

c a p a c i t y  i n  maintenance dur ing  t h e  rest  of  t h e  yea r .  

- two months wit o u t  maintenance ( B e c .  & Jan ,  ) 

and 9 ,8% of t h e  a v a i l a b l e  c a p a c i t y  i n  

maintenance d u r i n g  t h e  rest of t h e  y e a r .  

- t h r e e  months w i thou t  maintenance (Nsv. ,Bee a & J a n ,  ) and 

l Q . 9 %  of the a v a i l a b l e  c a p a c i t y  i n  maintenance dur ing  

t h e  r e s t  o f  t h e  y e a r .  

- Four months w i thou t  maintenance (Nov.,Dec., Jan .  & Feb.)  

and 12.25% of t h e  a v a i l a b l e  c apac i t y  i n  maintenance dur ing  

t h e  rest of  t h e  y e a r ,  

- Five  months w i t h o u t  maintenance (Qct . ,Nov. ,  Dec., J an .  & 

Feb.)  and 1 4 %  of  t h e  a v a i l a b l e  maintenance du r ing  t h e  

rest of t h e  y e a r .  

- Seven months w i thou t  maintenance ( S e p t . ,  Oc t . ,  Nov., 

Dec, ,  J a n . ,  Feb, & March) and 19.6% of t h e  a v a i l a b l e  

c a p a c i t y  i n  maintenance dur ing  t h e  rest of t h e  yea r .  



1 

[ ENERGY = ENERGYtPLnSS 
t I 

1 C C 

Yes 

ENERGY = ENERGY * N * 24 
I 

I RETURN I 



SUBROUTINE PERUNE 



! .  1 CALL L0ADUR(RRlY214,RR1N) 1 
I 
I 

J CALL L ~ A D u R ( R R Z , ~ ~ ~ , R R ~ N )  1 
r 
t 

CALL LOADUR(RR~ ,214,RR3N) 1 
I 

I 
CALL RIS(~~~,L,M,PMA,C,R~,~,TC,RISF,ENERGY,MAINT,O,A) 1 

1 
1. R = 

RISK * 3 + RISF * 7 
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TIM E TOTAL DURATION 





TOTAL DURATION 





TOTAL OURATION 

FAILURE 





TOTAL DURATION 









TOTAL OURAT ION 



Time to failure - Operat ion curnulat ive frequency distribution 

Time to re it - Failure cumulative frequency distributi on 



CUMULATIVE 
FA1 LU RE 
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OPERATION y o  OPERATION CUMULATIVE FAILURE 
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z TIME FREQUENCY OPERATION TIME 

.J 
u FREQUENCY 

- - 

FAILURE CUMULAT IVE 
FREQUENCY FA1 LU RE 

FREQUENCY 





OPERATlON OPERATI ON 
f IME FREQUENCY 

CUMULATIVE FAILURE 
OPERATiON TIME 

FREQUENCY 

FAILURE 
FREQUENCY 

CUMULAT1VE 
FA1 LU RE 

FREQUENCY 











CUMULATIVE 
OPERATION 

FREQUENCY 











REPORT. 2 

ALGORITHM FOR RANDOM 

MODELLING OF POWER TRANSMISSION SYSTEMS 

I* RAMPOT 
N 

S. EL - SOBKI 
H e  ANIS 

M.EL - SOBKI 



UGORXTIKEa FOR RmDOI& 
NODrnLSNG OF POWER T R r n S r n S S I O X  SYST 

ftRAJ!dPOTw 

1. General. 

This s t udy  ou t l i ne s  t h e  s t r u c t u r e  and mode of use 

o f  a  Random modelling of power transmission algori thm 

(RMPOT) . The algori thm devised in t h i s  study aims at 

e s t ab l i sh ing  a g loba l  contingency p r o f i l e  f o r  a given 

transmission n etwork. This is achieved through success- 

ive simulat ion of random tteventsn which the  system exper- 

iences.  Events may b e  : 

A forced f a i l u r e  of an element in the  network. 

The o u t a g e  of one o r  more elements i n  t h e  network 

upon undergoing a s t a t e  o f  overloading which normally 

comes as a consequence of a forced f a i l u r e  o f  another  

element ye t  g raph ica l ly  r e l a t e d  elenen t . 
The r e s t  o r a t  i o n  o f  ara elemen t . 

The grounds f o r  running the  program are p r i n c i p a -  

l l y  t h e  random, statist i c a l l g  independent , f a i l / o p e r a t  i o n  

cycle  o f  each and every elemer~t i n  t he  network. These 

cycles  a r e  numerically developed as explained in the  



( t r a n s m i s s i o n  l i n e s  d a t a  s t u d y ) .  

The f a i l / o p e r a t i o n  c y c l e  is r e p r o d u c e d  in t h e  pro- 

gram i n  a Uonte-Carlo f a s h i o n  and hence  i t  i s  used i n  t h e  

o v e r a l l  s y s t e m  s i m u l a t i o n .  

'Pwo p r i n c i p a l  r o u t i n e s  a r e  d e v i s e d  t o  a c c o m p l i s h  

t h e  above d e s c r i b e d  s i m u l a t i o n .  A X m t e - C a r l o  r o u t i n e  

w h i c h  r e p r o d u c e s  t h e  f a i l / o p e r a t i o n  c h a i n  f o r  dl e l e -  

men ts ,  and t h e  c o n t i n g e n c y  r o u t a e  is r e p e a t i d l y  c a l l e d  

t o  r e e v a l u a t e  t h e  s t a t e  o f  s y s t e m  power f l o w s  when a 

change is m a t e r i a l i z e d .  A change may b e  t h e  i n t e r r u p t -  

ion  ( f a i l u r e )  o r  r e s t o r a t i o n  of at l e a s t  one e lement .  

2. Program O b j e c t i v e s  

The program s h o u l d  e n a b l e  t h e  e v a l u a t i o n  o f  t h e  

f o l l o w i n g  r e l i a b i l i t y  p a r a m e t e r s  : 

The f a i l / o p e r a t  ion  c y c l e  of  e a c h  e lement  can be 

v e r i f i e d .  

The l o s s  o f  l o a d  p r o b a b i l i t y  at a l l  b u s e s  can b e  

e v a l u a t e d  . 
The l o s s  o f  e n e r g y  p r o b a b i l i t y  at  a l l  b u s e s  can b e  

e v a l u a t e d  . 
The l o a d i n g  p a t t e r n  of  e a c h  e lement  i n  t h e  t r a n s -  

m i s s i o n  sys tem.  This may t a k e  t h e  fo rm o f  s t a t i s t i c a l  

d i s t r i b u t i o n  o f  o v e r l o a d i n g .  



e )  The j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  o f  the  magnitude 

and d u r a t i o n  o f  o v e r l o a d i n g .  T h i s  may serve as a 

g u i d e  l i n e  t o  t h e  t r a n s m i s s i o n  system p lanne r  when 

he is n o t  o n l y  c o n c e r n e d  w i t h  t h e  amount o f  over- 

loading b u t  a l s o  i ts d u r a t i o n .  

In the computer package RBMPOT and t k r o u g h o u t  t h e  

text the f o l l o w i n g  symbol s  were used : 

BER OF ELl?2dENI'S ( t r a n s m i s s i o n  l i n e s )  

ER OF NODES ( b u s - b a r s )  

OPERATI ON FQEQUEXCY 

T m  TO-FAILURE ( o p e r a t  i o n  t h e )  

OPERATE ON CUTdULATIVE FREQUE2l CY 

FAILURE FKEQUETJCY 

Tim-TO-REPAIR ( f a i l u r e  t i m e )  

PAELURE C ~ ~ L A T I V E  FREQUENCY 

lTUlUBER OF AVAILABLE HISTORY POINTS ( n u m b e r  of 

o p e r a t i o n  o r  f a i l u r e  e v e n t s  b a s e d  on t h e  p e r -  

f o m a n c e  h i s t o r y  f o r  e a c h  elemen t ) .  



LSTATE 

RAHDOM OPmATION TIXE 

RANDOM FAILURE TINE 

NUI\;IBZR OF STATE REVERSALS 

E L m m T  ACTION (1 f o r  o p e r a t i o n ,  2 f o r  f a i l u r e )  

RANDOM NUDIIBEX GENERATOR INITIAL VALUE( o p e r a t  i o n  ) 

RANDON NUMBER GENERATOR INITIAL VALUE ( f a i l u r e )  

m A T Z V E  TIEE 

TlMEf ENTEElVAE USED Lm !ED3 SIMULATION PROCESS 

ELWmT IDENTIFICATION-COmlECTING lYODES NM, NR , 
ABSOLUTE TI 

(QQ,DD,EE,TT,HX) : WORKING ARRAYS 

ITOTAL 

DELK 

XXIN 

BFT e 

CHANGE OF STATE INDICATOR 

TOTAL NUMBER OF SYSTEDlI FtEVEXSALS 

SUSCEFTANCE - VOLTAGE BdClTRLX 

l?UMBER OF ELEIJIENTS(within t h e  DC cont ingency 

s u b r o u t  i n  e) . 
C W G E  OF SUSCJ3PTMCE - VOLTAGE flrZA.TRIX 
INVmSE OF MATRIX XK 

UNS EZXVED 32OriER 

UNSIERVED ENERGY 

BUS-BAR POWE,'I. 

LOSS OF LOAD PROBAP3IEPTY 

LOSS OF ET?EXGY PROBABILITY 

BUS-BAR FAULT TINE 



AOT : 

AV'ERAGE FAILURE TPTdE 

RATE ROO : 

ROF : RATE OF PAILURE 

DETR. : 

PPI : 

VOLTAGE 

VOLTAGE ANGLE 

INITIAL SUSCEPTANCE U T R I X  

SUS CEPTAN CE MATRIX 

BUS-BAR. VOLTAGE 

4, Data f o r  RAMPOT Package  

The f o l l o w i n g  s e t s  o f  d a t a  f o r  all n e t w o r k  ele- 

men ts must  b e  s u p p l i e d  t o  t h e  IU.HPOT p a c k a g e  : 

a. P e r f o m a n c e  H i s t o r y ,  f o r  each element t h e  h i s t o r y  

is r e c o r d e d  o v e r  a number o f  years including the  

f a i l / o p e r a t  i o n  cycle, t h i s  w i l l  be p u t  t o  t h e  

r o u t i n e  ia a f r e q u e n c y  d i s t r i b u t i o n  f o  



b. I m p e d m c e s  o f  t h e  v a r i o u s  s y s t e m  e lement s .  

c .  V o l t a g e s ,  and t h e i r  a n g l e s  at all bus-bars .  

d .  C a p a c i t y  ( e m p i c i t y )  o f  e a c h  e l ement  in the sys tem.  

e. The network c o n f i g u r a t i o n ,  where e l e m e n t s  are iden- 

t i f i e d  by numbers ,  o r  by t h e i r  c o n n e c t i n g  nodes .  

A b l o c k  d i a g r a m  r e p r e s e n t i n g  t h e  m a j o r  s t e p s  of 

RAlUOT p a c k a g e  is shown in Fig. (1) . 
The RAMPOT a l g o r i t h m  is  mainly d i v i d e d  i n t o  two 

m a j o r  s e g m e n t s ,  t h e  Monte-Carlo m a i n  r o u t i n e ,  and t h e  

C o n t i n g e n c y  s u b r o u t i n e  (CON). O t h e r  segments  a r e  used  as 

t h e  c u m u l a t i v e  s u b r o u t  i n  e  (CUM), t h e  l i n e a r  i n t e r p o l a t i o n  

s u b r o u t  i n  e  ( I N ) ,  matrix m u l t  i p l i c a t  i o n  by a matrix sub- 

r o u t i n e  (Md) ,  matrix m u l t i p l i c a t i o n  by a v e c t o r  s u b r o u t i n e  

(UV) , and matrix m u l t i p l i c a t  i o n  by a c o n s t a n t  s u b r o u t  i n  e 



R.UPOT b l o c k  d i a g r a m  

I n p u t  d a t a :  o p e r a t  ion  f r e q u e n c y  ( a ) ,  Time- 
t o-f a i l u r e  (D) , Fa i lu re  frequency (F) , 
Time-t o - r e p a i r  (T!) Number  o f  a v a i l a b l e  
h i s t o r y  p o i n t s  (NE~, Buses V o l t a g e  (V), 
V o l t a g e  a n g l e s  (DEL@) , s i m u l s t  i o n  process 
time i n t e r v a l .  ( D T ) ,  i n i t i a l  powers ( P I X ) ,  
Xetwork c o n f i g u r a t i o n  NK, Hbi ,susceptar~ce  matrix(I31) 

at i v  e f requen  cy p r o d u c t  i o n  

I S e t t i n g  s y s t e m  t o  i ts i n i t i a l  c o n d i t i o n s  I 
tart c l o c k ,  and setting s y s t e m  i n d i c a t o r s  

t o  its z e r o  p o s i t i o n  

Compare expected o p e r a t i o n  t h e  w i t h  the  1 clack 



6 ,  Mon t e-Carlo  Hodel  

The f i rs t  part i n  t h i s  segment  is t o  c o n s t r u c t  a 

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

p e r f  o m a n  c e  o f  e a c h  e lement  , 

6,1, Cumula t ive  e v e n t  data 

Cumula t ive  d i s t r i b u t i o n s  o f  o p e r a t  i on -  end f e i l u r e  

p e r f o m a c e  can b e  c o n s t r u c t e d  based on t h e  f o l l o w F n g  

i n p u t  d a t a :  

a) O p e r a t i o n  f r e q u e n c y  

b) Time-t o-f a i l u r e  D 

c )  F a i l u r e  f r e q u e n c y  F 

d )  T ime- to - r epa i r  T 

Each o f  t h e  above  i n p u t  d a t a  is s u p p l i e d  t o  t h e  

a l g o r i t h m  in a matrix f rom e a c h  row r e p r e s e n t i n g  an e l e -  

men t ,  and t h e  number o f  columns m a t c h e s  t h e  maximum a v a i -  

l a b l e  r e c o r d e d  h i s t o r y  a c t i o n  p o i n t s ,  NEy t h e s e  p o h t s  

a r e  n o t  equal f o r  a l l  e l e m e n t s ,  h e n c e  t h e  balance o f  the  

d i f f e r e n t  rows  a r e  z e r o s ,  t he  s i z e  of any of t h e s e  m a t r i c e s  

is  (IJ ,NE nax) . 
C o n s t r u c t i n g  t h e  c u n u l a t i v e  d i s t r i b u t i o n  f o r  a n  el. 

e l emen t  J, is done  t h r o u g h  t b e  c u m u l a t i v e  s u b r o u t i n e  CUI;I, 

t h e  i n p u t  o f  which is t h e  a c t i o n  ( o p e r a t i o n  o r  f a i l u r e )  



frequency 0 (J) o r  F (J) , act ion time D(J) o r  T(J), and 

t h e  number o f  h i s t o r y  poin ts  NE (J) vectors .  'Po pick up 

the  ac t ion  frequency, and act ion t h e v e c t o s s  o u t  o f  the  

d a t a  ma t r i ces ,  a working vec to r s  a r e  used. For example, 

the  operation frequency vec to r  o f  element J is t h e  row 

number 3 of m a t r i x  @(M,NE), t h i s  is  done u s i n g  t h e  foll- 

owbg two statements ,  

where QQ, and DD are t h e  working v e c t o r s  used  as an i n p u t  

t o  (CUM) represent ing  operation frequency data o f  element 

J. The cumulative d i s t r i b u t i o n  v e c t o r  is ca lcu le ted  through- 

o u t  t h e  fol lowing equation: 

E (I) = E (1-1) + F (I)/S , I =2,  NE (J) 

where 

E(1) = 0.0 ( s t a r t i n g  p o i n t )  

3 = adt ion frequency sum:nation 

I? = ac t ion  frequency v e c t o r  

E = ac t ion  frequency cumulative vector  

The r e s u l t a n t  cumulative vec to r  E (NE(J)) is trans- 

f e r r e d  t o  e. matrix c o n t a i n i n g  all cumulative vec tors  in 

a r o v r f o r m ,  eccording t o  t he  fo l lowl i~g  equation: 

Fsr operat  ion cumula'tive 

€2 (JJ) = (JJ) I = l , N E ( J )  



For f a i l u r e  cumulative 

E ( J , I )  = E ( J , I )  I = 1,NE (J) 

2 . E l e c t r i c a l  Data 

The susceptance B of each element is equated t o  

t h e  initid susceptance matr ix  B I ,  which is an i n p u t  t o  

t h e  segment in a symmetric matrix from BI(NxN) where N 

is the  number of nodes (bus-bars) of the  network. The 

diagonal elements of B I  a r e  zeros. 

The power PP ca r r i ed  by each element is equated 

t o  the  i n i t i a l  c a r r i e d  power PPI, which is aa input t o  

t h e  segment i n  a skew symmetric f r o m  PPI (I? x N) where N 

is the  number of nodes (bus-bars) of t h e  network. The 

diagonal elements o f  PPI a r e  zero.  

6 J 0  Random time se lec t ion  

Without v i o l a t i n g  gen e r a l i t y  a l l  elements could 

be considered o p e r a t h g  a t  t he  s t a r t i n g  i n s t a n t .  This 

means t h a t  all elements s t a t e  ind ica to r s  ISTATE a r e  equal 

t o  ( l ) e  

Each elenent  i n  the  system is  assigned two indepen- 

dent ratldom number generators  RNG t o  s imula te  i t s  t imes 

between f a i l u r e s  and operat ions. The random number gen e- 

ratar assigned t o  s imulate  operation t lke w i l l  have an 



i n i t i a l  value -A - depending on t h e  e1err.en-h number  accor- 

ding t o  t h e  following equation : 

b(J)  = ( J ) / ( M  + 1,0) 
where 

A ( J )  operat  i o n  random number generator  i n  i t  F a l  

v a l u e  %or elemeraW ,, 

d : element number 

The same goes on when s imulat ing f a i l u r e  t imes,  b u t  

tT~Frith another initial value -Z- depending on t h e  element 

number as fcsl9owa t 

Z ( J )  = ( J ) *  0.5/(.UK + 1.0) 

where 

z ( J )  : Failure random number genera tor  i n i t i a l  v d u e  

for element J 

The fol lowing s t e p  is to  genera te  the  random num- 

bers  f o r  all elements, by c a l l i n g  the  random number gene- 

r a t ion  subrout ine (FPNCRV). This Fs a function segment 

wr i t ten  i n  PLAX, the  assembly language a t  ICL 1900-series 

computers, The c a l l  is done according t o  t h e  following 

s ta tements  : 

For operat ion : 



Por f a i l u r e  : 

The obtained random* numbers shall be equated t o  

t h e  act ion cumulative d i s t r i b u t i o n  and t h e  corresponding 

operation time is obtained out o f  t he  (cumulative f r e -  

quency d i s t r i b u t  ion-t h e )  curve. An i n t e rpo la t ion  sub- 

r o u t i n e  ( I N )  is used f o r  t h i s  purpose. The se lec ted  ra- 

nodm time is based on the  following equation; 

where: 

random number s t e p  

is s t e p  one) 

ti : corresponding rendom time 

t h i s  

f ( t ) :  frequency d i s t r i b u t i o n  funct icn of t i m e ( t )  

The input t o  the l i n e a r  in t e rpo la t ion  subrout ine 

( I N )  f o r  eech eleaent  J is i n  t he  f o n  o f  t w o  vec tors  

represent ing  the  action frequency, and  i t s  dura t ion ,  ( Q ( J )  , 
D ( J ) ) ,  r e spec t ive ly  the  number of h i s t o r y  poin ts  N E ( J ) ,  

and the corresponding random operat i o n  curnulat ive  

frequency XQ(J) . Picking up the  frequency d i s t r i b u t i o n  

and t i n e  vec to r s ,  o u t  o f  t h e  cur;,ulative and time mat r ices ,  



&&OX) = Q(J,KK) , =1 ,NE(J )  

DD(KK) = D ( J  KK = l , N E ( J )  
s 

"here  (QQ), and (DD) a r e  t h e  w o r k i n g  v e c t o r s .  The random 

o p e r a t i o n  t i m e  ( W )  is c a l c u l a t e d  b y  means  o f  t h e  f o l l o w i n g  

e q u a t i o n  : 

X E  : random a c t i o n  c u m u l a t i v e  ( o p e r a t i o n ) .  

L : t h e  number o f  h i s t o r y  p o i n t s  

E(L)& E(L-1) : the  l i m i t i n g  o p e r a t i n g  c u m u l a t i v e  f r e q u e n c y  

d i s t r i b u t i o n  v a l u e s ,  w h e r o  E(L) > WE )E(L-1) 
L T : o p e r a t i o n  t i m e  c o r r e s p o n d i n g  t o  S(L)&: WE-1)  

XT : random o p e r a t i n g  t i m e  c o r r e s p o n d i n g  t o  XE 

The f a i l u r e  t i m e  shall b e  o b t a i n e d  in t h e  same  

manner  u s e d  t o  g e t  t h e  o p e r a t i o n  t i m e .  B o t h  t h e  o p e r a t i o n  

t i m e  XD, and t h e  f a i l u r e  t i m e  XT f o r  a l l  e l e m e n t s  are t h e n  

s t o r e d  i n  two a r r a y s  XT(1,N) and XI3 (2,M) r e s p e c t i v e l y  

w h e r e  number o n e  ( 1 )  i n d i c a t e s  an up s t a t e  ( o p e r a t i o n ) ,  

and  number two ( 2 )  i n d i c a t e s  a down s t a t e  ( f a i l u r e ) .  

F o r  a l l  e l e m e n t s  i t  is c o n s i d e r e d  t h z t  t h e  s ta r t ing  

p e r f o r n m c e  s t a t e  i s  o p e r a t i o n .  The random t i m e  W (IJ) 

is s t o r e d  i n  v e c t o r  T T T ( J ) ,  which is c a l l e d  t h e  c u m u l a t i v e  

t i m e  v e c t o r ,  t h i s  is d o n e  a c c o r d i n g  t o  t h e  f o l l o w i n g  

e q u a t i o n  ; 



rrr (J) = XD(I,J) 

6,4.  C h o n  o l o g i c j l  S h u l a t  i o n  

The wabsolutent ime ST i a  s e t  t o  r u n  a t  a constant 

time i n t e r v a l  BT t h e  s e l e c t i o n  o f  which is such t h a t  i t  

is  equal t o ,  o r  l e s s  than,  the  minimum r e p a i r  time. 

A t  time zero ( S T  = 0.0),  t he  t o t a l  number of ele- 

ments s t a t e  r evea l s  is equal t o  zero ( I C W T  (J)=O),  t h e  

t o t a l  number o f  system r e v e r s a l s  is zero (IT@?& =o) , and 

t h e  change of s t a t e  ind ica to r  is zero ind ica t ing  no 

changes i n  t he  system. Af ter  the f i r s t  i n t e r v a l  of time 

a l l  system elements a r e  checked f o r  s t a t e  r e v e r s a l ,  by 

comparing t h e  absolu te  time ST wi th  the  cumulative time 

o f  each element ( T T T  (J) ) . 
If' ST is l e s s  than T T T ( J ) ,  i t  i n d i c a t e s  t h a t  the  

element has n o t  undergone a s t a t e  change. Af ter  a l l  ele- 

inents have gone throggh the  time comparison f o r  the  f i r s t  

h t e r v a l ,  t h e  clock goes on the  second i n t e r v a l  according 

t o  the  following equation: 

ST = S T + D T  

The systern s t a t e  ind ica to r  IFLAG is checked; if i t  

is s t i l l  equal t o  zero,  i n d i c a t i i ~ g  no addi t ion i n  t h e  

t o t s 1  number of systex r e v e r s a l s ,  a nevr t u r n  is s t a r t e d  

and t h e  s t a t e  checking process goes on through 311 elene- 

n t s once agai:t . 



For any elernent J if ST is g r e a t e r  than TTT(J), 

t h a t  i n d i c a t e s  a change in the  ele.:nent s t a t e  and hence 

t h e  system s t a t e  i n d i c a t o r  IFLAG s h a l l  change t o  I. The 

number o f  s t a t e  r e v e r s a l s  o f  this element is increased 

by one: 

~ c g m r  (J) = IC@UNT (J) + 1 

When ST is g r e a t e r  than T T T ( J )  , L e e  element J has 

changed i t s  s t a t e ,  t h e  n e w  act ion o f  t h e  element ISTATE(J) 

s h a l l  be Sndicated a% 

ISTATE(J) = 2  

Changing f r o m  operation t o  f a i l u r e  condition is 

a c t u a l l y  the  f i r s t  change f o r  any element as i t  was con- 

s idered that the clock hes s t a r t e d  when a l l  elements were 

a t  operation condi t ions .  When element number J changes i t s  

s t a t e  f r o m  operation ISTATE(J)=l t o  f a i l u r e  ISTATE(J)=2 

t h e  DC contingency power f l o a  r o u t i n e  (CaIT) s h a l l  be 

c a l l e d  t o  reevalua te  t h e  power flow i n  t he  network. 

Going back t o  t h e  main rou t ine ,  element number J, 

which is in a  f a i l u r e  cond i t io i~  is no longer  an elernen t 

i n  t h e  network, hence i t s  susceptance w i l l  be equal t o  

zero. 

A t  t h i s  i n s t a n t  t h e  program coaputes the  e x ~ e c t e d  

random f a i l u r e  time f o r  ele::~ei~t number J. A new random 

nuizber is generated using the  p r e v i o u s  r a u d o n  f a i l u r e  



number XE of element J as an i n i t i a l  value f o r  t h e  random 

r o u t i n e  (FPMCXV) according t o  the following equation : 

The expected random f a i l u r e  t i n e  is computed u s i n g  

t h e  in t e rpo la t ion  r o u t i n e  ( IN) ,  having f o r  element J t he  

f a i l u r e  cumulative frequency E, t he  time t o  r e p a i r  T ,  and 

t h e  number of a v a i l a b l e  h i s t o r y  points .  This is done 

according t o  the  fol lowing equations: 

K = 2  

QQ(m1 = E ( J , m )  , KK =1, NE ( J )  

DD(KK) = T(J,KK) , KK =1, NE ( J )  

CALL IN (QQ , D D ,  NE (J), XE(J), XT ( K , J )  

where : 

K = 2 ind ica te s  a  f a i l u r e  s t a t e  

QQ,DD a re  working vec to r s  t o  pick up the J r t h  row o u t  

of t h e  f a i l u r e  time cumulative frequency mat r ix  E ,  

and the  time t o  r e p a i r  matrix T. 

The random f a i l u r e  t h e  (XT) is c a l c u l e t e d  through- 

out t h e  following equation: 

XT = T(L-1) +(T(L)  -T(L-1)  ) / ( E ( L ) - E ( L - 1 )  )r(XE -E(L-l)) 

where 

SE : random. ac t ion  ctunulative ( f a i l u r e )  

L : t h e  number o f  h i s t o r y  p o i n t s  



E(L) & E(L-1): t he  l i m i t i n g  failure frequency values,  

where E(L) > XE>E(L-1)  

T(L)&T (L-1) : f a i l u r e  t i n e  corresponding t o  E(L) & 

E (L-1) 

: r andom f a i l u r e  tine corresponding t o  XE 

After  computing the  f a i l u r e  t i n e  XT(2,J) f o r  e le -  

ment nunber(J)  its new cumulative time TTT(J) is updated 

as f ollswa: 

~ii?i? L L L ~ ~ )  fl - - fmi7f-i LLL(J) + XI(K,J) 

where K in t h i s  caae is equal t o  2 ,  

The time comparison goes on till a l l  elements a r e  checked 

at t h i s  i n t e r v a l ,  then t h e  c l o c k  goes on t o  the  next time 

i n t e r v a l  by adding DIC t o  the  absolute  time ST. 

During t h e  last  i n t e r v a l  i f  a t  l e a s t  one element 

has changed i ts  ac t ion  t h e  s t a t e  ind ica to r  LFLAG w i l l  have 

a value o f  1, and the  t o t a l  number o f  system r e v e r s a l s  

ITOTAL s h a l l  increase  

ITOTAL = ITOTASJ c 1 

A new t u r n  may then s tar t ,  

6 . 5  Reatoration of' an element 

When eiernent number J chmges  f r m  failure t o  

operat  i o n  , t he  program will indicate that element number  

3 has changed i ts  s t a t e  t o  operation condition ( I S T A T E  

(J)=1).  To ge t  t h e  new d i s t r i b u t i o n  of power between t h e  



d i f f e r e n t  elements a f t e r  e lenent  numbez J is regained t o  

t he  network, the  following technique is used. 

The network is considered t o  b e  at i t s  very  i n i t i a l  

condtioons ( L e e  the  condt t ions  when t h e  t ine  flow has s t a -  

r t e d ) .  The contigencg subrout ine  i s  ca l l ed  t o  r i d  t h e  

system of a l l  those elements which a re  a l ready f a i l i n g  a t  

t h a t  i31start wi th  the  exception of the  element which is 

t o  be r e s to red .  

S e t t i n g  t h e  system t o  i ts  i n i t i a l  condi t ions  is 

done using t h e  followiiqg statements:  

DEL0 ( J J )  = DEL@I ( J J )  7 " = = ' . "  
PP ( I I , J J ) =  PPI (11,JJ) I JJ = 1 , M  

where 

I,II and JJ : a r e  ind ica t ions  f o r  elements numbers 

The elements which a r e  going through f a i l u r e  ac t -  

o r  , s h a l l  have I S T A W  = 2 ,  hence the DC contingency power 

flow s h a l l  be used t o  compute t h e  new powers. The sus- 

ceptance of the  f a i l e d  elements s h a l l  be equated t o  zero,  

t h i s  procedure of computing power flow and susceptance 

changes is done using one element a f t e r  m o t h e r  f o r  the  

f a i l e d  elements. 

For element number J which has changed i ts  ac t ion  

t o  t h e  operation s t a t e ,  t h e  expected operation t ime s h a l l  



b e  computed ,  f irst  by g e n e r a t i n g  a r dam nunlber 

t h e  p r e v i o u s  random o p e r a t i o n  number f o r  e l e m e n t  J which 

is XQ ( J )  as an init ial  v a l u e  f o r  t h e  r don number gen- 

erat o r  a c c o r d i n g  t o  t h e  following e q u a t i o n s :  

zz = FPMCRV(XQ ( J)) 

XQ(J) = ZZ 

rby using t h e  i n t e r p o l a t i o n  r o u t i n e  ( I N ) ,  as 

i t  was e x p l a i n e d  b e f o r e ,  the n e x t  random o p e r a t i o n  t i m e  

XD, shall b e  computed,  t h e  i n p u t  o f  r o u t i n e  ( I N )  i s  t h e  

o p e r a t i o n  c u m u l a t i v e  f requency v e c t o r  Q, t h e  t i m e  t o  

f a i l u r e  v e c t o r  D,nilmber o f  a v a i l a b l e  h i s t o r y  p o i n t s  f o r  

e l e m e n t  J, and t h e  random o p e r a t i o n  number  X Q ( J ) ,  w h i c h  

m a t c h e s  t h e  o p e r a t  i o n  c u m u l a t i v e  f r e q u e n c y  . Mt e r  compu- 

t i n g  t h e  o p e r a t i o n  t i m e  XD(K,J) f o r  e l emen t  J, ' t h e  new 

c u m u l a t i v e  time TT'P(J) is computed as f o l l o v m :  

TIT(J) = TTT(J) + XD (KJ) 
w h e r e  ( K )  is e q u a l  t o  one  i n d i c a t i n g  o p e r a t i o n  a c t i o n .  

7 .  DC C o o t i g e n c y  power  f l o w  s u b r o u t i n e  

I n  F i g .  ( 2 )  a b l o c k  d i a g r a m  d e s c r i b e s  t h e  naj o r  

s t e p s  t a k e n  i n  t h e  DC c o n t i n g e n c y  s u b r o u t i n e  CON t o  r e e -  

v a l u a t e  %he power  f l o w  t h r o u g h o u t  t h e  tran s r n i s s i o n  complex  

upon t h e  r e v e r s a l  o f  one o f  i t s  e l e  : e i ~ t s .  The i n p u t s  o f  

w h i c h  a r e  t h e  Bus Bars voltage V i n  a v e c t o r  f o r m ,  t h e  

s u s c e p t a n c e  matrix 8, t h e  v o l t s g e  a n g l e s  at d i f f e r e n t  



bus -ba r s  DELg i n  a v e c t o r  form, t h e  number o f  elements D; 

forming t h e  network, t h e  power matr ix  PP, and the  con- . 

isdered element iden t i f i c a t  ion-connecting nodes NM(J), 

NK(J). The output of t he  D.C. contingency power flow 

rout in  (CflN) is the  power chvlges car r ied  by  each ele-  

meut i n  t h e  network depending on t h e  changes i n  t h e  

susceptance matrix B, and the  v o l t a t e  angle changes DELD, 

hence t h e  new power d i s t r i b u t i o n  matr ix  is computed, which 

is c o m i d e r e d  t o  b e  t h e  power m e t r - i x .  

DC Contingency block 
diagram 

I Susceptance-voltage mat r ix  evaluation 
(W 

Evaluation o f  vo l tage  angles  changes (DELD) 
a t  a l l  buses 

1 Computation o f  the  new v o l t e g e  angles a d  
the new power f l o w .  I 

Fig .2 



I a, 
0
 

C
 

cd 
$
9
 

P
i 

Q
) 

0
 

U2 
3
 

m a, 
I! 
6
3
 

al 
+
s 
at 
5
 

t-i 
cd 
3
 

Q
, 

0
 

-I=
 

M
 

4
 

PC 
a, 

-f=
 
m 
i=

 

!
 

C
 

a, 
I! 
H

 



DELK 

DELK ( I ,  = DELK ( M , K )  

The next segment is t o  eva lua te  the  new IIX matr ix  

according t o  t h e  following equations 

XK (K,M)  = X K ( M , D n )  + DELK (K,M) 

The next  segment is t h e  evaluation o f  the  suscep ta -  

nce-voltage inve r se  matrix XKIN. The inverse is  done only 

f o r  a (2x2) matr ix ,  the elementsof which a re  XX(LI,IV1) , 
X ( L I , K ) ,  X I I ( K , M ) ,  X X ( K , K ) ,  as t h i s  is the  p a r t  of mat r ix  

(XK) which w i l l  be considered i n  t h e  computation o f  t h e  

power changes. 

The inverse  computatiou is done according t o  the  following 

e q u a t i o n s  : 

DETR = XK(h1,hI) + X K ( K , K )  - LXK(DII,K)+XK(K,&I) 

XKIN ( id,U) = X K  (K ,K)/DE!I?R 

XIN (K,K) = XK (ILI,N)/DETR 

XKIN ( N , K )  = - X ( I ~ , K ) / D E T R  

X I ( I N ( K , U )  = - XK(K,BI)/IJETR 

where DETR is the  deterxinant  f o r  the  ( 2 x 2 )  matr ix  having 

XK(N,M)  X K ( E I , K ) ,  XK(IZ,III) ,  XK (K,K) as i t s  elements. 



The n e x t  s t a g e  is t o  compute the  v o l t a g e  angle 

changes  DELD at all buses .  T h i s  is done by m u l t i p l y i n g  

t h e  s u s c e p t a n c e - v o l t a g e  i n v e r s e  matrix by t h e  change  of? 

t h e  s u s c e p t a n c e  v o l t a g e  matrix u s i n g  a matrix m u l t i p l i c e -  

t i o n  s u b r o u t  i n  e  (&I Dill. The r e s u l t  o f  t h i s  m u l t i p l i c a t i o n  

is then  m u l t i p l i e d  by (-1). The change of  power can now 

b e  computed, a c c o r d i n g  t o  t h e  e q u a t i o n :  

(I,J) : t he  change i n  power t r a n s f e r r e d  between nodes  

1 and J 

V ( I )  ,V'(J): v o l t a g e  at  nodes I and J 

B(I ,J)  : s u s c e p t a n c e  o f  t h e  e lement  between nodes  I and 

J 

DELD(I) , D E L D ( J )  : change of a n g l e s  a t  nodes  I and J 

Then t h e  new v o l t a g e  a n g l e s  at t h e  d i f f e r e n t  bus- 

b a r s  and t h e  new power d i s t r i b ~ ~ t i o n s  a r e  computed a c c o r d i n g  

t o  t h e  following e q u a t i o n s :  

= DELO ( I )  + DELD (I) 

where 

PP(T,J) is t h e  power t r a n s f e r r e d  between bus-bars  1 & J. 



8. R e l i a b i l i t y  P a r a m e t e r s  E v a l u a t i o n  

The r ep roduced  f a i l / o p e r a t i o n  cha in  f o r  a l l  e l e -  

men ts is c o n s t r u c t e d  u s i n g  t h e  Mon t e -Car lo  s i m u l a t i o n .  

Baaed on t h i s  even t  p r o f i l e  f o r  all e l e m e n t s ,  t h e  r e -  

l i a b i l i t y  parameter-k f o r  t h e  t r a n s m i s s i o n  network is 

e v a l u a t e d ,  as t h e  r a t e  o f  f a i l u r e ,  ra te  o f  o p e r a t  ion , 
a v e r a g e  f a i l u r e ,  and o p e r a t i o n  t i m e s ,  l o s s  o f  l o a d  proba- 

b i l i t y  a t  t h e  d i f f e r e n t  bus-bars  and t h e  l o s s  o f  e n e r g y  

p r o b a b i l i t y  at  t h e  d i f f e r e n t  bus-bars.  

O C  
For any e l e m e n t ,  t h e  r a t e / o p e r e t i o n  R.O.O. is t h e  

s u m a t i o n  o f  o p e r a t i o n  t i m e s  d u r i n g  t h e  p e r i o d  unde r  s t u d y  

( s i m u l a t i o n  t i m e  i n  o u r  c a s e )  d i v i d e d  by t h e  t o t a l  p e r i o d  

t i m e ,  

The r a t e  o f  f a i l u r e  Re0.F. is t h e  s u m ~ a t i o n  o f  t h e  

f a i l u r e  t i m e s  d i i r i i ~ g  t h e  p e r i o d  under  s t u d y  d i v i d e d  by 

t h i s  p e r i o d  d u r a t i o n  . 
Both t h e  R.O.0. end t h e  R.0.F. is computed 

t h r o u g h  t h e  RANPOT a l g o r i t h m  f o r  a l l  e l emen t s  as f'ollovis: 

where OT(J) is t h e  s u m a t i o n  of o p e r a t i o n  t b e .  

OT!J) = 1 XD(J) 



The averege operation time is the  sunxation o f  

operation t imes during t he  period under s tudy d i v i d e d  by 

t h e  number o f  operation actions t h e  element w e n t  tkrough.  

The same goes f o r  t h e  average failure time which 

is equal. t o  t he  s u m a t i o n  o f  f a i l u r e  times during the 

period under s t u d y  d i v i d e d  by t h e  number o f  f a i l u r e  ac t ions  

t h e  element went through . 
The average operation and f a i l u r e  time a r e  computed 

through the  RAMPOT algorithm f o r  a l l  elements as f o l l o w s :  

Average Operation Time = Ae0.T. = 
o r  (J) 

J=1 ,M 
ULXNNT ( ~ 1 1 2 9  

ICOUNT(J) is the  total number o f  element r e v e r s a l s ,  and 

OT(J) is t h e  summat ion  of operation time. 

PT(J) is the s u m m a t i o n  o f  f a i l u r e  time. 



8 3 .  Loss o f  Load P r o b a b i l i t y  

The l o s s  o f  l o a d  p r o b a b i l i t y  a t  any bus-bar  is t h e  

d u r a t i o n  i n  wh ich  t h e  l o a d  is n o t  s u f f i c i e n t l y  s u p p l i e d  

d i v i d e d  by t h e  t o t a l  d u r a t i o n  o f  t h e  p e r i o d  unde r  s t u d y .  

The l o a d  may b e  i n t e r r u p t e d  o r  i n s u f f i c i e n t l y  

s u p p l i e d  due  t o  t h e  o u t a g e  of a l l  t r a n s m i s s i o n  l i n e s  

s u p p l y i n g  t h e  bus-bar, o r  due t o  u n a b i l i t y  of  lines t o  

c a r r y  a l l  power r e q u i r e d  t o  b e  s u p p l i e d .  

The l o s s  o f  load p r o b a b i l i t y  is computed t h r o u g h  

BAMPOT a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n s :  

BFT (NX(N2)) 
L.O,L.I?a = 

T'PT(J) 

where BFT (NK(Nz)) is t h e  Bus-Bar F a u l t  Tiae which  is t h e  

d u r a t i o n  summation i n  which t h e  l o a d  is p a r t i a l l y  o r  

i n c o m p l e t e l y  s u p p l i e d  a t  bus-bar ITK a n d  TTT(J) is t h e  

t o t a l  d u r a t i o n  o f  t h e  p e r i o d  under  s t u d y .  

8.4.  Loss of  Energy P r o b a b i l i t y  

The l o s s  o f  e n e r g y  p r o b e b i l i t y  is t h e  r a t i o  between 

t h e  e n e r g y  n o t  s e r v e d  and the  t o t a l  e n e r g y  which shou ld  be 

s u p p l i e d  d u r i n g  t h e  p e r i o d  under  s t u d y  TTT(J) .  T h i s  is 

computed a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n  : 



USE (NK(Nz)) is the  amowt o f  unserved energy at  bus-bar 

IU K e  

The r a t e  of operation R.O.O. f o r  a l l  transmission 

l i n e s .  

The r a t e  of  f a f l u r e  R,O,F, for a l l  t r a n s m i s s i o n  Eiraea 

The average operat ion t i n e  A.O.T. f o r  a l l  elements. 

The avemge f a i l u r e  time A.F,T. f o r  all elements, 

The a m b e r  of  s t a t e  r eve r sa l s  1COUNa.O f o r  d l  ele- 

m e n t s .  

The loading pa t t e rn  for each elernent. 

The l o s s  o f  load p robab i l i ty  L.O.L.P. a t  all buses. 

The l o s s  of energy p robab i l i ty  L.O.E.P. at a l l  buses, 

The above cornput ed reliability paramet era serves  

a s  a guide l i n e  t o  t h e  transmission system planner. 



RA LLlNG OF P ION 

FLOW CHART 

INPUT DATA 



I CALL CUM I EE.TT. NE(J).HX) I 







YES 



/ WRITE J E , S T  / 



1 = 1+1 

I YES 

YES 

I 



/ W R I T E  RBF (J )  .R00 (J) / 

YES ( 



USE (NK (NZ I)= USE (NK (NZ ))+USP (NK INZ))*XT(Z,J) 

/ WRITE 
L ~ E P  (NK(NZ)),N K(NZ) I 



I L~EP(NM(J))= USE (NMIJ)) /(TTT(JI * B P ( ~ (  J 1)) I 

i WRITE 

N M ( J ) , J  , XT(2 ,J I  I 







WRITE 
J E ,  ST 

[ CALL CON (v.B. DELa. P. N. NM (J) NK(J), DELK,PP, XK,XKN.W,DELO) 1 

WRITE 
X T ( 2 . J )  





SUBROUTINE CUM 



SUBROUTINE CON 
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A P P L Y I N G  T H E  RAMPOT ALGORITHM 

TO THE 220 KV T R A N S M I S S I O N  NETWORK 

M. EL - S O B K I  



Results of Appling the RAMPOT Algorithm 

to the 220 KV transmission Network 

The 220 KV transmission Network of EGYPT exists in the 

northern part of the country. It has a total line lengths of 

about 1814 KM, 87.3% of which are used in double circuits 

( 15 circuit ) ,  and 12.7% of which are used in single circuits 

( 6 circuits ) .  The conductor material used are mainly 'XCO-400" 

orHACSR-400" or " ACo-240". 

The 220 KV transmission lines ties up eighteen bus-bar 

point, one of them is considered merely a generation bus, as it 

represents the bulk power transfered from the high Dam to the 

22KV network, four points are generation bus-bars with local 

loads, two bus bars are loading points with l o c a l  generation, 

and the rest of the bus-bars which are eleven psints are merely 

loads. 

The RAMPOT package was applied to the 220 KV network of 

EGYPT to regenerate the performance ( operation/fail ) 

cycle for the different transmition lines, hence computying the 
loss of energy probability and loss of energy probability 

(R.O.L.P. & L,O.E.P.) at all the 220 KV bus-bars. 

The results are shown in the following tables: 

A. In the case of actual loading conditions: 

A.1 table 1. shows the Rate of Operation, and the Rate of 

failure for the different transmission lines. ( the double 

circuit lines, are considered one element having the elect- 

ricale equivalent constants of the parallel connection as 

these parallel connection as these parallel elements are 

identical from the loading point of view, physical constants, 

and weather conditions. This is done to increase the sample 

population data and to reduce the computer storage and time 

of computation ) . 



A . 2  Table 2 .  shows the average operation and failure times, 

and the number of state reversals during the considered 

period for the different elements which is about 4 years. 

A . 3 .  Table 3 .  shows the loss of load probability, and the 

loss of energy probability at all the 220 KV bus bars. 

In the case of forecasted loading conditions; ( Double 

Loading ) 

tables 4 ' 5  & 6 shows the same reliability indicies indicated 

above under double loading conditions. 

It should be noted that the high reliability indicies is due 

to using the forced outage historical data only 
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INTRODUCTION 

Over the  p a s t  two decades e l e c t r i c  power i n  Egypt has witnessed 

outs tanding advances i n  both genera t ion  and transmission of power. From 

a  t o t a l  of l e s s  than a  b0OQ MW i n  t h e  f i f t i e s ,  generat ion power rose  t o  

over 4000 MW by the  l a t e  s even t i e s .  Transmission vol tages  have gone up 

from the  66 kV l e v e l  t o  500 kV l e v e l  with 132 kV and 220 kV i n  between. 

With t h e  advent of the high dam power and the  e leva ted  t ransmission vo l t -  

ages t h e  need f o r  interconnect ing t h e  d i f f e r e n t  i s o l a t e d  power g r i d s  was 

f e l t .  A s  a  r e s u l t ,  t he  u n i f i e d  e l e c t r i c  power system was c rea t ed .  

The c a p a b i l i t y  of such a  un i f i ed  power complex with i t s  genera- 

t i o n ,  t ransmission and subs t a t ion  components t o  provide unin ter rupted  po- 

wer s e r v i c e  must be c a r e f u l l y  assessed.  This type of assessment is custom- 

a r i l y  known a s  r e l i a b i l i t y  eva lua t ion .  

This study presents  a  con t r ibu t ion  t o  t h i s  f i e l d  of endeavour. 

At ten t ion  i s  focused on the  r e l i a b i l i t y  of the l a s t  of t h e  above th ree  

system components, namely, subs t a t ions .  

R e l i a b i l i t y  of E l e c t r i c  Power Systems 

E l e c t r i c  energy i s  produced a t  a  number of locat ionS and i s  con- 

sumed a t  s eve ra l  po in ts .  One measure f o r  t he  q u a l i t y  of t he  e l e c t r i c  

power system i s  i t s  a b i l i t y  t o  t ransmi t  the  energy from wherever i t  i s  

produced t o  consumers and maintain t h e i r  s e rv i ce .  This measure of qua- 

l i t y  i s  the  system r e l i a b i l i t y  which i s  the r e s u l t a n t  of t he  r e l i a b i l i t i e s  

of t he  many elements c o n s t i t u t i n g  t h e  complex system. 

Customarily, t he  s tudy of t h e  r e l i a b i l i t y  of a  complex e l e c t r i c  

power system i s  divided i n t o  s e p a r a t e ,  b u t  r e l a t e d ,  s t u d i e s  of each of 

the  following : 



i. Generation systems 

ii. Transmission networks 

iii. D i s t r i b u t i o n  systems 

i v  . Subs t a t i ons  

v .  Interconnected system, i f  any 

This  s tudy  is  p r ima r i l y  concerned wi th  s u b s t a t i o n  r e l i a b i l i t y .  

The term s u b s t a t i o n  he r e  r e f e r s  t o  bo th  t ransformer  and swi tch ing  s t a t i o n s .  

General  R e l i a b i l i t y  Plannins  

One of t h e  r e a l l y  d i f f i c u l t  problems f ac ing  those  r e spons ib l e  

f o r  p lann ing  of e l e c t r i c a l  power supply systems i s  t h a t  of dec id ing  how 

they a r e  j u s t i f i e d  i n  i nc r ea s ing  t h e  investment  on t h e i r  p r o p e r t i e s  t o  

improve s e r v i c e  r e l i a b i l i t y .  I n  g e n e r a l ,  t h e r e  a r e  t h r e e  broad a s p e c t s  

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

i) The f i r s t  i s  t o  know thoroughly t he  "p r e sen t  q u a l i t y "  

of o n e ' s  s e r v i c e  and j u s t  who is  harmed by t h e  p r e s e n t  

outages ,  and how much. 

ii) The second a s p e c t  i s  a  knowledge of t he  methods a t  hand 

t o  improve s e r v i c e ,  a s  w e l l  a s  t h e  c o s t  of t he se  remedies.  

iii) The t h i r d  and t h e  most important  i s  t he  e x e r c i s e  of  judgment 

a s  t o  where and when expendi tu res  should be made t o  i nc r ea se  

r e l i a b i l i t y  and t h e  e x t e n t  of those  expendi tu res .  

To eva lua t e  t he  system r e l i a b i l i t y ,  t he  system p lann ing  eng ineer  

should cons ide r  the  fol lowing:  

1. D e f i n i t i o n  of system r e l i a b i l i t y  

2 .  R e l i a b i l i t y  modelling and eva lua t i on  

3 ,  Tes t ing  and d a t a  c o l l e c t i o n  

4 .  R e l i a b i l i t y  e v a l u a t i o n  f o r  a l t e r n a t i v e  des igns  

Th i s  sequence i s  no t  r i g i d  a n d f i n  f a c t ,  many s t e p s  may have t o  

be repea ted  i n  an  i t e r a t i v e  f a sh ion .  



Goal of Study: 

This s tudy descr ibes  t h e  means of evaluat ing the r e l i a b i l i t y  of 

a  subs t a t ion  i n  t r a n s f e r r i n g  power from feeding po in t s  t o  customers. 

The Markov process-based approach i s  chosen f o r  t h e  p re sen t  

s tudy.  A f u l l y  computer-oriented algorithm i s  prepared whereby a given 

conf igura t ion  of an ex i s t i ng  o r  a  proposed subs ta t ion  may be assessed 

from r e l i a b i l i t y  viewpoint i n  one run.  The algorithm can, t hus ,  be pa r t -  

i c u l a r l y  a t t r a c t i v e  when optimizing the  configurat ion of a prospec t ive  

subs t a t ion  where numerous a l t e r n a t i v e s  e x i s t .  

An at tempt  t o  l a y  grounds f o r  an economically opt imal  des ign  of 

subs t a t ion  is  made. The trade-off between a v a i l a b i l i t y  and c a p i t a l  c o s t  

is t h e  ob jec t ive  of t h a t  problem, 
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COMPUTERIZED SUBSTATION 

F?ELIA.E3IL%TY EVALUATION - 

D r .  H. Anis Eng. Abdel Ghany Moussef 

The eva lua t ion  of subs t a t ion  r e l i a b i l i t y  can be very ted ious  and 

time consuming. The need f o r  a  f a s t  and e f f i c i e n t  means of making such 

an eva lua t ion  is  f e l t .  This need becomes more evident  when opt imiza t ion  

of subs t a t ion  conf igura t ion  i s  sought where numerous runs must be made t o  

v e r i f y  t he  v a l i d i t y  of d i f f e r e n t  proposed schemes, 

This paper o f f e r s  an algori thm based on Markov process modelling. 

The a l g ~ r i t h m  which i s  programmed t o  run  on a  d i g i t a l  computer and i s  named 

SUBSCOM rece ives  t he  bas i c  parameters of t he  subs t a t ion  and the  proposed 

conf igura t ion  and runs a  f u l l  c a l c u l a t i o n  of the  subs ta t ion  a v a i l a b i l i t y .  

Each subs t a t ion  component has  t h e  following r e l i a b i l i t y  parameters:  

1 
n  

Average up time T = - t u i  [hour ] 
n 

i=l 

t u i  being t h e  s e r i e s  of um times 

Average down time Td = t d i  m 
i=l 

t d i  being t h e  s e r i e s  of down time 

Fa i lu re  r a t e  
1 A = -  

Tu 

Repair r a t e  
1 ,a = -  

Td 

[hour ] 

-1 
[hour] 

-1 
[hour ] 

I n  t h i s  case  the  opera t ion  of a  system o r  element may be modelled 

by means of Markov Stochas t ic  Processes  (Marksv process of t h e  f i r s t  g r a d e ) .  



The p r o c e s s  i s  completely determined by m a t r i x  equa t ion :  

P i  ( t )  : The a b s o l u t e  p r o b a b i l i t i e s  i n  t h e  moment t. 

Qi j  : The t r a n s i t i o n  p r o b a b i l i t i e s  of t h e  p r o c e s s ,  

a t  t ime t, from s t a t e  i t o  s t a t e  j .  

I n  c a s e  of  s t a t i o n a r y  p r o c e s s ,  f o r  long range a n a l y s i s  when t h e  

a b s o l u t e  p r o b a b i l i t i e s  do n o t  depend on t ime ,  t h e  equa t ion  becomes: 

where 

[Qi j l  i s  named t h e  Matr ix  of  t r a n s i t i o n  r a t e  (TRM) . 

1. Major S t e p s  

The fo rmat ion  of t h e  t r a n s i t i o n  Rate  Matr ix  (TRM) i s  v e r y  d i f f i c u l t  

e s p e c i a l l y  when t h e  number of scheme elements  i s  l a r g e  a s  t h e  number of pos- 

s i b l e  s t a t e s  i n c r e a s e s  i n  t u r n .  To overcome t h i s  problem, t h e  fo l lowing  

major s t e p s  a r e  c a r r i e d  o u t :  

1. T r a n s f e r r i n g  t h e  s u b s t a t i o n  scheme i n t o  a  mat r ix  from ( K 1 )  

which d e s c r i b e s  t h e  e lement - se t  r e l a t i o n s h i p .  

2 .  C a l c u l a t i n g  t h e  e q u i v a l e n t  f a i l u r e  and r e p a i r  r a t e s  of each 

e lement  by us ing  component - element  m a t r i x  (K2) and t h e  

f a i l u r e  and r e p a i r  r a t e s  of each component. 

3 .  The d e t e r m i n a t i o n  of t h e  p o s s i b l e  s t a t e s  us ing mathemat ical  

formulae .  

4 .  C l a s s i f y i n g  a l l  p o s s i b l e  s t a t e s  i n t o  groups and c a l c u l a t i n g  

t h e  number of s t a t e s  i n  each group.  



Fig (a-1 I SINGLE LINE DIAGRAM OF 
A SUBSTATlON 

I C B I Circuit Breaker I 

TR 1 Transformer 



, set NO. 1 

4 
Consumer 

Fig. (0-2 ) SUBSTARON SCHEME 



Forming t h e  s t a t e  matr ix  ( ~ 3 )  which, i n  e f f e c t ,  r ep l ace s  

t he  t ed ious  graphing of t he  s t a t e  space diagram. 

Formulation of t h e  t r a n s i t i o n  r a t e  mat r ix  (TRM).  

S ~ l v i n g  t h e  Markov process-based ma t r i x  equat ion 

[ T W  [PI = 0 

t o  determine t he  p r o b a b i l i t i e s  of t h e  var ious  s t a t e s .  

The eva lua t i on  of t h e  t imes of ope ra t i on  and t he  t imes of 

s e r v i c e  i n t e r r u p t i o n .  

t h i s  paper  t h e  computer a lgor i thm is  descr ibed  which imple- 

ments t h e  above s t e p s ,  An example s u b s t a t i o n  i s  used along t he  way t o  

i l l u s t r a t e  t he  a lgor i thm.  

1.1 Def in i t i ons  

The folPowing d e f i n i t i o n s  a r e  r e l e v a n t  t o  t he  olgar i thm: 

A Component: i s  t h e  p h y s i c a l  p i ece  of equipment e x i s t i n g  i n  t he  s u b s t a t i o n  

and whose r a t e s  of f a i l u r e  and r e p a i r  must be known. 

An Element: A group of components connected i n  s e r i e s  and w i l l  be t r e a t e d  

as an i n t e g r a t e d  u n i t  i n  t h e  l o g i c a l  r e p r e s e n t a t i o n  of t h e  subs t a t i on .  

A S e t :  A group of elements connected i n  p a r a l l e l ,  t h e  whole scheme i s  a 

composition of s e r i e s  connected number of s e t s .  

2 ,  Element-Set Matrix K 1  

The s u b s t a t i o n  scheme 

i n  mat r ix  form K 1 .  The mat r ix  

i l l u s t r a t e d  i n  f i g .  (a-2) , may be represen ted  

is  N x  (L + 1) where 

N: t h e  number of elements (here ,  N = 7 )  

and 

L: i s  t h e  number of  s e t s  (here ,  L = 4)  

t h e  l a s t  column is  reserved  f o r  t he  i d e n t i f i c a t i o n  of a l t e r n a t i v e  e lements .  



S e t  

1 0 0 0 0 
1 0 0 0 0 
0 P 0 0 0 

Kl = element 0 0 1 0 0 
0 0 1 0 0 
0 0 0 1 2 
0 0 0 b 2 

Fig. (1) Element - Set Matrix 



S e t  I i n  t h e  ma t r i x  K 1  encompasses elements 1 and 2 ,  and s e t  P I  

has  only one element,  number 3 .  The appearance i n  t h e  l a s t  column of t h e  

d i g i t  2 means t h a t  t h e  corresponding elements a r e  a l t e r n a t i v e .  For example, 

e lements  6 and 7 a r e  a l t e r n a t i v e .  Obviously, t h e  number of 2's must be even 

and they  appear i n  success ive  p a i r s .  F i g , ( % )  shows t y p i c a l  l ayout  of t he  

ma t r i x  K p  a s  it i s  produced by t h e  computer. 

3.  Equipment-Element Matr ix  K 2  

A second d e s c r i p t i v e  mat r ix  i s  K2 which o u t l i n e s  t h e  conten ts  of 

each element i n  t h e  s u b s t a t i o n .  The matr ix  is K x  N where K is  t h e  number 

of d i f f e r e n t  types  of components and N i s  t he  number of elements.  I f  K2 

( i ,  j )  = n, then t h e  j t h  element con ta ins  n  component of  t he  type i. 

To c a l c u l a t e  t h e  equ iva l en t  r e p a i r  and f a i l u r e  r a t e s  of t h e  sub- 

s t a t i o n ' s  scheme, t h e  r e p a i r  and f a i l u r e  r a t e  of each component of t h e  

s u b s t a t i o n  must be a v a i l a b l e .  The numerical va lue s  of t h e  f a i l u r e  and re -  

p a i r  r a t e s  of each type of component a r e  w r i t t e n  i n  v e c t o r s  form, each of 

s i z e  K, which a r e  name L and M. 

For example, t h e  s u b s t a t i o n  shown i n  f i g .  (a .1 )  has  t he  K 2  mat r ix  

shown i n  f i g . ( 2 )  whose computer l i s t i n g  ve r s ion  is  shown i n  f i g .  ( 3 ) .  

F ig .  (2 )  a l s o  shows the  con t en t s  of t he  f a i l u r e  and r e p a i r  r a t e  v e c t o r s  

L and M ,  r e spec t i ve ly .  



. 
Element -1 

(hours) 
Vector L 

-1 
(hours) 

Vector M 

Fig. (2) Equipment-Element Matrix with 

Failure and Repair Vectors Land M 



1 1 
1 1 
0 0 

K2 = Component 0 0 
1 0 
0 1 
1 0 
0 l 

Element 

F i g .  ( 3 )  Component - Element Mat r ix  



A s  shown i n  t h e  ma t r i x  K2, t h e  element No.1 has  one c i r c u i t  

b r eake r ,  one d i sconnec t ing  sw i t ch ,  one f eede r  and a  system mode. I n  con- 

t r a s t ,  t h e  element No.3 has  f o u r  d i sconnec t ing  switches  and one bus b a r .  

The equ iva l en t  f a i l u r e  and r e p a i r  r a t e s  o f  each element can be c a l c u l a t e d  

w i t h i n  t h e  computer program by u s ing  t h e  mat r ix  K2. 

4. S t a t e  Analysis  

Next comes t h e  e v a l u a t i o n  of  va r i ous  s t a t e s  i n  which t h e  system 

may e x i s t .  Th is  w i l l  be fol lowed by t h e  means t o  determine t he  success- 

f u l n e s s  of each s t a t e .  

4 . 1  Determination of P o s s i b l e  S t a t e s  

F i r s t  t h e  number of p o s s i b l e  s t a t e s  i s  e s t ima t ed .  Th is  i s  

based on t h e  assumption made i n  t h e  foregoing chap t e r  t h a t  no more than 

two elements  may f a i l  t oge the r ,  o r ,  i n  gene ra l ,  no more than  two even ts  

may occur ,  s imul taneously .  

The p o s s i b l e  s t a t e s  of a  scheme of n  elements can be d iv ided  i n t o  

t h e  fo l lowing  c o l l e c t i o n  [Mi, i = 1,4]  : 

(1) S t a t e  where a l l  e lements  a r e  a v a i l a b l e  ( u p ) ,  t h e  number 

of s t a t e s  i n  t h i s  c o l l e c t i o n  i s  obviously  1, 

M 1  = 1 ...... (1.1) 

(2)  S t a t e s  where only one element f a i l s ,  a t  a  t ime ,  

M 2 = n - a  ...... (1 .2)  

where 

a: number of p a i r s  of a l t e r n a t i v e  e lements .  Th is  i s  based on 

t h e  unders tanding t h a t  a l l  i n d i v i d u a l  f a i l u r e s  of a l t e r n a t i v e  

elements c o n s t i t u t e  b u t  one s t a t e  s i n c e  one s u b s t i t u t e s  f o r  

t h e  o t h e r ,  



(3)  S t a t e s  where two elements f a i l  t oge the r ,  The number of 

t he se  s t a t e s  i s  M3. 

M3 = (n-a-1) 9 (n-a-2) + , . , . 9 En-(n-a-l) -a] 

- - (n-a-1) (n-a) 
2 

o e o o  

The f i r s t  term i n  equa t ion  ( l , 3 )  g ive s  t h e  number of s t a t e s  i n  

which element No.1 of t he  scheme of f i g .  (a.2 ) f a i l s  wi th  o t h e r  elements 

whi le  no more than one element f a i l s  wi th  it, t h e  second term shows t h e  

number of s t a t e s  when t h e  second element f a i l s  wi th  each o t h e r  element ex- 

c e p t  element No.1, and s o  on,  

(4)  The l a s t  c o l l e c t i o n  r ep re sen t s  t h e  number of s t a t e s  when t h e  

a l t e r n a t i v e  e lements  of an a l t e r n a t i v e  p a i r  f a i l  t oge the r ,  

The t o t a l  number of p o s s i b l e  s t a t e  M i s  equa l  t o  t h e  sum of a19 

c o l l e c t i o n s ,  M l ,  M 2 ,  M3 and M4. 

Then 

(n-a-1) (n-a) + a 
M = 1 + (n-a) + 

2 

(n-a-1) (n-a) = l + n +  
2 

I n  t h e  s tud ied  example of  f i g .  (4.1) 

n = 7 a n d a = l  



4 . 2  Groups of Poss ib le  S t a t e  

From programming view p o i n t  it was found proper t o  c l a s s i f y  pos- 

s i b l e  s t a t e s  i n t o  groups a s  fol lows:  

The f i r s t  group cons i s t s  of t h e  s t a t e s  of s i n g l e  f a i l u r e s ,  while a l l  

t he  o t h e r s  a r e  i n  an up s t a t e .  To t h i s  group the  a l l -up  s t a t e  is  

added. The s i z e  of t h i s  group i s  B 1  = n - a  4-1. 

The seocnd group conta ins  t he  s t a t e s  where element No.1 f a i l s  together  

with one o ther  element, a t  a  t ime,  while a l l  the  o the r  elements remain- 

ing up. 

The s i z e  of t h i s  group is  B 2  = n - a  - 1 

The ith group contains  t h e  s t a t e s  where element No. (i-1) f a i l s  to- 

ge ther  with one of tne otherelements ,  a t  a  time, and excluding elements 

No. 1, 2 ,  ..., i - 2 .  

The s i z e  of t h i s  group is  B i  = n - a  - i + 1 

and s o  on u n t i l  a l l  double f a i l u r e s  a r e  covered without  dup l i ca t ion .  

Table ( a )  enumerates a l l  pos s ib l e  s t a t e s  arranged i n  t h e  manner 

used by t h e  program. 

5 .  Matrix of S t a t e s  ( K 3 )  

The matr ix of s t a t e s  K 3  i s  a  s t e p  on the  route  t o  g e t  t h e  t r ans i -  

t i o n  r a t e  matr ix (TW) without having t o  p l o t  the  s t a t e  space diagram. The 

s t e p s  f o r  c r ea t ing  the  matr ix K 3  a r e  a s  follows: 

(1) Calcula te  the number of poss ib le  s t a t e s  by using equat ion 

( 1 . 6 ) .  

( 2 )  Determine the  number of s t a t e s  i n  the  f i r s t  group a s  def ined 

i n  sec t ion  ( 4 . 2 )  by using equation B l  = n + a  + 1. The number 

of s t a t e s  B 1  inc ludes  t h e  s t a t e  i n  which a l l  elements a r e  up 

p lus  the s t a t e s  of s i n g l e  element f a i l u r e s .  



UP Elements 

2 ,  4, 5 ,  6 ,  7 

2 ,  3 ,  5 ,  6 ,  7 

2 ,  3 ,  4 ,  6 ,  7 

Table (a)  Possible Sta tes  



( F i g .  ( 4 )  Matrix of s t a t e s  wi th  r e p a i r  

and f a i l u r e  r a t e  vec to r s  



( 3 )  Form t h e  square  ma t r i x  K3 of  dimension B 1  x  B 1  

( 4 )  F i l l  t h e  upper r i g h t  t r i a n g l e  of K3 ( B 1  x  B l )  ma t r i x  by 

s t a t e  numbers beginning w i th  K3 ( b , 2 )  = 2 ,  i . e .  s t a t e  No.% 

and s o  on a s  seen i n  f i g .  ( 4 )  . 
(5 )  The K3 i s  made symmetric by making t h e  l e f t  lower t r i a n g l e  

s i m i l a r  t o  t h e  r i g h t  upper ,  

5 .1  A l t e rna t i ve -Pa i r  E f f e c t  

The numbering process  goes beyond t h e  upper r i g h t  t r i a n g l e  t o  

i nc lude  a  d i agona l  element i f  a s t a t e  i n  which a p a i r  of a l t e r n a t i v e  e l e -  

ments f a i l  t oge the r  is  encountered,  A l l  o t h e r  diagonal  e n t r i e s  a r e  f i l l e d  

with  ze ro s .  

5.2 Repair  and F a i l u r e  Rate Vectors  

A vec to r  vv(B1) i s  s e t  t o  c o n t a i n  t h e  equ iva l en t  r e p a i r  r a t e s  

,A% i where A i  i s  w r i t t e n  i n  t h e  (i-t-1) th e n t r y  of t h a t  v e c t o r .  If t h e  

d i agona l  element (i, i) of K3 i s  n o t  ze ro  i n d i c a t i n g  a  s t a t e  of a l t e r n a t i v e  

element f a i l u r e  then  t he  (i + 1) th e n t r y  of vv i s  f i l l e d  w i t h A i  + 2 t o  

account  f o r  t h e  e q u a l i t y  of andp i  + 1. 

A v e c t o r  VH ( B l )  i s  s e t  t o  c o n t a i n  t h e  equ iva l en t  f a i l u r e  r a t e  

hi where %i w r i t t e n  i n  t h e  (i+l) th e n t r y  of t h a t  v e c t o r .  I f  t h e  diagonal  

element (i, 1) of K3 is  no t  z e ro  i n d i c a t i n g  a  s t a t e  of a l t e r n a t i v e  element 

f a i l u r e  t hen  t h e  (i + 1) th e n t r y  o f  VH i s  f i l l e d  wi th  2 ( h  i+2)  t o  account  

f o r  t h e  e q u a l i t y  of h i  and X i + l .  

5.3 App l i ca t i on  t o  Example 

The ma t r i x  of s t a t e s  K3 of t h e  example s u b s t a t i o n  i l l u s t r a t e d  

i n  f i g .  ( a .  1) and i t s  scheme shown i n  f i g .  ( a .  2) , can be c r ea t ed  now i n  

numerical  form. The parameters  of scheme a r e :  

n = 7  and a = l  





then 

The matr ix  K3 w i l l  be a s  shown i n  f i g . ( 4 )  and whose computer 

l i s t i n g  ve r s ion  i s  shown i n  f i g .  (4.1). 

Also shown i n  t h e  computer l i s t i n g  of f i g .  (4 .1)  a r e  t h e  conten ts  

of t h e  v e c t o r  W and '33. These va lues  were computed according t o  t h e  

a n a l y s i s  of  s e c t i o n  (3) and us ing  t h e  d a t a  shown by t h e  f a i l u r e  and r e p a i r  

r a t e  v e c t o r s  L and M of f i g .  ( 2 ) ,  

5 .4  Remarks on K3 

i. 

ii. 

iii. 

i v  . 
v .  

The mat r ix  K3 6s g e n e r a l l y  cha rac t e r i zed  by: 

A s  t he  number of a l t e r n a t i v e s  i nc r ea se ,  t he  number of s t a t e s  

decrease .  

The number of s t a t e s  i n  t h e  f i r s t  group ( B l )  decrease  by t h e  

i nc r ea se  of t he  number of a l t e r n a t i v e  elements and s o  does t he  

s i z e  of K3. 

The diagonal  elements a r e  a l l  -zero elements when t h e r e  i s  no 

a l t e r n a t i v e  elements,  

The e n t r i e s  K3 (1, 1) is  always zero .  

Matrix K3 has dimension of ( B 1  x  B l ) .  The number of elements 

i n  each of i t s  two t r i a n g l e s  i s  ~1~ - B 1  . The number of non 
2 

ze ro  element i n  t h e  d iagona l  elements w i l l  be equal  t o  t h e  number 

of a l t e r n a t i v e  elements a .  The t o t a l  number of s t a t e s  is  

~ 1 2  - Bl + a + 
2 

where, t h e  l a s t  u n i t y  r e p r e s e n t s  t he  f i r s t  s t a t e  i n  which a l l  t he  

elements a r e  up, 

6 .  T r a n s i t i o n  Rate Matrix (T.R.M.) 

The mat r ix  K3 w i l l  now be used t o  c r e a t e  t h e  t r a n s i t i o n  r a t e  matr ix  

TRM which w i l l  be l a t e r  used t o  produce t he  u l t ima te  s t a t e  p r o b a b i l i t i e s .  



The foregoing formulat ions  of  K3, VW and VV have been made i n  such a way 

a s  t o  a l low a d i r e c t  c r e a t i o n  of t h e  TRM according to t h e  fo l lowing  s t ep s :  

f o r  i = 1, B 1  and j  = 1, BP 

i . e .  t h e  o f f -d iagona l  element of TRM on t h e  i t h  column and 

K3 (i, j )  th row con t a in s  t h e  jth con t en t  of VH which i s  an 

equ iva len t  f a i l u r e  r a t e .  

ii. TRM ( j ,  K3 ( i , j ) )  = W ( i )  

f o r  i = 1, B 1  and j  = 1, B 1  

i . e ,  t h e  o f f -d iagona l  element of TRM on t h e  j t h  row and 

K3( i ,  j) t h  column c o n t a i n s  t h e  i t h  con t en t  of W which i s  

an equ iva l en t  r e p a i r  r a t e ,  

iii. The diagonal  e lements  

TRM (if i) i = 1, B 1  

a r e  made t o  s a t i s f y  t h e  c o n s t r a i n t  t h a t  

2 
i = l  

Based on the  mat r ix  K3 s f  f i g .  (4.1) and t h e  v e c t o r s  VH and VV 

of t h e  same f i g u r e ,  t h e  TRM ma t r i x  was computed and i s  d i sp l ayed  i n  f i g .  

( 5 ) .  Due t o  i n s u f f i c i e n t  l i s t i n g  space each row of t h e  TRM mat r ix  occupies 

two p r i n t e d  l i n e s .  

I t  should be noted t h a t  t h e  number of non-zero off-diagonal  e l e -  

ments i n  e i t h e r  t he  lower o r  upper t r i a n g l e s  of TRM is  g iven  by 

= B 1 2  - 2B1 + a + 1 elements 

Having t h e  d iagona l  e lements  a l l  non ze ro ,  t h e  t o t a l  number of 

non ze ro  elements of t h e  ma t r i x  i s ,  t h e r e f o r e  
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= 2 ~ 1 ~  - 4B1 + 2a + 2 + M 
where 

M is the number of states 

and B1 is given in section (4.2) . 

7. States Probabilities 

The differential equation describing the Markov model is 

That is 

Then 

anlPl + an2 P2 + .......... a,, Pn = 0 



Since  t he  r i g h t  hand s i d e  i s  a  ze ro  a r r ay ,  then t h e  s e t  o f  equa- 

t i o n s  i s  redundant and use  i s  made of t h e  c o n s t r a i n t  

P1  + P2 + .... + Pn = 1 O I t D O  

Dividing by Pn 

Then 

Discarding t h e  l a s t  equa t i on  c o n s t i t u t e s  a  s e t  of (n - l )  s imul ta-  

neous equa t ion  i n  xi (i = 1, n-1) where 

x i  = Pi/Pn 

Th i s  s e t  of simultaneous l i n e a r  equa t ions  i s  so lved  by an  ICL 

computer package subrou t ine  (FPINDE (AA (1) , I R ,  I N ,  D ,  EP .S I ,  AB (1) . 
I M ,  I S ,  I W ( 1 ) )  which uses  t h e  Gauss e l im ina t i on  p r i n c i p l e .  A s  t h e  

v a r i a b l e s  xi = pl/Pn a r e  ob ta ined ,  then  by equat ion ( 3 )  



3;= 1 P ( J ) = , Q S ~ . ' I i J i 7 7 7  
J =  2 P( j ) = , 1 - : : 3 7 : 7 4 7 5  
J =  3 P ( j ) = , : i i i 4 t 1 ? >  ?& 
J =  4 P L J ) = , 0 0 2 b 3 7 ? 0 4  
J =  5 ~ L f ) = , u 0 3 $ 5 7 ~ 5 2  
3 =  4 p ( j  ) = , t . u & 3 5 7 7 6 2  
J =  7 ~ ( J ) = , r " J 8 6 3 S . , j L  
J =  8 P C J )  =,f,&c::,4 9 3 6 6  
J =  3 P(J)=.Q0CHX69'!5 
J = l @  P,CJ )=,!Kidi:tr1361 
J=?' . t  P ( J ) = , t ~ 3 i ] ~ < ~ ? j d ~  
J = t %  p ( J  ) = ,,;::;<: 2 ~ 7 7  
J = 1 3  P ( J ) = e l > c i ' C l  ;13?% 
J = 1 4  P 4 . j  ) = , : , . C j t i I g i  .t F i : 4  
J = 1 5  P ( J  )=.t3SE.;! 2 1  51,;4 
J = 1 6  p(j)=,r::JS,i(',55LVZ 
J = l ?  -, - p ( J  ) = e { j t j L : ' ; . r b . > q ~ . ;  

J = 1 d  p ( J )  = *;:rJL;';,':* 3 5  2 
J = 1 9  ~ ' ( ~ ) = , 0 0 K Q i 4 5 7  
J=?$  P( J )=,ij; ' i i j~: ;titi 5 1  
J = 2 3  p ( 3 )  = , ! . ~ < j t , ~ i ' j , " ~ $ ~ '  

J = 2 2  p ( J  ) = , ; c ( ~ t i ~ j f ' ~  ? , + Q  

J = 2 3  P ( J ) = , i c U  j r  7 2 5 $ 9  
pSuCC=!, I .?9725 ' ; ' lZ  

Fig,( 69 Compu te r  l i s t ing  o f  s t a t e  Probabilities 



Theref ore 

The final solution will be 

Typical results of the state probabilities of the example sub- 

station, as given by the c~mputer algorithm are shown in fig, ( 6 ) .  

8. Flow Chart 

The flow chart of computer program "SUBSCOM" used to get the 

reliability of substation will be illustrated hereinafter. 

Also given is.a complete FORTRAN Listing of the SUBSCOM program. 
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Conclusions: 

1. The Markov process  model proves t o  be a  s t rong  t o o l  i n  

evaluat ing t h e  r e l i a b i l i t y  of subs ta t ion .  

2. This paper a t t e s t s  t h a t  an exac t  so lu t ion  involving t h e  

Markov process f o r  r e l i a b i l i t y  ca l cu la t ion  can be ted ious  

and time consuming e s p e c i a l l y  when the  number of elements 

i n  the  scheme i s  l a r g e .  The need f o r  a  computer r o u t i n e  

which app l i e s  t h a t  process  t o  any given subs t a t ion  confi-  

gura t ion  i s  underl ined.  

3. This paper p re sen t s  t h a t  computer rou t ine .  This i s  achieved 

on four  bas i c  s t eps :  

i. The formulat ion of t h e  subs t a t ion  conf igura t ion  

i n t o  computer-accessible matr ices  named i n  t h i s  

paper K 1  and K 2 .  

ii. The c r e a t i o n  of a  matr ix equiva len t  t o  t h e  s t a t e  

space diagram rep resen ta t ion  named K 3 .  

iii. The d e r i v a t i o n  of t h e  Trans i t ion  Rate Matrix d i r e c t l y  

from the  mat r ix  K 3 .  

i v .  Solu t ion  of t h e  l i n e a r  system and producing t h e  sub- 

s t a t i o n  s t a t e  p r o b a b i l i t i e s .  
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SUBSTATION CONFIGURATION 
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This  study develops a  technique f o r  a l l oca t ing  t h e  parameters,  

a v a i l a b i l i t y  and unava i l ab i l i t y  r a t e s ,  t o  each element of scheme of the  

poss ib l e  c o s t ,  I n  addi t ion ,  subs t a t ions  must be evaluated on t h e  b a s i s  

of economics i n  order  t o  i d e n t i f y  t h e  opt imizat ion of subs t a t ion  and t h e i r  

u t i l i t y  a s  a  whole i n  t h e  most favourable  manner. This paper analyzes the  

c o s t - a v a i l a b i l i t y  funct ion of any subs t a t ion ,  

Under t he  condit ions of a given element o r  equipment, from re- 

l i a b i l i t y  p o i n t  of view, s t a r t i n g  from c e r t a i n  condit ions imposed on the  

one hand by t h e  system and on t h e  o t h e r  by t h e  consumers t o  be suppl ied ,  

t h e r e  r e s u l t s  a  c e r t a i n  number of a l t e r n a t i v e  conf igura t ion  f o r  t h e  sub- 

s t a t i o n  under t he  design s t age ,  These a l t e r n a t i v e s  a r e  t o  be anaPysed i n  

order  t o  e s t a b l i s h  t h e  optimum t e c h n i c a l  and economic so lu t ion .  I n  genera l ,  

t h e  c o s t  of a  subs ta t ion  over a  given number of years  (presumably equal  

t o  i t s  l i f e  time) is composed of t h e  following major items: 

and 

i. Capi ta l  investment 

ii. Operating charges 

iii. c o s t  of s e rv i ce  i n t e r r u p t i o n  t o  t h e  customers 

From the  sum of a l l  t h r e e  i tems any r e s i d u a l  value of t h e  invest-  

ments i s  subt rac ted .  

The c o s t  takes t h e  gene ra l  form: 

where 

I i  : t he  investment i n  t h e  year  i (i=l, 2 ,  3 ,  ...., n) 



annual operat ing expenditures  year 

n : number of operat ing years  comprised i n  t he  a n a l y s i s  

Updating r a t e  ( i n t e r e s t  r a t e )  

D i  : average damage caused t o  consumers i n  year i by forced  

outages of t h e  power supply 

V r i :  r e s i d u a l  value i n  year  n of t h e  investments i n  t h e  

year  i. 

P Cost of Serv ice  I n t e r r u ~ t i o n  

This  s tudy is  pr imar i ly  concerned with t h e  t h i r d  component of 

c o s t  D which is seen t o  be composed of two p a r t s .  

where 

Dd : d i r e c t  damages caused by forced outage 

Ds : add i t i ona l  damages (wages, opera t ing  cosb, abatement 

during forced ou tage ) .  

The c o s t  of d i r e c t  damage i s  subdivided i n t o  two p a r t s  

D d = d l + K t d  d2 

where 

d l  : t h e  value corresponding t o  t h e  damage caused by a power 

in t e r rup t ion  longer  than,  o r  equal t o ,  a c r i t i c a l  time t o .  

t d  : power supply r e s t o r i n g  time 

K : a f a c t o r  which accounts f o r  the  r e s to r ing  time of t he  

technological  process  a£ t e r  an outage period of t d  (K> 1) . 

d2 : damage i n  monetary u n i t  per  hour. 

2 Cap i t a l  Cost a s  Related t o  A v a i l a b i l i t y  

The at tempt  t o  increase  t h e  " r e l i a b i l i t y "  of subs t a t ion ,  i . e .  

i t s  q u a l i t y  t o  maintain power s e r v i c e  con t inu i ty  a f f e c t s  t he  components 





of t he  c o s t  breakdown of equation (1). A s  i l l u s t r a t e d  i n  the  ske tch  of 

f i g .  ( l ) ,  both t h e  c a p i t a l  investment and the  operat ing cos t  would increase  

a s  t h e  r e l i a b i l i t y  increases .  This i s  l o g i c a l  s ince  the  r e l i a b i l i t y  can 

only be improved by using ex t r a  equipment t o  s u s t a i n  the  system opera t ion .  

The t h i r d  component of c o s t ,  i . e .  t h e  c o s t  of s e rv i ce  i n t e r r u p t i o n  

w i l l  decrease a s  t h e  system r e l i a b i l i t y  increases .  An optimal p o i n t  where 

the  o v e r a l l  c o s t  i s  minimum must e x i s t .  I t  i s  the  purpose of t h i s  chapter  

t o  d i scuss  t h i s  aspec t .  

I n  t h e  following ana lys i s  t h e  running (operat ion)  c o s t  is  assumed 

neg l ig ib l e  compared t o  c a p i t a l  cos t .  This i s  becoming more of a  f a c t  es- 

p e c i a l l y  with modern iron-clad subs t a t ions ,  The compromise i s  made only 

between c a p i t a l  c o s t  and the  c o s t  of forced outage. 

The o v e r a l l  c o s t  over t h e  l i f e  time of t he  component may then  

take  t h e  genera l  form 

where 

the  f i r s t  term i s  the  c a p i t a l  c o s t ,  and the  second term is  the  

c o s t  of s e rv i ce  in t e r rup t ion .  The monetary updating r a t e  is neglected 

i n  both terms. 

y  : c o s t  of one component 

n  : number of p a r a l l e l  redundant components 

x  : c o s t  of 1 hour s e rv i ce  i n t e r r u p t i o n  

rr p r i c e  of 1 KWH x  Kw r a t i n g  

m : l i f e  time i n  years  

8700 : hours/year 

( l - ~ ) ~  : u n a v a i l a b i l i t y  of one component 

For proper  eva lua t ion  of t he  e f f e c t  of var ious parameters,  t h e  

t o t a l  c o s t  i s  expressed r e l a t i v e  t o  t h e  c a p i t a l  c o s t  of t he  component 

i . e .  (c/y) g iv ing  

C - = n + 8700 (z) m (1 - A ) "  
Y Y 
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Three parameters  a r e  seen t o  in f luence  t h e  r e l a t i v e  c o s t  ( c / y ) ,  

namely, t he  number of  u n i t s  i n  p a r a l l e l  n,  t h e  l i f e  time m i n  yea r s ,  t h e  

r e l a t i v e  s e rv i ce  i n t e r r u p t i o n  c o s t  x/y i n  hour-', and t he  a v a i l a b i l i t y  of 

one u n i t  A. The op t imal  number of p a r a l l e l  u n i t s ,  i . e .  t h a t  g iv ing  t h e  

lowest  r e l a t i v e  t o t a l  c o s t  is obtained by s e t t i n g  

That  i s ,  

1 + $3 (1 - A ) ~  I n  (1 - A) = o 

where 

$3 = 8700 (t) m 

whose so lu t i on  is 

1 1 
n~~ = In (1 - A) 

In 
[ - @.In  (1 - A) I '  . . . . (5)  

-** 

To demonstrate  t h e  e f f e c t  of t h e  parameters  m ,  x/y and A on t h e  

op t imal  number n  F ig s .  (2)  , ( 3 )  and ( 4 )  were p l o t t e d .  

The fol lowing remarks a r e  made 

A s  t h e  expected l i f e  t ime of t h e  s u b s t a t i o n  equipment prolongs t h e  

number of p a r a l l e l  u n i t s  should be increased  t o  achieve economical 

op t ima l i t y  , 

More u n i t s  i n  p a r a l l e l  should be used a s  t h e  r e l a t i v e  c o s t  of s e r v i c e  

i n t e r r u p t i o n  i nc r ea se s ,  meaning higher  c o s t  of damage and/or cheaper 

subs t a t i on  equipment. 

Re l i ab l e  equipment should be fewer i n  p a r a l l e l  number than l e s s  re -  

l i a b l e  ones,  

Cost of Serv ice  I n t e r r u p t i o n  

The eva lua t i on  of t h e  parameter x ,  c o s t  of  s e r v i c e  i n t e r r u p t i o n  

p e r  year  is no t  always a  s t r a i g h t  forward e x e r c i s e .  Two approaches may 

be evoked: 



The f i r s t  approach eva lua tes  t h e  c o s t  of i n t e r r u p t i o n  by the impact on 

na t iona l  economy a t  l a r g e .  Although t h i s  approach i s  t h e o r e t i c a l l y  ac- 

cu ra t e ,  y e t  i t s  implementation i s  r a t h e r  d i f f i c u l t  and may lead  t o  se- 

rims e r r o r s  stemming from ignored parameters,  I t  i s  bel ieved t h a t  t h i s  

approach may only be followed when dea l ing  with heavy and s p e c i a l l y  c r i -  

t i c a l  i n d u s t r i e s ,  

The second approach, hich is  s u i t a b l e  f o r  r u r a l ,  suburban co rnun i t i e s  

and small  i n d u s t r i e s ,  equates  t h e  c o s t  of i n t e r r u p t i o n  t o  t he  l o s s  of 

revenue which t h e  u t i l i t y  would otherwise r ece ive ,  I n  t h i s  case t h e  in- 

t e r r u p t i o n  c o s t  i s  given by 

C = W, z .  r .  

where 

w : is t h e  power demand i n  KW 

z : is  t h e  c o s t  of one KWH 

r : is  the  annual average i n t e r r u p t i o n  time (hours) 

The i n t e r r u p t i o n  time r is  r e l a t e d  t o  t h e  subs t a t ion  a v a i l a b i l i t y  

A 

r =  ( 1 . - A )  T ( 7 )  

where, T  i s  t h e  per iod  of  s tudy,  normally taken a s  8760 hours/year.  Based 

on t h i s  approach a l l  following analyses w i l l  r e l a t e  t h e  subs t a t ion  c o s t  t o  

i t s  o v e r a l l  a v a i l a b i l i t y  A ,  

3 -1 E f f e c t  of Redundancy 

To show t h e  r e l a t i o n  between c a p i t a l  c o s t  of subs t a t ion  scheme 

and i t s  a v a i l a b i l i t y ,  t h e  c a l c u l a t i o n  of t h e  c o s t  and a v a i l a b i l i t y  when 

adding elements i n  p a r a l l e l  t o  o r i g i n a l  s i n g l e  element w i l l  be made. 

I n  i t s  simple form the  r e l a t i o n  between c a p i t a l  c o s t  and ava i l -  

a b i l i t y  i s  d i r e c t ,  An inc rease  i n  a v a i l a b i l i t y  must be e f f ec t ed  by a  cor- 

responding increase  i n  t h e  c a p i t a l  cos t .  To i l l u s t r a t e  t h i s  concept,  

simple con£ igu ra t ions  a r e  assumed where a v a i l a b i l i t y  i s  estimated a s  t he  



degree of redundancy inc reases .  The e f f e c t  on t h e  c a p i t a l  c o s t  i s  as- 

sumed, l og ica l ly ,  t o  be p ropor t iona l  t o  the  number of elements. Without 

l o s i n g  gene ra l i t y  and f o r  b e t t e r  i l l u s t r a t i o n  t h e  comparisons among various 

schemes a r e  made with t h e  following assumptions: 

(1) A l l  p a r a l l e l  elements a r e  i d e n t i c a l  

(2) The number of p a r a l l e l  elements can no t  be more than four .  

(3) A l l  components have t h e  same l i f e  time which i s  thus f ixed .  

(4)  A l l  components have approximately equal  r e l a t i v e  cos t .  

For proper i l l u s t r a t i o n ,  imprac t ica l ly  small  a v a i l a b i l i t i e s  a r e  

sometimes assumed with no adverse e f f e c t  on the  g e n e r a l i t y  of ana lys is .  

The following s t e p s  show t h e  r e l a t i o n  between t h e  c o s t  and a v a i l a b i l i t y  

A f o r  d i f f e r e n t  f i gu res .  

i. Consider a single element 

Then 

Cost = 1 monetary u n i t ,  and the  t o t a l  a v a i l a b i l i t y  

A t  = A 

ii. Adding a  new element i n  p a r a l l e l ,  g ives  

Cost = 2  u n i t s ,  and a  t o t a l  a v a i l a b i l i t y  

A t  = A 1  + A2 - A1A2 

bu t  A 1  = A 2 ,  then 

iii. I n  the  case  where th ree  elements a r e  i n  p a r a l l e l  

Cost = 3  u n i t s  

A t  = A ( A ~  - 3A + 3) 

i v .  Four p a r a l l e l  elements w i l l  g ive 

Cost = 4  u n i t s ,  and 

At = 4A - 6~~  + 4  - 

The t o t a l  a v a i l a b i l i t y  of t he  above cases  f o r  d i f f e r e n t  values 

of  element a v a i l a b i l i t y  (0.7,  0.8 and 0.9) a r e  ca l cu la t ed  and a r e  sketched 

i n  f i g .  ( 5 ) .  
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3.2 E f f e c t  of S e t  Configurat ion 

The configurat ion subs t a t ion  switching s t a t i o n  c o n s i s t s  

of d i f f e r e n t  elements i n  s e r i e s - p a r a l l e l  combinations wi th  each o the r .  Ac-  

cording t o  t he  d e f i n i t i o n s  of elements and s e t s  adopted i n  another  r e p o r t  

t he  r e l a t i o n  between t o t a l  a v a i l a b i l i t y  r a t e  and the  number sf s e t s  can be 

ca l cu la t ed  f o r  d i f f e r e n t  number s f  configurat ion element,  

Given a  subs t a t ion  wi th  a  f ixed  number of s e t s ,  i . e .  a  f i xed  num- 

ber  of successive equipment, t h e  o v e r a l l  a v a i l a b i l i t y  of t h e  subs t a t ion  

may be increased by increas ing  t h e  number of redundant elements i n  a n y , s e t .  

An inc rease  i n  redundant elements implies  an increase  i n  c a p i t a l  c o s t .  This 

s i t u a t i o n  lends i t s e l f  t o  opt imiza t ion  where t h e  opt imal  numbers of p a r a l l e l  

elements per  s e t s  a r e  sought,  

4 The Avai labi l i tv-Cost  Map 
- - 

Having i d e n t i f i e d  t h e  ques t ion  of trade-off between c o s t  and ava i l -  

a b i l i t y ,  an at tempt  i s  made t o  o u t l i n e  the  poss ib le  means of optimizing 

t h a t  t rade-of f ,  t h a t  i s  t h e  maximum poss ib l e  improvement i n  r e l i a b i l i t y  with 

minimal expense. To do t h i s  t h e  a v a i l a b i l i t y - c o s t  map i s  defined a s  t h e  s e t  

of p o i n t s  descr ib ing  a l l  pos s ib l e  conf igura t ions  of a  subs t a t ion  p l o t t e d  on 

a  graph whose absc issa  i s  t o t a l  a v a i l a b i l i t y  and o rd ina t e  is  the  t o t a l  

c a p i t a l  cos t .  

The following parameters govern the  map: 

1. ~ v a i l a b i l i t y  r a t e  of each element 

2 .  Number of s e t s  i n  s e r i e s  

3 .  Number of p a r a l l e l  elements i n  each s e t  

4 .  Cost of elements 

To demonstrate t he  a v a i l a b i l i t y - c o s t  map, f o r  a  t h ree - se t  sub- 

s t a t i o n  t h e  e f f e c t  of varying t h e  numbers of elements on t h e  o v e r a l l  re- 

l i a b i l i t y  of subs t a t ion  i s  numerically l i s t e d  i n  Table ( a ) .  These po in t s  

a r e  p l o t t e d  i n  f i g .  (8) and those  r e f e r r i n g  t o  2-set and 4 s e t  subs ta t ions  



Table (a) No. of se ts  = 3 









a r e  p l o t t e d  i n  f i g .  (7) and (9) , r e spec t ive ly .  

The opt imiza t ion  process i s  made i n  two dimensional space which is  

r e f e r r e d  t o  here a s  t h e  a v a i l a b i l i t y - c o s t  map. 

Based on f i g .  ( 7 )  , (8)  and (9) , t h e  following conclusions a r e  made: 

i. 

ii. 

iii. 

i v  . 

A t o t a l  a v a i l a b i l i t y  r a t e  of t h e  subs ta t ion  may be reached 

by many combinations of elements per  s e t .  These combinations 

w i l l  n eces sa r i l y  g ive  d i f f e r e n t  t o t a l  c o s t  f i gu res .  

For a  given c o s t  t h e  scheme may e x i s t  i n  many d i f f e r e n t  £oms  

each having d i f f e r e n t  t o t a l  a v a i l a b i l i t y  r a t e s .  

The populat ion of po in t s  on t h e  a v a i l a b i l i t y - c o s t  map, i . e .  

t he  number of a l t e r n a t i v e  des igns ,  increases  a s  t h e  number 

of technically-imposed number of s e t s  increases .  

There e x i s t s  a " lowest  c o s t  envelop" of the  map which passes  

by t h e  p o i n t s  of lowest c o s t  f o r  each prospect ive a v a i l a b i l i t y  

r a t e  a s  shown i n  f i g .  ( 7 ) ,  (8) and ( 9 ) .  

4.1 Lowest Cost Envelop 

To reach a  mathematical i d e n t i f i c a t i o n  of "lowest c o s t  envelop" 

of a  given prospec t ive  subs ta t ion ,  t h e  following nota t ions  a r e  made: 

1, The t o t a l  number of scheme elements,  which i s  r e l a t e d  t o  

c o s t  quan t i t y ,  i s  denoted by n. 

2 .  The number of s e r i e s  s e t s  = /  

3 .  The number of p a r a l l e l  elements i n  the  ith s e t  = m i  i=l, 

4 . 2  Condition of Maximum Ava i l ab i l i t y  

The t o t a l  a v a i l a b i l i t y  of t h e  subs t a t ion  is  given by 

R 
where m l  = n 

I f  t h e  scheme c o n s i s t s  of 2 s e t s  only 



And i f  t he  scheme 

Asch3 " 

Therefore,  f o r  any number of s e t s  1, t h e  expression for the  t o t a l  ava i l -  

a b i l i t y  is  

= 1- [ (1-A) ml + (1-A)  m2 + . . . . + (1-24) mP] + smaller  terms 

Defining Q t o  be t h e  u n a v a i l a b i l i t y  of one dement,  i , e .  

A + Q = l  

Also de f in ing  the overaP% u n a v a i l a b i l i t y  s f  t he  system t o  be F, 

then according t o  equat ion (1%) 

The e r r o r  i n  t h i s  e q u a l i t y  will be d iscussed  l a t e r .  

Equation (1%) may be r e w r i t t e n  as 

1-1 
n- m i  

F = + p2 + + Q i=l 

Maximum a v a i l a b i l i t y  'is obtained a t  minimum u n a v a i l a b i l i t y  F .  

The condi t ion  f o r  minimum P i s  reached by d i f f e r e n t i a t i n g  t h e  above equa- 

t i o n  with r e spec t  t o  mg, m Z r  .... m i  and equat ing t o  zero. 



These c o n s t i t u t e  a  s e t  of -1 nonl inear  equa t ions  of t h e  form 
P-1 

Therefore,  

Qrnl 

g i v ing  

...... ...... r n l  = m2 = = m[-1 = m p  

For a  g iven  t o t a l  c o s t  t he  maximum a v a i l a b i l i t y  r a t e  of t h e  

scheme can be reached when each s e t  has  t h e  same number of p a r a l l e l  

elements.  This  i s ,  t h u s  t h e  d e f i n i t i o n  of t h e  " lowest  c o s t  envelop." 

5 The Case of Unequal A v a i l a b i l i t y  Rates 

Suppose now t h a t  t h e  elements of each s e t  of t he  scheme have d i f -  

f  e r e n t  u n a v a i l a b i l i t y  r a t e s  (Q)  . Equation (13) becomes 
1- 1 

F = Q Y ~  + am2 + ...... + Q n - x m i  ...... 
2 1 

D i f f e r e n t i a t i n g  with  r e s p e c t  t o  t h e  number of p a r a l l e l  element 

..... i n  each s e t ,  ( m l ,  m 2 ,  m l )  



And so on until 

This set of equations is expressed by ar-1 

where r - 2, .,,. , 
Theref ore 

In Qr-I 
or, mr In Qr = mr-1 In Qr-1 + In ( 

In Qr 
1 

This relates the number of parallel elements in the rth set to that in 

the (r - 1) th set as follows: 

which can be written as 

m, = A, m,,l + br 

where, 



I n  the case where a l l  elements have the  same unava i l ab i l i t y  r a t e  

Qr = Qr-I. 

s u b s t i t u t i n g  i n  equat ion (19) 

Then 

and 

which i s  t h  

a = l  

e  same r 

, b = O  

e s u l t  obtained e a r l i e r .  

The implementation of condi t ion  (20) i s  a t t a i n e d  a s  fol lows:  

i. By wr i t i ng  down the  1-1 l i n e a r  equat ions it w i l l  be c l e a r  

which s e t  should have the  minimum number of p a r a l l e l  

elements. 

ii. This s e t  should be made t o  conta in  one element. 

iii. The o the r  s e t s  w i l l  subsequently have elements i n  p a r a l l e l  

d i r ec t ed  by t h e  equat ion (20) .  

A l t e rna t ive ly ,  an upper l i m i t  may be p u t  on t h e  cos t  and the  

maximum a v a i l a b i l i t y  t h a t  can be reached wi th in  t h a t  l i m i t  i s  sought. 

The c o s t  l i m i t  amounts t o  a  l i m i t  on t h e  number of elements n. I n  t h i s  

case  t h e  equat ions (20) i s  supplemented by t h e  equat ion:  

m l  + m2 + m 3  + .... + m5 = n 

I n  matr ix form t h i s  appears a s  





Conclusions 

(1) The t o t a l  c o s t  of subs ta t ion  components i s  composed of t h e i r  

c a p i t a l  c o s t  p lus  the  c o s t  of s e rv ice  in t e r rup t ion  taken over 

a  pre-specif ied number of years .  The add i t ion  of an e x t r a  

component i n  redundance increases the  f i r s t  c o s t  p a r t  and re-  

duces the  second, an optimal s i t u a t i o n  i s  s a i d  t o  e x i s t .  

( 2 )  The parameter i n£  luencing the  optimal number of redundant 

components a r e  t h e i r  i n s t a l l a t i o n  c o s t  r e l a t i v e  t o  the  cos t  

of energy, t h e i r  forced outage r a t e  and t h e  design l i f e  time 

of the  subs t a t ion .  

( 3 )  The lowest c o s t  envelop i s  introduced a s  t h e  locus of mini- 

mal c o s t  a l t e r n a t i v e  configurat ion of subs ta t ion .  

(4) I f  a l l  components have approximately equal  a v a i l a b i l i t i e s  

and p r i c e ,  then opt imal i ty  i s  reached when t h e  numbers of 

redundant components f o r  a l l  apparatus a r e  made equal .  
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D A T A  A C q U I S I T I O N  
A N D  A P P L I C A T I O N  O F  S U B S T A T I O N  R E L I A B I L I T Y  E V A L U A T I O N  

IN E G Y P T  

A b d e l  Ghany Y o u s s e f  



DATA ACQUISITION 

AND APPLICATION OF SUBSTATION RELIABILITY EVALUATION 

IN EGYPT 

Eng. a d e l  Ghany Y ,  Mohmed 

I n  app l i ca t i on  t o  a  t y p i c a l  Egyptian subs t a t i on ,  t he  K a f r  EB- 

Sheikh 66/11 kQ subs t a t i on  was chosen. The capac i ty  of t h e  t ransformer 

is  2  x 4 M.V.A. I t  is f ed  from a  switching s t a t i o n  of drainage No.7 v i a  

two c i r c u i t s  a t  66 kQ. The ou tpu t  goes on s i x  feeders  Q% 11 kV two of 

which feed  t h e  Municipal i ty;  two f eede r s  supply a  f a c t o r y  and the  bas t  

two f eede r s  feed the  l o c a l  v i l l a g e s .  

The s i n g l e  l i n e  diagram of t h e  subs t a t i on  is  i l 1 u s t r a t e d  i n  f i g .  

( l l a n d  i t s  c ~ n s e q u e n t  l o g i c  scheme is  i l l u s t r a t e d  i n  f i g , ( 2 1  The d a t a  re-  

quired t o  run the  subs t a t i on  r e l i a b i l i t y  eva lua t ion  package SUBSCBM a r e  

p r imar i l y  t he  equiva len t  r a t e s  of f a i l u r e  and r e p a i r  of t h e  system elements. 

Those r a t e s  a r e  ca l cu l a t ed  from the  record  of components f a i l u r e  and re-  

p a i r ,  Table I shows a t y p i c a l  Bog, s h e e t  f o r  a  p a r t  of t h e  s tud i ed  sub- 

s t a t i o n .  The t h e  t o  f a i l u r e  and r e p a i r  a r e  l a t e r  ga thered  and used t o  

eva lua t e  t h e  f a i l u r e  and r e p a i r  r a t e s .  









Matrix K l  

For the substat ion the matrix Kb i s  formed below: 

The number of a l t e r n a t i v e  pa i r s  of elements = a = 1 

Matrix K2  

The matrix K2 i s  a l s o  created as shown here inaf ter  



Equipment-Element Matrix with Failure and repair vectors 

Matrix K3 

As produced by the computer the matrix K3 is given as follows: 







SECTION I V  

POW SYSTEM RELIABILITY ASS 

TWORK RELlA 



Report No. 1 

CUT-SEP/MAXIMUM FLOW APPROACH 



MINIMUM CUT-SET/MAXIMUM 

FLOW APPROACH 

This report describes the maximum flow-minimum cut set  approach to  the evalua- 

tion of composite power system rel iabi l i ty .  The algorithm can be applied t o  any 

electrical power grid t o  determine i t s  re l iabi l i ty  indices. A grid may consist of 

any number of generating stations and transmission lines,  and i t  may feed any 

number of load points. By using this algorithm, the minimal cuksets of a network 

can be determined, hence its probability and frequency of failure can be calculated. 

A1 so by using th is  a1 gorithm, the maximum flow of power that can be transmitted 

from the se t  of the generating stations of the network t h r o u g h  i t s  transmission 

lines to any load point on i t  can be determined. Reliability indices such as the 

loss of load probability "LOLP" and the demand not served "DNS" of any power net- 

work can thus be estimated. 

, GENERAL DEFTNITIONS 

I P. graph: consists of a set  of buses and a se t  of pairs of buses called elements. 

A graph i s  connected i f  there exists a path from any bus i t o  any bus j. In a 

directed graph, the pairs of buses are ordered, indicating the unidirectional 

flow capabil i ty  of the element, 

II A Cut-Set: KS L ,  i n  a directed graph containing a source node, S , and a 

demand node, L ,  i s  deflned as a set  of elements whose removal from the graph 

breaks al l  directed paths from bus S to bus L.  The set  of a l l  such S-L cuts 

i s  denoted by K. 

111 The capacity of Cut-Set: c(KSFL) , i s  the sum of the capacities of a1 1 the 

elements defining the KS c.l cut. 



IV A minimum Cut-Set: C ( M )  i s  a cut whose capacity i s  less than o r  equal ts the 

Capacity of any other S-L cut. I t  i s  possible t o  have more than one minimum 

cut se t  graph.  

MINIMUM CUT-SET MANrPULATfON 

In the minimal cut the blocks are in parallel as a l l  of them must f a i l  to 

produce a cut. The minimal cuts themselves are,  however, in series as even a 

single cut ensures failure.  Denoting the fai lure of the i  t h  cu t  se t  by ti, the 

probability of system fai lure i s  

the t 

n-1 - 
+ ( -1)  [ P ( E ~ ~ ~ ~ ~ * . ~  c,)](:) terms 

a1 number o f  terms in this  expression i s  2n - 1 whenre n i s  the 

number of cut sets.  I t  can be seen from equation (2) that the independence 

of components need not be postulated. All t h a t  i s  needed i s  the evaluation of 

a l l  the terms of the expanslon ( 2 ) .  In the case of dependant fai lures,  however, 

the entire s ta te  transition diagram may have to be drawn t o  evaluate the above 

terms. This method i s  therefore o f  importance for independent components. As 

the number of cut sets  increases, the expansion of a l l  the terms becomes a 



formidable task. In such cases, useful approximate formula can be obtained by 

Bool'!Wnequal i ty: 

Therefore, i f  only the f i r s t  row in the expansion ( 2 )  i s  calculated, the result  

will be an upper bound approximation. This upper bound becomes a good approxima- 

tion when the component r e l i ab i l i t i e s  are h i g h .  As the components are assumed 

independent, i . e . ,  

the probability of fai lure of a system can be obtained when the minimal cut i s  

obtained. 

MATHEMATrCAl: BASTS 

When the re l iabi l i ty  block diagram i s  small, the se t  of minimal cuts can 

be found by visual examination. In a large network such an examination could be 

very laborious and perhaps even impossible. Maximum flow-minimum cut a1 gori t h m  

i s  used to detrmtne the minimal cut sets of any network. This algorithm i s  

based on the maximum flow-minimum cut theorem. 

Maximum Flow-Minimum C u t  Theorem 

The theorem states  for  the following 

For a1 1 feasible flow pattern of any network the maximal flow value from 

source S to sink L i s  equal t o  the minimal cut capacity of a1 1 cuts 

separating S and L. 

Feasible Flows - 

In th is  ~ e p o r t  only feasible flows are dealt with: The following conditions 
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or decreased. Clearly, this  amount depends on the amount of flow 

available a t  the labeled bus and the flow-capacity relationship of 

the element connecting the two buses. Two cases can occur. 

1 ) If the flow through the element connecting the labeled and unlabeled 

buses being considered say element m, flows from the unlabeled 

bus j to the labeled bus i indicated by F L m ( j  , i ) ,  then the 

amount of flow can be decreased in el ement ( m )  , FLm i s  

FL, = MINIFBi, C, + FL,(j,i)] ( 5 )  

where 

FBi i s  the flow available a t  bus ( i )  

Cm i s  the capacity of element ( m )  

2 )  If the flow in element m , FL,(i,j) i s  from the labeled bus i 

t o  the unlabeled bus j , the amount that the flow can be increased 

inelement m ,  FL,is 

FL, = MINIFBi , C, - FL,(i,j)] ( 6  

Given the rules for labeling a bus, the procedure for labeling a 

graph so as to identify an augmentation path i s  as follows: 

1 - Label bus S by (S, + , u, ) . S i s  now labeled and unscanned 

and a1 l other buses are unlabeled. 

2- Select any labeled unscanned bus i ( in i t i a l ly  S )  , then: 

a )  For a1 1 unlabeled and unscanned buses j connected to i 

through element m in which FL,(~ , j )  > 0, label bus j 

by 0, - , FL,) 

where FL, i s  given by equation (5)  
>.,--a? - - 

Bus j i s  now labeled b u t  unscanned. 



b )  For a l l  unlabeled and unscanned buses j connected to i 

through element m in which FL,(i , j ) ,  0 , label bus j by 

3 + 3 FL,) 

where FL, i s  given by equation (6 , ) .  

Bus j i s  now labeled b u t  unseanned. Bus i now has been 

scanned. 

3- Repeat step 2 untfl bus L i s  labeled and unscanned or until 

no more labels can be assigned and the demand bus L i s  unlabeled. 

In the former case, go t o  augmentation routine (3.4.2) ,  in the 

l a t t e r  case terminate the algor i thm.  The flow i s  maximum and the 

set  of elements leading from labeled to unlabeled buses i s  a 

minimal cut, 

I n  the f i r s t  case, the augmentation path has been established, the 

augmentation routine i s  employed to augment the flow from the 

source t o  the s i n k ,  

Augmentation Routine 

The routine i s  a methodological procedure using the labeled graph for 

actually augmenting the flow. The process i s  started w i t h  the sink (demand 

bus L )  and the logic for the routine i s :  

If the label on the demand bus i s  ( i ,  + , FL,), then increase the flow 

through the elements of the augmenting path by the amount ( FL,). However, 

i f  the label i s  [i ,  - , FL &I, then decrease the flow through these elements 

by an amount ( FL,). If the source bus S i s  reached, erase a l l  labels and 

return t o  the labeling routine. The feasible flow pattern used in the 

labeling routine will consist of the original plus augmental flows. This 

labeling-augmentation procedure only stops when labeling routine cannot 



proceed to label more buses. Hence, the minimal cut s e t s  of any network can 

be determined by th i s  algorithm. 

RELIABrLrTY INDrCES 

The probability o f  system fa i lu re  can be calculated using equations. (3 )  

and ( 4 )  as one of the re1 i a b i l i t y  indices o f  the system. 

A1 so we can determine the loss of load probabil i ty  (LOLP)  and the Demand 

not served (DNS) of any network as another index of the Re1 iabil  i t y  by using 

t h i s  algorithm. This can be done as follows: 

Given that  each element i n  the system under study can reside in e i ther  

the (0)  s t a t e  with probability qn  in which i t  has no capacity and i s  out of 

service or the (1) s t a t e  with probability pm in which i t  has capacity Cm and 
E i s  in service. The system will have 2 d i s t inc t  capacity s ta tes  X i ,  i = 

E 1 , . . . 2 where E i s  the number o f  el ernents. Obviously, the upper and lower 

1 imiting s ta tes  denoted by 2 and I!'-l X , within which a l l  other s ta tes  exis t  

would be s t a t e  2 = (13 1 ,  ... 1 )  and s t a t e  X =  ( 0 ,  0 ,  0, ... 0) .  

E Associated w i t h  each of the 2 s t a t e s  i s  a probability f ( X i )  that  i t  will 

occur, for example, the probability f[?) that  the system will reside in the 

upper limiting s t a t e  i s  

Similarly, the probability tha t  the system will reside in the lower limiting 

s t a t e  would be 

In general, the probability t ha t  the system will reside in any s t a t e  
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Limiting System States 

I n  order t o  calculate the re l i ab i l i ty  indices given by equations ( 7 )  and 

(8),we must look for methods of grouping the capacity states into subsets, 

where each subset will contain capacity having common characteristics to 

f ac i l i t a t e  determining of the information desired. For this  purpose, i t  i s  

desirable to define capacity s ta te ,  call ed upper and lower cr i t ica l  capacity 

s tates  and denoted by Su and SL such that any system state  X i  i s  greater 

or equal to Su i s  acceptable and any capacity s tate  X i  i s  less than SL i s  

unacceptable. Those capacity s tates  SL\< Xi < S, will be defined as u n -  

classified, meanlng that ,  as given, Su and SL are insufficient to 

ascertain the acceptabi l i ty  of these states.  Assume that a1 1 acceptable 

states are grouped i n t o  a subset denoted by A ,  similarly a l l  unacceptable 

s tates  are defined by subset B . Finally, l e t  the subset of a l l  remaining 

unclassified s tates  be denoted by u the process must be repeated until 

a l l  unclassified states are exhausted. After the f i r s t  classification step, 

i f  f ( u )  6 a , then further classification may be ha1 ted on the basis that 

the probability of the events defined by u taking place i s  too small t o  

be consfdered in the planning process. If f ( u )  i s  not sufficiently small, 

exhausting process must continue to  exhaust a1 1 unclassified s tates  into 

acceptable or unacceptable states.  

Determining The, Upper And Lower Critical Capacity States Su -- and SL 

To determine the upper cr i t ica l  capacity s ta te ,  the following procedure 

i s  considered 

1 )  Using the maximum flow-minimum cut algorithm, obtain a feasible flow 

pattern for the network and load profile being c o n s i d e r e d ( f ~ ~ ) ,  

m = 1, --- E, 



2 )  Determine the s ta te  values fo r  each element of Su using the feasible 

flow 1, as follows: 

V u m  = 0 i f  FL, = 0 

Vum = 1 i f  O < F L , < C ,  

The lower c r i t i ca l  capacity s t a t e  i s  determined by establishing a feasible 

flow pattern i n  the network for  each different  single contingency s t a t e  ( the 

loss of one element only in the network). For contingency i then V i  = 0, 

and the system resides in s t a t e  Xi = (V1, V2, . , V,, . . . , VE) where a l l  

'$ a re  not equal to 1 equal I I - ~ C '  

1 4 ~  ' i  L Using the philosophy, i f  w i t h  element 1 

out, V i  = 0, the maximum flow through the system i s  less  than the demand then 

n o t  only i s  t ha t  s t a t e  unacceptable, b u t  a l l  s ta tes  in which Vi = 0 will be 

unacceptable. By analyzing one single contingency s t a t e ,  in e f fec t  we class i fy  

a number of s ta tes  and avoid complete enumeration. The procedure for  determining 

SL i s  as follows: 

1- Remove element i from the network 

2- Using the maximum flow algorithm, establish a flow pattern in the network. 

3- Set the i t h  element of SL = (J10 VZ0 , ' .  ., "io , 'EO ) 

as follows: 

V i L  = 1 i f S R  i s l e s s t h a n  LD 

V i L  = 0 i f S R  i s e q u a l  to  LD 

4- Augment i i  + 1 and return to  step 1. 

Repeat until i = E and stop,  since SL i s  then completely known. 

Then by calculating Su and SL we can define acceptable s ta tes  

(xi* S,) and unacceptable s ta tes  (Xi c SL)  and then i f  f (u) s a , then we 

can consider the unacceptable s t a t e s  from the f i r s t  decomposi t i  on and calculate 



the reliability indices for the network, otherwise we decompose the unclassified 

S (u  .) and S ( u  ) and stop decomposition if f ( u )  -< * 
u J L j 
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Computer A1 g o r i  thm 

"TRANSPO" 

T h i s  r e p o r t  d e s c r i  bes t h e  computer a1 g o r i  thm developed i n  t h i  s  s t u d y  

and r e f e r r e d  t o  as "TRANSPO" ( T r a n s p o r t a t i o n  Model 1  i ng o f  Power Systems).  

The a1 g o r i  thm app l  i e s  t h e  p r i n c i p l  es o u t 1  i n e d  i n  t h e  f o r e g o i n g  c h a p t e r  t o  

de te rm ine  t h e  r e l i a b i l i t y  o f  a  compounded power network i n  s u p p l y i n g  power 

t o  a s p e c i f i e d  l o a d  p o i n t .  The program i s  t e s t e d  and i t s  c a p a b i l i t i e s  

demonstrated t h r o u g h  an executed p rocedura l  example power system. The 

package i s  f u l l y  implemented i n  t h e  n e x t  c h a p t e r  b y  a p p l y i n g  i t  t o  t h e  

220 kV power g r i d  o f  l o w e r  Egypt .  

COMPONENTS OF THE ALGORITHM 

The computer package TRANSPO i s  w r i t t e n  i n  FORTRAN language and i s  

composed o f  two segments, namely main segment and t h e  MAXFL s u b r o u t i n e .  

Main Seament 

I t  f u l f i l l s  t h e  f o l l o w i n g  o b j e c t i v e s  subsequen t l y  

i . P r e p a r a t i o n  o f  a  f u l l  d i g i t a l  d e s c r i p t i o n  o f  t h e  g r i d  under s t u d y .  

ii. Enumerat ion o f  a l l  s t a t e s  i n  wh ich  t h e  system may p o s s i b l e  r e s i d e .  

ii i . C l a s s i f i c a t i o n  o f  system s t a t e s  i n t o  "accep tab l  el1 and "unaccept -  

a b l e " .  T h i s  i s  done th rough  t h e  d e t e r m i n a t i o n  o f  t h e  upper and 

l o w e r  l i m i t i n g  s t a t e s .  

i v .  E v a l u a t i o n  o f  t h e  l o s s  o f  l o a d  p r o b a b i l i t y  "LOLP" and t h e  demand 

n o t  se rved  "DNS". 
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MCUT 

Counter for a1 1 possible paths 

Counter for possible paths where the buses a t  their ends can be labeled 

Counter for possible paths where the buses a t  their ends are n o t  yet 

labeled in addition to fu l f i l  1 ing the previous condition. 

Indicator t o  demonstrate whether the demand bus i s  labeled or n o t  during 

labeling process. 

Counter for minimum cut links 

INPUT DATA 

The presented package accepts for study as any electr ic  power network, 

typically composed of buses (nodes) and elements (1  inks). The bus may be a load 

bus, a power station bus or both. A link in th is  study i s  understood to be a 

transmission line. The data required t o  run the algorithm on computer are the 

following:- 

i .  The power-carrying capacity of the transmission lines in per unit. 

i i .  The capacity of the generating stations in per unit. 

i i i .  The outage rates of the transmission 1 ines and the generating 

stations. 

iv. The peak load demand a t  any point on the network in per unit. 

DATA PROCESSING 

I n  an example procedural network, shown in f ig  (1 ) ,  the stage which the data 

processing undergoes wi 11 be demonstrated as fol 1 ows : 

i .  All buses of the network are numbered 

i i .  A dummy source bus i s  created. The capacity of the 1 inks between th is  

bus and the generation buses are in fact the capacities of the generating 

stations. 



Fig. ( 1 ) Three - bus sys te 

Ideal 
Source 4 

'I 

Fig. ( 2 ) Feasible f low pattern for three bus system 

Fig. ( 3  ) Matrix c PF 



i i i .  A dummy load bus i s  created which connects the network t o  the true load. 

The capacity of the dummy link between the actual demand bus and the 

dumny demand bus i s  equated to the value of the load required t o  be fed. 

iv. The capacity of the link connecting a pair of actual buses i s  the power- 

carrying capacity of that 1 ink (transmission l ine).  

In  applying these steps on the three bus system shown in fig ( I ) ,  buses (1 ) 

and ( 2 )  represent the two generating stations. 

The network i s  assumed to  feed a certajn load of value 4 p .u .  represented 

by bus ( 3 ) ,  as shown in f ig.  ( 2 ) .  The dummy source bus i s  bus (4) .  The capacities 

of the links 4-1, 4-2 C 1 and C 2 represent the capacities of the generating 

stations, their value are identical and equal t o  2 p . u .  The dummy load bus i s  . 

bus (5 ) .  The capacity of the link 3-5 i s  equal four per unit (the value of the 

load). There are three transmission 1 ines in the shown grid as follows: 

The 1 ine C 3 i s  between bus (1 ) and bus ( 3 )  and i t s  capacity equals to two per 

unit. 

The 1 ine C 4 i s  between bus ( 1 )  and bus ( 2 )  and i t s  capacity equals t o  three per 

unit. 

The line C 5 i s  between bus ( 2 )  and bus ( 3 )  and i t s  capacity equals to four per 

unit. 

System Description 

* A matrix (CPF) i s  constructed which has a dimension (4 , IPATH) ,  IPA'TH being 

the number of a l l  existing paths t o  the different nodes taken one a t  a time 

and without duplication a t  the source and load buses. 

In the shown example CPF i s  a (4x7) matrix as demonstrated by fig.  (3) .  

The f i r s t  and second rows describe pairs of buses, while the third row 



describes the corresponding capacity. The fourth row contains the 

calculated instantaneous value of flow t h r o u g h  th is  path, in i t i a l ly  the 

fourth row of the matrix i s  Pull of zeros. 

* An array (FORC)  i s  constructed whose dimension i s  equal t o  the number 

of elements in the network (IELE) and contains the value of forced outage 

rate of each element whether i t  i s  a generatgr or a transmission line. 

I n  the shown example, FORC i s  assumed t o  be the following value : 0.0005, 

0.0056, 0.0059, 0.0088, 0.0044. 

* An array ( K H )  i s  constructed whose dimension i s  IPATH and i t  assigns 

numbers, on one-to-one correspondence basis, t o  al l l inks defined in CPF. 

The values o f  KH in the shown example are 1,2,3,4,4,5,6. 

EXECUTION OF MAIN SEGMENT 

Referring t o  the flow chart of fig.  ( 4 ) ,  the main segment i s  found to pro- 

ceed as follows :- 

I )  Using the MAXFL subroutine, obtain a feasible flow pattern for the 

network. 

11) A matrix CPFL i s  formed with dimension ( ~ , I E L )  whose columns represent 

the elements of the network instead of paths as in CPF. I t  represents 

the elements of the grid plus the dumy element, f e e . ,  IEL = IELE + 1. 

111) The upper limiting s ta te  (IvU) i s  deternimed as follows: 

IVU (-1) = 0 i f  CPFL (4 , I )  = 0 

IVU ( I )  = 1 i f  CPFL (.4,1) .> 0 

and CPFL @ , I )  6 CPFL (3 , I )  

for a1 1 val ues of I between l , and IELE 

IVU in the example i s  calculated and equals t o  1 ,I  , I  ,0,l . 



IV) The lower limiting s t a t e  (IVL) i s  determined as follows:- 

a- Remove element i from the network. 

b- Call the maximum flow subroutine MAXFL to  establish a new flow pattern 

in the network. 

c- IVL ( I )  = 1 i f  CPFL (4 , IEL)  < CPFL (3,IEL) 

IVL ( I )  = 0 i f  CPFL ( ~ , I E L )  = CPFL (3,IEL) 

where 

CPFL (3JEL) i s  the value of the load to  be sa t i s f ied  by the network 

and CPFL (4,IEL) i s  the f inal  calculated value of flow. 

d- Restore the i n i t i a l  values of the capacities of a l l  the elements of 

the network in the th i rd  row of the Matrix (CPF)  and restore the 

i n i t i a l  value of flow which i s  zero in the fourth row of the Matrix 

(CPF)  

e- Increase i -, i t 1 and return to  step ( a )  repeat until i = IELE 

and stop w k n  the value o f  (IvL) i s  completely known. IVL in the 

example i s  calculated and equals t o  1,1,0,0,1. 

V )  Generate a l l  the possible s ta tes  of the network one a t  a time, classify 

each s t a t e  ISTAT to  be unacceptable, acceptable or  unclassified. 

According to the following formulae ISTAT i s  acceptable s t a t e  

i f  ISTAT ( J )  5 IVU ( J )  

ISTAT i s  unacceptable s t a t e  

I f  ISTAT (3) < IVL ( J )  

ISTAT i s  unclassified s t a t e  

i f  ISTAT (3 )  < IVU (3)  

and ISTAT ( J )  5 IVL ( J )  



* I n  the shown example, there are thirty-two possible s ta tes  for  the system, 

twenty-eight unacceptable s t a t e s ,  two unclassified s ta tes  and  the  l a s t  two 

are  acceptable s ta tes .  

VI For each unacceptable s t a t e :  

a- Remove the elements which are out o f  service by equating the i r  capacit ies 

to  zero in the Matrix CPF, 

b- Call the maximum flow subroutine MAXFL t o  obtain the maximum power to  

be fed to the load, Calculate the loss o f  load in t h i s  s t a t e  "PLOSS" 

according to  the following formula: 

PLOSS = CPF (3,IPATH) - CPF (4,IpATH) 

VII- The probabil i t y  of occurrence of an unacceptable s t a t e  (PRST) i s  the 

product 

where i includes a l l  elements out of service in t h i s  s t a t e  

and j represents a1 l other operating elements. 

VIII- The loss of  load probability of the system ( A L O L P )  i s  equal to the 

summation of the robabil i t y  of a l l  unacceptable s ta tes .  
f o r  a9 

ALBLP = c 
7 

PRST 

unacceptabl e 
s t a t e  

The demand not served (DNS) i s  equal to the summation of the product of 

the probability of each s t a t e  by the loss of load in t h i s  s t a t e  f o r  each 

unaceeptabl e s t a t e .  
for a11 

DNS = c PRST * PLOSS 

unacceptabl e 
s t a t e  

I n  the shown example, ALOLP = 0.01 & DNS = 0.021 



EXECUTION OF SUBROUTINE MAXFL 

This segment applies the maximum flow-minimum cut s e t  theory to  calculate 

the maximum power that  can be delivered t o  the load (sink) under a given system 

configuration. I t  performs three operations in succession, namely, the labeling 

process, the augmentation process and f ina l ly  the identification of the minimum 

cut se t .  

Labeling Process 

Labeling process i s  systematic search for  a flow augmenting path from an 

ideal source bus (15s) t o  the demand bus  (NBD) . This search i s  done in the MAXFL 

segment as fol 1 ows : 

I )  Start ing from the ideal source bus IBS, determine a l l  the possible paths 

for  flow a t  each bus and s tore  the index of these paths in array ( N C H )  

wi h t  1 ength 33. 

11) Selecting those paths which the buses a t  the i r  ends can be 1 abel ed, i .e. , 

t h e i r  capacities are  greater than the flow passing in them. That i s  to  

say restore only the index o f  paths which f u l f i l l s t h i s  condition. 

, CPF (3,NCH ( . I ) )  > CPF ( 4 , N C H  (1)) 

in the same array by counter 

IX < JJ 

terminate the algorithm when the labeling process cannot proceed more, 

i . e . ,  i f  IX = 0 

111) Selecting those paths which the buses a t  the i r  ends are  not yet  labeled, 

because in identifying an augmentation path, each bus i s  to  be examined 

a t  most one. That i s  to  say restore only the index of paths which 

fu1ifii;ils the condition. 



N B ( Z , N C H ( I ) )  # LAB(II) 

in the same array NCH with counter S I Y K  E X  

where 

NB i s  a matrix containing the bus number as ,  the f i r s t  two rows of 

the Matrix CPF. 

LAB i s  an array containing the index of buses being labeled, and 

1 S I I : S J  , and  

9 is  the number of labeled buses, and 

I i $ X  

4-L- 
1 rle algorithm f s t rminated when the labeling process cannot proceed 

further,  L e e ,  

i f  E Y  = 0 

IV) Checking whether labeling process has reached the demand bus or not, L e e ,  

NB(~,NCH(I)) = NDB 

1 < I < E Y  

V )  If the label ing process does not reach the demand bus, then label the 

buses a t  the end of the paths which fu l f i l l  a1 1 the previous conditions, 

according t o  the following formula 

FB(NB(2,II)) = MIN [FB(NB(I , I I ) )  ,(CPF(3,11) - CPF(4,II))I 

where FB i s  an array which contains the amount o f  flow available a t  

each bus, and 11 i s  the index o f  the considered paths 

i ,C II 4 IX 

VI) Return to step I ,  until the demand bus i s  f inal ly labeled and the 

augmentation path i s  completely identified. 



Augmentation Process 

This operation uses the results of the labeling process t o  evaluate new 

values for the flow t h r o u g h  the different elements. I t  must be followed by 

another labeling process, except when the load i s  readily satisfied. 

Augmentation runs along the following steps: 

I )  Erase a1 1 1 abel s previously assigned t o  the buses, i . e. , 

se t  L A B I T )  = 0 for 1 < I < J 

11) Augment the flow through the augmentation path by the amount of flow 

available a t  the demand bus, 

That i s  

CPF(4,K(J)) = C P F ( ~ , K ( J ) )  + FB [ NB(~,IPATM)] 

where 

K i s  an array containing index of considered paths during labeling 

process 

111) Decrease J by one, and return to step I 1  until the source bus i s  reached 

N B ( I  , K ( J ) ~  = IBS 

then return to the labeling process step I in 4.6.1 

The new feasible flow pattern i s  then used in the relabeling process. The 

two processes are repeated until the labeling process cannot proceed, or the 

value of load i s  readily satisfied. 

Processes 4.6.1 and 4 , 6 , 2  are then terminated. 

Minimum C u t  Set Identification 

The maximum flow-minimum cut se t  theory states that the minimum cut set  

elements are those connecting 1 abel ed and unl abeled buses af ter  the 1 abel ing 

process has been exhausted. The algorithm t o  apply this  fact and  determine the 



minimum cut se t  elements i s  as follows: 

I )  Transform CPF Matrix into GPFL Matrix using KH array t o  reach the actual 

elements sf the network 

11) Scan a l l  the buses of the actual network which are stored in the f i r s t  

two rows in t he  Matrix CPFL. A condition for the element connecting 

NB(1 , I )  and NB(2,I) to be a minimum cut element i s  that 

NB(I , I )  = LAB(I1) and 

NB(Z,L) + LAB(II) 
I % I  >, fEbE 

-I as 
As the maximum flow-minimumcut se t  theory s tates ,  that the sum of 

capacities of a11 minimum cut  elements i s  equal t o  the maximum flow a t  

the load bus. 



BLOCK DIAGRAM OF TRANSPO 

Calculate the upper limining state  
I V U  by using MXFL subroutine , 

y using MAXFL subroutine as many times 
s the number of elements of the system 

1 unacceptable and unclassified states.  I 

For each unacceptabl e s ta te ,  calculate 
the loss of load in that s tate  "PLOSS" 
using MAXFL subroutine 

Calculate the probability o f  occurrence o f  

that unacceptable s ta te  PRST using the 
forced outage rates of a l l  the elements 
of the system. 

F i g .  (4) 

Determine the loss of load probability 
of the system ALOLP and the demand not 
served ( D N s )  according t o  the following 
formula ALOLP = 'Z PRST 

DNS = Z PRST * PLOSS r 
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Service Continuity Assessment for the 
220 k v  power Network of bower Egypt 

The 220 KV power network of Lower Egypt  i s  composed of thfrty six 

transmission lines.  They are connected t o  each other through eighteen 

node points (Bus-Bars), eleven o f  which are purly load points, six 

generation points with local loads, and one pure generation node reoresenting 

the bulk power transfered from upper Egypt to lower Egypt, The 220 kv network 

i s  shown in Fig. (1 ) .  The station capacity a t  the generation bus-bars and 

the i r  local loads are l is ted in table ( I ) ,  and the load requirements from the 

220 kv  network are shown in Table ( 2 ) .  The forced outage rates of the transmission 

lines of the network are shown in Table ( 3 ) ,  while the forced outage rates of 

the generating stations are shown in Table ( 4 ) .  The power factor of al l  the 

loads and the generating stations of the network i s  considered t o  be the same 

and i t s  value i s  taken as 0.85. The power system analysis package of I.C.L. 

1900 series was used t o  determine the in i t ia l  load flow throughout the network. 

The TRANSPO package was applied t o  six individual parti'cularly important load 

points of the 220 KV network namely: 



0 Generating Station 

a Local Load 

F 220 KV NETWO 

F i g .  1 



Bus 
No . 

Power Delivery to the 220 kv 

Network 

Station Capacity 
MOW. 

Local Load 
M.W. 

Power C~n~tribution 
to 220 kv network 



L o a d  R e q u i r e m e n t s  from 

t h e  2 2 0  kv n e t w o r k  

- 
Bus 
N o  . 
- 

5 

6 

7 

8 

1 0  

11 

1 2  

1 3  

1 4  

1 5  

1 8  

1 9  

2 1  

P e a k  L o a d  
M.W.  

L o c a l  Generat ion 
( i f  any) M.W. 

L o c a l  Demand f r o m  
2 2 0  KV N e t w o r k ,  

MW 



Forced Outage Rates of Transmission 

Lines of the 220 kv Network 

Element 
No. 

1 

2 

3 

4 

5 

6 

a 
8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Forced Outage 
Rate 

7- 

Element 
No. 

Forced Outage 
Rate 

Capacity of each Transmission Line of the 
Network = 240 MW/circuit 



Forced Outage Rates of the Generators 

of the 220 kv Network 

Power 
Station 
No. 

Forced Outage Rate 

* 
Equivalent power transferred from Upper to 

Lower Egypt 

Table ( 4 )  

The forced outage rates listed in the above table 

are based on the exact boiler/turbine configuration of the 

station and using the individual FOR rates of each element. 

The given figure is the probability for the station to supply 

its full rated output power. 



The power system analysis package of I.C.L, 1900 series was used 

to determine the in i t i a l  load flow throughout the network, The normal 

flow through an element may be viewed as a constraint on the element's 

capacity to accept extra loading. All capacities of elements are there- 

fore reduced by amounts equal to the i r  respective normal loadinq, For 

each case, the power package was used to  determine the i n i t i a l  load flow 

throughout the network without considering the value of the load a t  that  

part icular bus-bar. Then the "TRANSPO" package was appl ied taking i n t ~  

account the value of the load a t  that  bus and the modified element capacities 

for that  case. The assessment of the six individual particularly important 

load points a t  lower Egypt from re l i ab i l i t y  point of view i s  tabulated 

in the fol lowing tab1 es: 



Peak Load 
MVA 

Loss of Load 
Probability 

* E is less than 0.04 x 

Table 5 

Bus bar No. 

Unserved Energy 
MW hr/year 

Loss of Energy 
Probability 

Location ( Principal Elements 

Wadi-Houf 

Cairo East 

Heliopolis 

Abis 

Abou-El-Matamir 

Table 6 



The equivalent global loss of load probability of the whole 

network i s  calculated also as a  resul t  of the TRANSPO packaae. Po 

calculate tha t ,  the common successful states have to be identified. 

These common successful s ta tes  represent the s ta tes  a t  which a l l  the 

different loads in the network are sat isf ied.  For any other s t a t e ,  

there i s  a  loss of load a t  one point in the network or another. 

The probabilities of the common successful s ta te  are calculated and 

equal to 0.99934. Hence the equivalent glo6al loss of load 

probabil i  ty of the whole network i s  equal to (1 -0.99934) = 0.00066 

i . e .  there i s  one whole day loss of load probability every four years. 

The global unserved energy of the whole network i s  calculated 

also as result  of the TRANSPO package. For each unacceptable s ta te ,  

there i s  a  certain amount of power los t  and th i s  s t a t e  exists during 

a  period of time, i . e . ,  there i s  a  certain amount of enerqy los t  in 

each unacceptable s ta te .  The global unserved enerqy i s  then calculated 

as the summation of the values of the unserved energy for a l l  the 

unacceptable states a t  each load point of the network. The unserved energy 

of the stx individual load points under study equals to 175.5 YW hr/year. 



The corresponding loss of energy probability i s  calculated as 

the dtvision of that  unserved energy b y  the t o t a l  amount o f  energy 

demand during the year, and i s  equal t o  0.189 x 1 om4. 




