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ABSTRACT

The reliability perfopmance of transmission and
distribution systems can be evaluated in quantitative terms.

by the application of probability methods •. This thesis
develops a simple and sequential approach for. the relia­
bility analysis of practical systems. A cut set approach
is utilized to form series-parallel representations of com­

plex 'system configurations. A consistent set of .equations
is used' in conjunction with the'. cut set approach to.evalu­
ate the outage frequency and duration indices at different
load points in the system.' The failures of individual power
system components may have quite different effects on the
total systein. In this thesis, component failures are model-

.

led with regard to. their system effects. This method of
modelling provides' a more accurate representation of com­

ponent and system behaviour. Reliability analysis of
.

practical systems often requires complex and time. consuming
computations. A digital computer program has been. developed
to minimize the labour involved. The program output pro­
vides a concise and orderly description of the various
combinations of events within .the system that could,result

. in an interruption" System reliability can be. improved
. .

by the judicious selection of maintenance policies •. This
thesis illustrates that maintenance policies cannot be deter-

. mined solely by qualitative considerations. Reliability
benefits associated with a component co-ordinated maintenanCe
policy are quantitatively evaluated.. The Cut' set approa� is
ext.ended to the' evaluation of frequency and duration of

.

overloads utilizing two additional indices of interrupted
load and energy to estimate the overload severity. The
application of. supply interruption'costs in the evalua-
'tion of economically justified investment is illustrated
in . this thesis. The· savings in the costs of supply inter-.
ruptions obtained'by the use of spare transformers, standby
units, additional facilities etc. can then be compared'
utilizing these. techniques, with the investment in these
facilities.
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1. INTRODUCTION

The demand for· electric power by our society· nas ...

been growing·at a rate of about 7% per annum.· In the face

of this growth rate, power utilities are constantly con-

... fronted with the problem of satisfying the needs of their

customers as economi.cal Ly as possible and with a reasonable
.. ": '

..
". .

.. .'

.

.

level of continu1t¥ and quality •

. .

The general public in

.

North America has. grown accus comed to .a. very high quality·
.

of eLeot.rd,c supply.
.

Both· industry and households have based
'. ".:

.

their operation on this highly reliable service. . The deter;';'·

mination of "how reliable the service should be?"· has been..

and will always be of considerable. conce rn to power system

engineers and managers.
.

Powe.r systems contain, by design ..

many redundant elements strictly for the purpose of Lncz-ea-.

sing the assurance of continuity and the p rov.isLon of ·high
..

quality service to the customer •. Redundancy·is provided iIi

many forms such as generating capacity reserve margins,

interconnection with neighbouring utilities, additional·

transmission
.

and dist.ribution elements and: the simple or
.

.

complex alternate supply facili ties �hich exist in.:virt-
.

.
.

. .' .

ually all·functional areas in some form ox anocher ,: Tl\ese

facilities exist because· the basic system design philosophy.

recognizes and ther�fore,
. anticipates·· the possibility. of

equipment failure and the need to remove equ�pment from

service ,for: preventive maintenance.

'This overall aspect of power system .planning,

design and.operation· is often loosely designated as·
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"reliability". This word is used in a multitude of ways to

. .

indicate the ability of the system to .pezfo rm i.ts intended
. .

function. In the. area of. transmission and distribution

-. system. evaluation, qualitative methods are generally. used.
to describe system reliabili·ty performance. These methods

.
. .

.

are baaed on certain rules. of thumb and do not adequately ..

. ,' reflect' the effect ():f· equipment performance Characteristics,'
. .

netw'ork config�rCltion, system operating .conditions and in

fact those elements that do influence the system reliability.

These .factors cal) be incorporated in the analysis only

through quantitative reliability techniques� Quantitative

methods"provide a consistent measure of system adequacy and

enable the planning' engineer to compare reliability levels

. associated with al tE;lrnate planning proposals•

..

. The increasing awareness. of the need for quanti-
.

tative methods of power .system reliability.evaluation is.

evident from the several important publications(l) which.

have appeared in this regard. The bulk of the ·p.ublications

deal with the evaluation of generating c�pacity·adequacy.
The first publication on this subject appeared almost forty

years ago. The'application of probability methods to dis':'

tribution system design also e.xtend over a period almost

equal to that of generation capacity evaluation •. However,

there appears to have been only a minimal amount of conti-

nUQus activity in the transmission and distribution area
.

'.. .

'.

until about 1964. The published literature'clearly indi-

cates the increased emphasis, within. the past few years,
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.

on the quantitative evaluatiQn of transmissiQn and distri-:-'

.butiQn system reliability. One Qf the main Qbjectives'in'
·

virtually all the publicatiQns has been the deve Lopment, of",'

accurate and consLs tient; modeLs .tQ represent the true CQm­

ponent and system behaviQur. This thesis prQvides a fur..;..

ther step tQwards this Qbjective. The emphasis is Qn the
. ...

.

.

.:dev�l()pment ,. mOdif icatibns and"applicatiQns
.

·6i the techniques
· 'arid mode l.s , In this regard, this wQrk is a: direct concdnu­

acLcn Qf the auehor+s M.•Sc. thesis (8). The main features

Qf the :tbesis are Qutlined in the fQlIQwing paragraphs.

'. The MarkQV approach (5,6) is 'consLdexed to' be .the

'mQst accurate method Qf mQdelling'the perfQrmance Qf PQwer

system cQmpQnents, prQvided the. necessary distributiQnal

assumptiQns are valid. The applicatiQn Qf this technique

becQmes quite cunibersQme as the number' Qf system cQmponents

.
increases •. The cQmputations fQr the evaiuation of state'

prQbabilities. Lnvo Ive a large amount; of effQrt if dependen,t:�

effects such as' envirQnmental CQnditions, maintenance re­

qua remencs etc. are to' be consLdez'ed , The auchoz t s M •.Sc.

thesis (8) develQped a cQnsistent set Qf equatiQns for the
. .

.

· evaluatiQn of sus·tained, tempQrary, maintenance and.' over';"
.

IQad Qutage indices. The results Qbtained frQm the equa�

t.Lons compare reasonably well with thQse predicted by a

MarkQv apprQach. This thesis illustrates a sequential and

.
.

. .

straightfQrward technique in which the simple set Qf equa-

, ,

d<
, .

'h

.

. h(l6)'t1QnS 1S .use 1n cQn]Unct1Qn W1t a cut set apprQac to'

evaluate' the system reliability indices •. The efficiency Qf'
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.. the approach is illustrated.by corisidering practical sys;._·

tern exampLes ,'

The f�ilures of individual power system components

·may.have quite complicated effects on the total system. The

models considering only one system effect of a component

f '1
.

'II t d' th M S th
' (8) .'

Lda1 ure, 1 us rate 1n e • c� eS1s ,may proV1 e

verY opt'imistic estimates of system reliability. performance •.

This thesis· models the component; failures according to their

system effects for more accurate reliability predictions.

Two: modes of component failure are considered, one �e.sulting
in the outage of other healthy components, called the active •

failure and the second resulting in the outage of only the·

component itself, .called the passive failure. The manual

solution of these models becomes quite labourious and un­

manageab.le as the number of components and the· system com­

.plexity increases. � computer program for the evaluation

. of load pod.nt; reliability indices is described in this

thesis •. The. program performs a failure modes and effects··

ana�ysis (FMEA) . and provides a concise and.orderly descrip-

tion 'of various combinations of events within the system ..

that could result in an interruption •. The application of

the program is illustrated by considering substation and

switching station configurations.

It has been noted in references 17 and 29 that a

. major cause of double contingency outages is the· occurrence

of a component.sustained outage. during the period when

another component is out tor maintenance. Maintenance on

components is performed to reduce their sustained outage
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rates. If the maintenance outage rate of'a component is

reduc�d, in.order to decrease the probability.of.occurrepce
.' of. doub l.e contingency' of the' above kind, art increase" i.n i.

component sustained outage rate may res�l t. Tilis. thes'is

investigates the possibility' of choosing some compromise'

'between component maintenance rates and' failure rates so

. -.

'

.. tIl.at the overall system '·failure rate is reduc¢d.. This
.

..
.

·
analysis require� the deveLopment; of some functional zeLa-'

tiona between component failure and maintenance rates •.
·

.

.

. .

..
.

. '. .

· Considerable improvement· in reliability performance can be

.obtained by proper co:"'ordina,tion of component, .med.nt.enance •.
.

'.

.

.

.
.

'. .'

This thesis evaluates' the reliability bene fLca associated·
. .'.

. . !

.with different policies of co-ordinating component main-:
tenance.

.
.

.

.
The evaluation of interruptions due to .component

ove.rload outages have always resulted in considerable amount

of comPlltational effort and time· (36) ,�. This thesis illustrates

how this problem can be alleviated by using the cut set ap­

proach. Assuming constant component capabilities, the outage
.

frequency and duration indices are calculated by ',using a :two

state load ..model(8) �
. This 'approach is extend.ad for the eva-'

LuacLon of
.. outage indices· in systems. involving many' load'

.
. . .

.
.

.' .

points. The results. obtained. by this method are compared:

with thoSe calculated by using techniques involving Markov"

analY$is
.

and . load flow studies. A close proximity in the'

results
.

is' observed.
.

Two adci:i.tional measure's of interrupted'
load and energy are introduced to estimate the severity 0'£

overload.s •
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There has been very little material 'available

regarding the costs of supply interruptions, incurred by

electricity consumers. Some estimates of, these costs have

now been published (38 ,.40) fqr different types of consumers.

,

This, thesis illustrates the, application of these costs in,,'
." .".

.

, '
,

the evaluation of economically justified investments ,in the'

,

system.
-.

The sa��Ilgs in costs of supp,ly interruptions ob�

tained:by the use of spare transformers, standby units,

additional facilities etc. can be compared with the invest­

ments in these facilities for a cost-benefit analysis.

These costs can also .be ,utilized in comparing the relia-,

,bilities of,va�i�us,systems on a consistent basis •

.In conclusion, this thesis, has presented aevexa.l,

different aspects of, the total, power system reliability

pro):)lem. The application of the inodels and techniques,

developed is illustrated by considering practical system,

examples. The concepts presented are quite general arid

can'be applied to'all parts of transmission'and distx:ibu;'_"

tion schemes.



2� EVALUATION OF RELIABILITY INDICES
USING TWO STATE COMPONENT MODELS

·2.1 Introduction

,',
Predicting the reliability performance of a sys­

tem gener�lly be9ins with the postulation of mathematical

models. of the components constituting ehe system.• ,
. The

. ,.selection of. the model • and the· ma:thematical tools becomes,
.

.

a matter of compromise between the desired accuracy of the·
. �

results and the effort required to obtain these results·.

A very important factor to b� considered in establishin9

the goals for desired accuracy is the quality of available

data. In transmission and distribution systems, the quality

of data available does not justify the application of very

exact .and sophisticated models that require extensive ef­

fort. and computer time. §e.model selected should, however,

adequately reflect the effect of all those fac.tors that

actually influence the system reliability�, ,

. �e Markov. approach
(5,6) is cons ide,red to be the

most accurate way to model the performance of power system

components provided the.necessary distributional assumptions

are val�4! ee application of this technique, however,

becomes quite· cumbersome as the number of' components in .the

system, increase's. Considering a system of n two state com­

ponents � there are, 2n possible system states:I The number

of states and the associated complexity increases rapidly.

if environment conditions and maintenance requirements.a�e

to be included in the reliability predictions. §e appli­

cation'of this technique is therefore limited by the computer
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storage and, time,requirements and the rounding errors in­

curred in the SOlution] , Another method of modelling is ,to
'" "

"

'

(5 7)
use a Monte Carlo simulation ' "technique. This appxoach

requires a minimum o,f assumptions for system re,liability
, predi6tions, and, it is believed that 'a simulation method,

gives,a'fairlygood'estimate of true perfoJ;'mance. This

,

tech-nique, hdweve�, requires large amounts of' computer time '

and cannot be efficiently applied in relatively large

practical systems.

In order to overcome the problems associated

with the above two techniques, a set of simple equations

was developed in reference'J to evaluate the frequency and

duration of outages at various, load points within the sys�

tem. It was clearly illu�trated that the complete statis-

ti'cal independence between· component sustained outages may

not be a realistic representation and in,ceJ::'tain Cases can
.: .

..

.

", '.'
.

lead to 'low estimates of system reliability. ,A two state

weather model was proposed (J) to model the performance of

components,such as overhead transmission lines exposed to

changing environments. According to this model, each com­

ponent in the system is assigned two failure rate ve Iuess

'one corresponding to normal weather periods and the othe,r

corresponding to, adverse weather periods. It was stated,

,

,

in reference 3 tha,t the reliability indices given by the,

developed equations compare closely with those obtained by

a ,Markov, approach. The'actual comparison of'the indices

obtained by the approximate technique (3) and the Markov,;'
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technique was, .made in a 19,6:' publ�cation (6) and it' was shown

that the two methods' do: not give consistent resuits. , A ,re- '

. '. .
.

cent set of papers (9, la,' II) develope� a modified �ersi�n, of
the approxi��te technique(3) and the p�edict�d results "com-

. '

.
.

'.

...:
"

pare very well with those obtained by the Markov. approach �,'

''l'wo sets of equations were developed which model the �cdur",:,
renee" or riottocciirrence' of' repairs during 'adve'rse 'w.�ather ,,'

periods. .

,',.

This, chapter' illustrates a aequent.LaL. and ,straight­

forward method for the calculation of ,reliabili toy indices.
'

The simple equations presented� when used in conjunction

'wi th a failure modes and effects analysis approa'�h, provide'
, , '

'a very efficient method of performing the reliability studies.

The concepts involved in the, formulation of equations are

, described in detail in reference 8.

2.2 Component Failure Categories (8)

The different failure categoI,"ies of a component
, ,

as considered in this chapter are shown in Figure 2.1.' ,The

defini tions of various failure terms as accepted by thEf"

Institution of Electrical and Electronics Engineers (IEEli:)

and the Canadian Electrical Association (CEA) are,given .in

Appendix A.l. The permanent or sustained outage of a com­

ponent requires it to be taken out; of service for � pezLod
" .

.
. .'

of time during which it is repaired� The actual outag� time

experienced at the load point 'maY be the time required to

switch 'in the alternate' facilities. 'I,f a component fault

':,' "

: ,;':"
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Figure 2'.1 Distinct. Failure Categories of a Compon�Ilt
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,
or by an automatic switching operation, a temporary oU,tC:Lge

is said to ,have occurrec!J The duration associated,with such,
.

.

.
.

component, outages' is 'generally'of the order of a few mi.nutes. '

�omponents are also taken out of service for preventive

inspection and inaintenan� 'During the periods when' a com-
,

'

, ponent is removed from serviqe for preventive , action, it
" '

'cannot perform its intended function. This can, therefore"

,be considered for the purposes of reliability analysis asl
another type of component failure.,{iite. final category,of
component failure considered in this chapter is ,the overload,

outage of a cOInPonen� Under . certain outage and system con-

" ditions, components ,may be called upon to carry Loads which

,'exceed their c�pability. This can result, in outage of the
.

. ..

component if the overcurrent relays trip the circuit,'breakers

protecting the component. [!_n an actual, system, depend.ing,
upon the amount of overload and the system philosophy', com­

p�ments may be called upon to carry the; overload or 'be re-

.. moved from service to prevent lo.s of, life or permanent,

'dama�
Component outages, depending upon the system con­

figuration, mayor may not cause service interruptions. ,The

following'combinations of the above component failure cate­

gories can cause temporary or sus,tained interruptions to the

system load points�

(1) Sust�ned interruptions -

(a) Permanent outages of'components.
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(b)· . Overlapping permanent outages of components �

(c) Maintenance outages of components.

(d) Permanent outages of. components· overlapping main­

tenance outage periods of other components.

(e) Permanent outage of components resulting in over­

load outages of other components.

(ii) Temporary 'interruptions _.

(a) Temporary outages of components.

(b) Tempo.rary outages of components overlappillg com-
.

. ponent permanent outages.

(c) Temporary outages of components overlapping main­

tenanceoutage periods of other components.

2.3 Reliability Indices

It is quite, difficult to measure the reli'ability

of transmission· and distribution systems in terms of one

composite reliability index. In regard to the. quality of

service being provided, there are many factors which in­

fluence,customer satisfaction. It is believed that given

satisfactory voltage, the average customer. jUdges the quality

of his service on the basis of composite reaction to any

interruption. The reaction of a large group of customers

is therefore dependent upon the following interruption

attributes •.

(i) Frequency (ii) Duration (iii) Magnitude of load

interrupted (iv) Time of
.

the day (v) .season of the year

Frequency and duration of outage are the most basic
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parameters� They can be greatly affected,by careful,sys­

tem planning and design'. In add! tion, by assf.gning economic

penalties to frequency and,duration of outages, it unified

index of, system performance can be obtained •. , Thi's, aspect, ",

is illustrated in ,Chapter 6.

In this thesis,' frequency and, durati'on, of. inter­

.ruptLone are d6nsidered:'as the,basic me'c;isures of reliability .•

These indices, are therefore determined for' each designated

system load .point. The product of these two indices gives,

an additional useful index of total annual o'Utage time .. The

three recommended indices are therefore as follOWS:

(i) Average number 'of service interruptions per,year.

'(ii) 'Average service restoration time.

(iii), Average total interruption time per, year.,

These indices ale;o provide, a ,basis�, at least Ln '

distribution systems, for,thec.()mparison of predicted an,d

actual system performance. ,
This kind of facility' 'is not

'available in the generating capacity reliability problem (12).'
The load point oriented indices given above can

be easily converted into customer and system type indices(14).
The definitions of system and customer oriented indices are

given in Appendix A.2.

2.4 Method of Analysis

2.4. 1 The Technique -

�.approach used, in this thesis for p:t:edicting

outage frequency and'duration indices is based on determining



*
the minimal cut sets foX' the load point under considera-'

tion (15,16� A system is said to be connected if there

exists a pa,th between every point of component conneoedon

in the system., [!. cut, set is a set of components which whe'll
removed'from the system interrupts all connections between

input and output) The removal of a minimal cut set results

in separation,of the system into exactly two connected sub­

systems 1 one' containing all the input sources and the, other

containing the load point under consideration. This, in

fact, implies that ,minimal' cut sets are those ,for whiCh a

subset cannot be ,anOther cut set. (!f there are n poin�s of

component connection (includin9 the source and load points)
" ,in the system, there, are (Q-l) miniinal cut sets for a series •

system of components and 20-2 if there,is a 'component be�,
tween every, pair of component connection pointQ Th,erefore,

,

depending on the system configuration" the number of'mdnimal

cuts varies from (n-l) to 2n-2•
The cut set approaCh essentially make,s a se,ries

, '

,

parallel representation of complex system configurations.

In fact, i:t is a meChanization of the, contingency method
,

long k�own' by power system designers. The equations, for'

simple s'e'ries ':-parallel systems can be used to compute the

reliability indices. Some approximations' are introduced

by cut set considerations. ,This is discussed in Appendix B.

The error introduced, 'however, is insignificant.becal1seof

the very high reliability normally associated with power

system components.

� See Append.ix'F
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. 2.4.2 Assumptions

The various assumptions involved in the use of

the above techniqqe and the formulation of the equations

described in. the next section are as follows:

(i) Component failure and repair events are independent.

of each other.

(ii) . Component repair. rates are much larger than. their'·

. fai.lure rates.

(iii). Components can be assigned two failure rate values,

one corresponding to normal weather periods and the

other corresponding to adverse weather periods.

(iv) The time distributions of normal and adverse weather

.
periods and component up and down times have known

mean .values.

(v) The durations of normal weather periods are' much ·lar.­

ger than those of adverse weather periods.

(vi). The probability of two overlapping independent compo­

nent temporary outages is considered negligible. The

probability of component overload occurring during the

small durations associated with temporary outages is

neglected.

(vii) Preventive maintenance is started in normal weather

and is not performed if:.

(a) there is some outage already existing in a reLated

portion of the system.

(b) the removal of the component results in interrup-

• tion or the overload of another component in the

system.
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In the following section, simple. equations are

described to evaluate outage frequencies and durations for

first, second, and third order cut sets. Equations for higher

order Cut sets, can also be. written if required�

The concepts involved 'in the £ormulation of these equations

are clear.ly described in references 8, 9 and 10. '. It was also

shown in the.se references 'that the' frequency and duration

1ndices given by the equations compare reasonably well with

those·obtained by a theoretically accurate Markov approach.

2.4.3 Equations For Evaluation of Reliability Indi.ces .

The various symbols used in the equations to.be

,described are as follows:
.

... ....

A. = The normal weather permanent outage rate of· com-
1.

ponent i.

� = The adverse weather permanent outage rate of com-
1..

ponent i.

,�I
L
r.
1.
"

·r.
1.

s

= The main t.enance outage rate of component i.

= The expected repair time for component i.

= The expected maintenance tiine for component io

= The average duration of a normal weather period.
= The average duration of an adverse weather periOd.

N

AiT = The normal weather temporary outage rate of compo-

nent i.

,

AiT = The adverse weather temporary outage rate of compo-

nent i.

AL = The rate of occurrence of load level >L.

rL - The average. duration of load level >L.
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= The average annual failure rate; 'of component i.

= Th,e overlapping outage' rate of, components i and

j due ,to' permanent outages.
= The overlapping,outage duration. of components

i and j due to permanent outages�
,

'

= The 'switching time for component 'L,
"

'

= Thecontribut1on to the load point outage rate

'due to component permanent outages.
ff

AML The contribution to the load point outage rate

due to, component permanent outages overlapping

'component' maintenance outages.

AtL = The contribution to the load point outage rate

due to component temporary outages overlapping,

component maintenance o,r permanent outages.

'AOL = The contribution to the ,load point outage rate,

due to component overload outages overlapping
:.. :

.

..

. ... '

component permanent outages.

,rSL = The load point average outage duration due, to ,

component,permanent or overlapping permanent

outages.
ff

rML = The load point average outage duration due to

component permanent outages overlapping compo­

nent, maintenance outages.,

roL = The load ,point average outage duration due to

component overload,outages.

R.(t) = The'system,l�ad at time t.

L = The'capability of the remaining components in the •

system after a permanent outage.
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Equations fo� reliability indices due to component permanent,

outages�

" The 'equations are described for, occurrence .and non:-

occurrence :of, repairs during adverse weather.

'(a) Repair during adverse weather.

First 'order cut set'

,Let, i be, the,. component '. c()ntained in th,e cut ,set, then

ASL
rSL

Second order cut set

= A .

av,1.

= r.
1.

Let the components contained in" the cut set be i arid j.

If no'normal'and adverse weather aspect is consi­

dered, then:

=

Aav,i Aav,j (ri+rj),'
rirj ,

r v+r .

,1. J

=

'If'normal and adverse weather aspect is included,
r.'2 • "r.2'
-L,,+ A.A. �)1S+r. 1. J S+r. J

1. ' J
S [

, .",. • r
i

+ _.l)]
,,',

'

+
N+S

.A.A.r.+A.A.r.+A.A. �+ 'S+
,

1. J 1. ,J 1. J 1. J, ri rj,

thEm

= 'NN+s [A . A . (r. +r . ) +N5 (A . � :
,

1. J 1. J, 1. J

r.r.

rSL = 1. J
, r.+r.
'1. J

Third order'cut set

Let the components contained in the cut set be i,

j and k.

If no normal and adverse weather aspect is consi­

dered; then
•

A, . A . A
v'k (r�r. + r.rk + rkr.)av , 1. av, J a, 1. ) ) '1.
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rirj + rjrk + rkri
If normal and adverse weather aspect is included, then

r.r.rk� JrSL =

where'

(
.

r. rk
�--�--�-- + )Nr . +Nr . +r � t: . Nr. +Nrk+r. rk.� J 1 J �. 1

2
+ NSri ' r. •

S+r. (A'j'Ak Nr. +Nr .+r. r .

+ Aj Ak1 �). 1 J

+ Similar terms for components

Nri+Nrk+rirk )

j and kJ
and

r.

( . +
Sr.+Sr.+r.r .

.
1 J 1 J

rk
--------)Sr. +srk+r. rk1 �

r2 .

k
)}

(r.+rk) (Sr.+srk+r.rk.1 . 1· 1

r�S
+ �

N

+ Similar terms for components j and k]
r.r.rk '{

.........rSL = 1 J
r.r.+r.rk+rkr.1 J J 1

(b) No repair during adverse weather.

First order.cut set

Let the component contained in the cut set be i, then
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S

=

N+S

(S+r. >
�

A •

av ,�

A.N + LS
� �

Second order cut set-

Let the components contained in the cut set be

i and-j, then

ASL - -A + B
-

where

A = NN+S -[A. A. (r. +r.) + .� (A � A . r; + A. A: r. >1
� ) � ) u � J � � ) J J

[
I I I I

]2A.A.S + A.A.r. + A.A.r.
� J � J � � J J

A [r.r.]- B [r.r. ]- �J +_ �J+SrSL
=

A+B r.+r. A+B r.+r.
� J � J

Third order cut set

Let the components contained- in the_cut set be

i, j and k , then

where

+ Similar terms for components j
r

+
k

>
ri+rk

I r. I rk
+ Sri (AjAk r.lr. + AjAk r.+r )}� J � k

+ Similar terms for components j and k J
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N [', ," S2' S 2 ' r . I rk

B =

N+S Xi {2XjAk N ri+N:t'i (XjXkri;rj+XjAk ri+rk)}
+ Similar terms for components j and k]

S [' "2 's 2 ,rj +"
r
k

,+
N+S Ai {2AJ,AkS ,+ N:t'i (AJ.Ak r.+r. ,AJ.Ak r.+rk)}� J' , a

+ Similar 'terms for components j and k]
rirjrk ] + _!L ,'rirjrk '.,

+ sJrSL
= A!B [rirj + rjrk + rkri ,

A+B [rirj+rjrk+rkri
If the service can be restored by switching out the

failed components or switching in alternate f�cilities, ,then'

rSL = Ts in the previousiy noted equations.

The effect of varying component and weather parameters'

on system reliability indices by the use of above'equations has

been illus,trated in references 8 and' 9 •

Equations for reliability indices due to component permanent

outages overlapping maintenance periods.
'

Two sets of equations are given below considering'
,

,

whether or not the weather can change during the maintenance

period.

(a) Weather cannot change during the, maintenance period.

,Second order cUt set

Let the components containe� in the cUt set be i and

. j, the,n

'f!

" "

A.A.r. +
� J �
" 2"
LA.r. r.
1. J �', J
" h

.AML (r. +r.), � J

"
"

"

A.A.r.
J � J

" "2'
A.Lr. r .

+ "'� � J t.
AML (r. +r.)� J

"

AML =

,rML =

,
,

'If no 'normal and adverse weather aspect is,consiqered,

, then the A values in the above, equat.Lons represent Aav�
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Third order cut set

Let the components contained in·the cut set be i,

j andk, then
"

AML =

.

A + B + C

where
" "2·

r. r·
1 +

. k
)A = A. A .Akr. ii .• i

.

� J.
.

� .

. r.+r.· ri+rk� J

.

n "2
r. rk

(
.. �.

+ )B = AjAiAkrj Ii if

r.+r. rj+rkJ �

" :

"2
r. r.

(
�

+ J )C == AkA.A.rk . II it
. � J

rk+ri rk+rj
" It·

C [ r.r.rk ].
.. � J .

+ .-n-" "iI

AML rirj+rjrk+rirk
If no normal and adverse weather aspect of failures

is considered, then the A values in the above equat.Lons repre';'
. .,

..

sent A •

av

(b) Weather can change during the maintenance period •...

Two sets.of·equations considering whether or not the·

repair and maintenance started in normal weather is carried on

in adverse weather, are givell below.

(i) Repair and maintenance started in normal weather. is

. carried on in adverse weather.

Second order cut set

Let the components contained in the cut set be i

and.j, then
"

A = A + .BML
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where
." " " I

A = A.A.r. + A. A.
1. J 1. 1. J

" " " I

B = A.A.r. + AjAiJ 1. J
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"2
ri S
Ir ---n­

S+r ..
1.

"2
r.

S_J_ ---;rN
S+r.

J
" "

Third order cut set

Let the components contained in the cut set be i,

j and k, then
"

AML = .A + B + C

where

"[ "2
r.

A = A. A. Akr. ( "J +

1.. J 1.
z . +r .

. 1. J

"3
Sr.

+
1..

. ---.r

S+r.
1.

r.
J +- ..."---....n-

Sr.+Sr.+r.r.
1. J 1. J

Band· Care simil.ar to A but for components. j and k

respectively.
" "

"

r =

ML .

B [
. rirjrk .]+ -v- ---...--..-------

AML . r.r.+r.rk+r.rk.1. J J l.

c [ rirjrk ]+ ...,-. -

Ii "

AML· r.r.+r.rk+r�r.1. J J A 1.
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(ii) Repair and maintenance started in normal weather

is discontinued in adverse weather •

.
Second order cut set

Let the components contained in the cut set be

i and j, then
"

AML =

..

where
. .

II II

A = L Lr.
� ] �

A+B+C+D

C
•
11 II II S II

.

= A.A.r. o = A.A.
N
r.

] � ] ] � ]
II "

:A [rirj ]
. B·· [r.r. s]+
.. �] +....,... Ii -...-- 11

AML r.+r. AML r.+r.
� ] � ]

" "

II

r =

:ML

Third order cut set

Let the components contained in the cut set be

i,·j and k, .

then

= A + B + C + 0 + E + F

"

[ "2
( rjA = L LAkr. -h-- +

a J �.
r.+r.

� .]

+

1;2 ..

r. S
a

N

B =

C and E are similar to A but for components j and k

.. respectively.

o and E are similar to B but for components j and k

respectively.
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..
"

" r. R '

,rML = f{:�}r.+R
1.
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+' Similar terms, for .component.s j" and k] "

where'
'

" "

R=
A [

r. r .rk r-1. ] ,

+-rr- "" "

AML' 'r.r.+r.rk+r.rk'
'

1.J,'1. J
'

[
" r.r.rk �

,

1. ,J
'

,

Ii ,iI ,,+ S,

r.r.+r.rk+r.rk1. J 1. "J

In the above cases if service cab. be restored by ,

switching out the failed compo�ents orswitchirig in alter-
" '. ..... "

, 'f, ,

nate facilities, then r!Ua' �,'Ts·
In referencES 8 and 10 it was, illustrated that the

maintenance contribution to the'system outage 'rate decreases

as the component failures during adVerse weather periods 'in­

crease. This is true, if it is assumed that component main­

tenance is 'not allowed to extend into the adverse weather
"

periods. If, however., the weather can cbange ,during, main-

tenance periods, the maintenance contribution to ..system outage
,

'

, ' ,

r'at,e' 'does not change significantly with increasing ,n�er

of, component failures during adverse weather. This is il!""
.' '..

.

.

lustrated in Figure 2.2 for a second order cut set for different

component maintenance 'parameters.

Equations 'fO'r reliability indices due to component temporary

outages.

Two sets of equations, based on whether the compo-
,

,

nent temporary outages overlap permanent or inaintenance outage

periods, are given below�
,

(a) Component temporary outages overlapping ,component

permanent outages.'

First order cut set,

Let the component contained in the cut,' set be i, ,then
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.. Figure 2.2
.

.
.

.

Con�ribution To System Outage Rate Due to Component
Maintenance as a ,Function ·of Component Failures
During Adverse Weather.
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=

Second order.cut set

Let the components contained in the cut set be

i and j, then

=. A ,A'Tt, + A ,A'Tr,av ,1. . ) 1. .. av , ) .

1. )

Third order cutset .

= A, ,AkTr, , + A, kA 'Tr; k
+ A, kA, Tr, k1.-) 1.-J. 1.- J 1.- J- .

1. )- .

These.equations are applicable if component te�p..;.

orary outages are not separated into normal and adverse.

weather failures and the AiT value� represent the component

overall annual temporary outage rate.

If .·it is necessary to classify· temporary outages·

into normal. and adverse weather failures, the following equa-:-

tions apply.

First order cut set

Let tne component; contained in the cut set be .i,

then

AtL
Second order cut set

Let the components contained in the cut set be.i

and j. If no repair is performed during adverse

weather., tllen

AtL = N!S [AiAjTri + AjAiTrj + � (A�AjTri+A;AiTrj>]
. S [I I. I I I I

�
..

+N+S AiA'Tr, + A ,A'Tr, + L A·TS + A ,l'T·S
. ) 1. ) 1.) .1.) J 1.

.

If repairs are carried on in adverse weather,
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N [. S
(

I

A
Nr
i

A
I. 5_]AtL -

N+S AiAjTri + AjAiTrj +.N Ai jT N+ri
+ jAiT N+rj >J

S I Sr. I Sr. I I sr1.'
+ [, " __!__ + " .:._L + ' ,

N+S "L I\jT S+ri I\j l\iT S+r
r

I\i I\j'r S+r
i

.

. I I Sr.
+ ·A. A ;

T s+:. ]) 1.
)

For' a tllir4 order cut set similar equations can' be w'ri t�en.'
(b) , Component temporary outages oVerlapping component mainte-

. .
.

nance periods.'

Two sets of equations are possible depending upon

whether the weather can or cannot change during maintenance

periods.

(i)
'.

Weather cannot change .during maintenance. periods.

Second order cut set

Let the components contained in the cut set be i

and j; then.

Third order cut set

Let the components contained in the cut set be i,

If component temporary outages are separated into

normal· and adverse weather failures, then the AiT values in

the above equations represent the' component. normal weather.

outage rate.
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.

(ii) Weather can change during the maintenance period.

Second oider cut set·

Let the components'contained in the cut set be i'
..

:

.

..
.
...

.

and j. If maintenance started in no·unal. weather

is. coneLnued in adverse. weather,
.

.. 2

At.L. = A:' [ A 'Tr:' + A:T sri" "] +
1..

.

J 1...] N (S+r. ) .

'

.. "2
". 1..

, Sr.
+ AiT. J,,]N (s+rj)

.

then

...

[.
.

Aj. AiTrj
.

If maintenance is discontinued in adverse weather,

then.
.. ..

"[
..' J Sr

i ]
. ..

[.
"

.

•
' � ]

.

.At·L = A. .A.Tr. + A.
T
- + A t A. Tr. + A.

T N.1. .' J 1. J .. N .' J � J. 1..'

For a third order cut set, similar equations can

be wri tt;.en.

Equatio.n·s" for reliability indices du.e to component overload outages.

Second order cut set·

Let the components i 'and. j contained' in the cut set

are both liable to ovezLoad •. Assuming that the sys­

tem load is supplied through the components pzeaent;.

in the cut set,
..

'

AOL ='A + B

where

A = ALA.r. (l-Pr(I(t»L.)} + A.Pr(I(t»L.)
.J J '. 1. J • 1..

B = ALAiri(l ....pr(I(t»Lj» + AiPr(I(t»Lj)
..;_ A' [r j

r
L J

.

'.

B [r
. r
L ]

roL -

A+B r .+rL
+

A+B
. r�+riJ

.:

J .

Thtrd order cut set

. The components i, j and k cont.ained in the cut set
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are all liable to overload. Assuming that the

,system load is supplied' through all ,the compo­

nents present in the cut set

,AOL = A + B + C

where,

B = AL(l-pr (R-(t) >L.» (A. kr. k) + A. kPr(R.(t»L.)
,

J 3.- 3.- 3.-
.' J

C -, AL (l":'Pr (R. (t) >Lkn (A. .z . .) + Ai�jPr(R.(t»�)3.�J 3.-]

roL
= .a, [r j-kri,i ] + ..1L [

ri-krLj '�+ _£_[ri�j�Lk lA'L r. k+rL' A
L

r.
k
+ I,'L

.

'

AoL ri-j+rLk
'

,0 'J- 3. o 3.-, J
'

In these equations, it is assumed that component

ovezLoad can occur only if two of the components in the cut,

set are 'on permanent outage. ,If, however, remaining compo­

nents can suffer overload outages because of a component

permanent outage, the above equations can be ,easily modified.

,OVerload analysis is' ccnsLdered in Chapter 5 of ,this' thesis.

2.4.4, Sequential Apalysis

A very simple and straightforward method is'u$ed to

perform t.he reliability studies illustrated in this section.

System components are first identified and the component
, ,

reliability ,parameters , such as outage rates �nd durations,

capability etc. and:system parameters Isuch as average dura-
, '

tions of we'ather periods, load cycles etc� are then supplied.

The analysis starts with the determination of

minimal cut sets fOr the load pC)int under consideration.,'

The equations described in the previous section can be per-
.

.."
.

..

manently stored in the comput�r system. Appropriate equa-

tions, according to the order of, cut set, conditions of repair,
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maintenance, weather etc., are called in to evalu'ate ·the

" contributions of the cut set under consideration. For

. example, in a second order cut set, all the appropriate

equations are called in to evaluate the reliability indices'

due t�· component permanene , temporary, maintenance' and ovex-.
.

.

load outage. categories. Once all the possible modes of

interruption at the designated" load' point due to the cut

set under consideration· ·are exhausted, the outage calcula­

·tions proceed to the next cut set. This method proceeds

. sequentially until the contributions to the load point

reliability indices due to all cut sets have been evaluated.

Contributions from different cUt sets ·to perma-
. '.

nent'and temporary interruptions are finally added to eval';'

uate the. overall permanent and temporary outage' indices at

the load point under consideration. The relative contri­

bution of each cut set to the reliability indices provides '.

an. effective quantitative tool in assessing the components

and their'parameters which make major contributions to

system unreliability.,
. It is important to appreciate that. the simple

equations involve.only basic mathematical operations. The

execution of these operations in the computer is very fast.

In addition, these equations are fairly general in their.

formulation .and can be.. extended to include. other. conditions

which might be encountered in practical transmission and

distribution systems. Another advantage of the method is

·th�t·only the failure. related events are computed in
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,

"

reliability,calculations and no time 'is therefore 'wasted

'in calculating the frequencies, and dur�tions" assQciated

'with successful system states.

"2'.5 System Studies

,Three simple system studies, using the method of

,

, allalysis pres,ented in: the previous· seetio;n'" are considered.

The first example pertains to the evaluation of reliability

indices at various load points of the Saskatchewan Power,

Corporation underground distribution system in' 'the Regina'
',downtown area, shown in Figure 2,.3 (11). The following com­

'ponent, reiiabili ty parameters were assumed for this �tudy.'

Cable failure rate including joints
..

.
... :' /

nations = 0.002 f/lOO' /yrV ,

o ..ob� 4, ..U�Ylili.,
Average time required to repair
4,0

'

'
" ','.

� J\ hOur�. � • i��i�",<tJ1��,
. 4,_

, ,,' /J.A.}.." ,

"

'.l "

"Average pj tcning time =

cable failures

t \ - f
�'b \>-1."'"

,

1.5 hours.
" �',,\vf;_

Distribution transformer failure rate = O�012 f/yr.

Avera,ge time required to repai,r a distribution

transformer = 5.0 hours.

� '�.:J'. �
,.,:

In,this particular example, no maintenance or ,temp-

orary outages are considered. The system can be considered,

to be made up of two parts, one on each side of the normally
, ,

'

open connections. The reliability indices obtained at dif-

ferent load points by performing a manualt;..failure analysis
�------ -----------

,

.are given in Table 2.1.
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TABLE 2.1

RELIABILITY INDICES': AT VARIOUS LOAD POINTS
OF REGINA DOWNTOWN UNDERGROlfND

. DISTRIBUTION' SYSTEM

Case Load Points· Failure Rate AveragEa Outage Total Outage Time
f/yr Duration, Hrs. Hrs./Yr.

0.109 1.88 0.2055
�----"."

-. �

0.117 1.85 0.2175

'0. "10g' 2.06 0.22:45
....

.0.092
.

1.95 . 0.1800

0�093 1�95 0.1810

0�076 2.0.5" 0.1560

0.076 2.17 0.1650

0.087 . 1.98 0.1725

0.092 1.95 0.1800

0.094 1.94 0.1830

0.078 . 2.04 0.1590

OJto
Upper half .section0-CDdVl

.�::s Low.er half sectionc.�

fi5 5136
E-t

.

5130, 5131, Mid�ownCe.ntre
5123, 5124

OJ
5118, 5119, 5135, Post Office

0- 5136d.to
.�CD

5125, 5126, 5127, 5128i 5129�g 5120, 5121, 5122 .•E-t

5114, 5115, 5116, '117

5132, 5133, 5134

..

�



35

The' second example considers a P9ssible urban dis­

tribution system shown in Figure 2.4� ,The system is fed
. .. ..

from three perfectly reliable sources of supply on the high
.

.

. ..
,

voltage side. ,Three step down transformers then, feed the

distribution area� There are ei<,;Jht laterals in the system
,

and each lateral is protected by its own fusing. In this
.

. .'
.

,

>case, l�ss of continuity 'bet�e�n the source:�d the load

"points is ,considered to be the only'mode of failure. The

componentand'weather parameters used in this study are
.

'.' '.
.' .

'given in Table' 2.2(8). 'Table' 2,.3 gives the complete reli-"
abili:ty: analysis for load point'2. The events that' cause

load point interruptions are listed' and their contributionS'
'

to outage indices are also indicated. A summary of the reli­

ability indices obtained at load points 3, 4, 5 and 6 is

given in Table, 2.4.

,The computational efficiency of the method is
. '. .'

.

clearly indicated by the fact that the" time required to ob-
: . '.

.

.
.

'.

.'
. .

tain the results given in Tables 2.3 and 2.4 on the IBM 370/158

computer was only 9 seconds. (This value includes ,both the
, ,

compiiation and execution times �)
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TABLE 2.2

COMPONENT P�TE� FOR ',rHE; RELIABILITY, STUDY OF TIn:: SYSTEM OF FIGURE 2.:4

Component', NO,PDal Weather'

Outage Rate
f/yr.

'Adverse Weather
,

OUtage Rate

f/yr.

Outage •

,'Duration
l:[()urs,

Maintenance
Outage Rate

o/yr.

Maintenance
Outage

Duration Hours

Permanent Temporary Permanent Temporary

Transformer 0.02 ---. 0.'02 --- 62.0 ' 1.0 ' 10.0 '

Element'#l 0.58 1.0 29.98 10.0 2.Q, 1.0 2.0

,Element#2 0.50 '2.0 25.0 20.0 ' 8.0 3.0 8.0

Element#3 0.50 , 2.0 25.0 " 20.0 8.0 ,3.,0
'

8.0

Element#4 1�0 ' 2.0 50.0 20.0 12.0 1.0 6.0

Element#5 ' 0.60 2.0 ,30.0
' 20.0 4.0 1.0 8.0 '

El�ment#6 0.30 1.0 15.0 '10.0 6.0 ',1.0
'

8.0 '

Element#7 0.58 1.0 29 .98 10.0 2.0 1.0 2.0

Element#8 0.58 1.0 29:. 98, 10.0 2.0 1.0 2.0

Average duration of,' a normal 'Weather period = 200.0 Hours.

Average duration of 'an adverse,weather period = 1.50 Hours.

No repair during adverse weather p�riods.'
Load points 1, 7 and 8 are 100% reliable.

�



TABLE 2.3
.

.

RELIABILITY ANALYSIS OF THE SYSTEM· OF· FIG � .. 2.4

Reliability Indices at·Load Point 2

Contingency

Permanent

Outages
flyr.

Permanent and temporary
interrup.tions resulting
from component permanent
andtemporary outages.·

Line sections 1 and 4 out.

Line sections 1 and· 5 out.

Line sections Ii 2 and 3 out.

Line sections 1, 6 and 8 out.

Line sections 1, 7 and 8 out.

0.0057200
0.0028600
0.0000283·
0.0000195
0.0000384

. Temporary
Outages
f/yr.

0.00.41600
.

0.0023300
0.0000256·
0.·0000078
0.0000144

Duration of
. Permanent

Outages
10-.:s Years

0.469
0.312
0.39i
0.336
0�31g

.Permanent Qutagerate due to overlapping. component permanent outages = 0�00867 £/yr.
.

.

Average outage duration due to overlapping component permanent outages = 3.818 Hours.

Temporary outage rate due to component temporary outages overlapping component permanent

outages = 0.00653 f/yr.

Tabl.e 2.3 (cont' d)

'. �
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Table 2.3 - �LIABlLIT�.ANALYSIS OF THE SYSTEM OF FIG. 2.4.(cont'd)

Permaneht
Outages.
'. f/yr.

. Temporary.
Outages
f/yr.

.

Duration of
.

Permanent
O�tages

,

10-,j Years -;

Component· temporary and perJIlanent
outage$ overlapping component maintenance outage

Line section 1 maint., Line section 4 out. 0.0013600 0.0027370 0 .• 456.
Line section.4 maint., Line section·1 out. 0.0004100 0.00·06844 0.273

..

Line section 1 maint., Line section 5 out. 0.0008200 0.0027370 0.273
Line. section 5 maint., Line section lout. 0.0005480

..

0.0009130 0.304
Line section 1maint., Line sections 2'& 3 out. 0.0000003 0.0000016. 0.273

. Line section 2 maint., Line sections '1 &. 3 out. 0.0000006
.

0.0000016 0.228
Line section 3·maint., Line sections 1 & i out. . 0.0000006

.

0.0000016 0�228
Line section 1 maint., Line sections 6 &8 out. 0.0000002 0.0000004 0.195 .

Line section 6 maint., Line sections 1 &8 out� .0.0000002 0.0000003 0.18.2 ..

Line section 8 maint., Line a.ections 1 & 6 out. '0.0000002 0.00·00004 0.19.5
Line section 1 maint., Line sections 7 & 8 out. 0.0000003 0.0000005 0.171
Line section 7 maint., Line sections 1&·8 out� 0.0000003 0.0000005 0.171
Line section 8 maint., Line sections 1 & 7·out. 0�0000003 0.0000005 0.171·

Outage rate:due to component permanent outages' overlapping component maintenance
. .

outages = 0 � 00315 f/yr.
Average duration of outages due to component permanent outages oVer1'apping component
'.

'. .

'.

maintenance outages = 3.·130 Hours.

Outage rate due to component temporary outages overlapping component maintenance and
..

'.'

permanent outages = 0.0070 8 f/y� �

'.�'.
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TABLE 2.4
. .

A SUMMARY OF: THE RELIABILITl INDI.CES FOR'.
VARIOUS LOAD POINTS IN FIGURE 2.4

..

. Event· Load Point Load Point Load Point Load Point·
3 4 5 6

ASL' .f/yr. 0.008720 0.008770 . 0.000220 '0.001650

rSL' hours 3.820 3.810 3.0()0 3.561
.

II·

.AML, f/yr. 0.003150' 0.002690 0.000005 0.000960
II.

rML, hours 3.139 . 3.2(i5 1.800 2.800

AtL" f'/yr. '0.013660 0·.016030 0.000.109 0�003610

. .
.

The third example considers a multi-circuit OVer�

head transmission system'shQwn in' Figure 2.5(16) •. The. system

consists of six trarismission circuits between two stations

1 and 2. It is aasumed that all buses are perfectly reliable'

and all, breaker' ,failures' are ground faults.. CUrrent trans-,
. .,

former failures .are pooled with breaker, failures·. .Component

temporary and maintenance outa:ges'are disregarded for coDve-.

nience) The .failure criterion is expressed in terms·of the

largest numbe r of ·circui ts whose loss can still be. tolerated •.

This number is varied from 0 to 2 to illustrate the applica­

·tion of the equations for first., secohd and third order cut,

sets. The component and weather statistics used in this

example are given in Table 2.5. The system outage frequency

and duration were calculated· for different circuit· lengths

and: for the conditions of occurrence and nonoccurrence of

repairs during adverse weather. The results obtained' are·

given in Table 2.6. It is noted that'the system failure rate
.

increases considerably with increasing length of the transmission
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.

.STATION 1 STATION 2

Figure a.s '. A Six Circuit Transmission Scheme
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circuits.. The system average outage duration also increases

. with the length of transmission line but not in the. same

.proportion as the system outage rate. This is to be expeoced
. . .

because as the tra��mission length increases, . the system

.·faillu·e .rate is dominated by the events involving line fai­

lures.

TABLE 2.5

.

COMPONENT AND WEATHER DATA FOR THE
SYSTEM IN FIGURE 2.5

I

. Component :.\. x r Ts
f/yr tas hrs. hrs.•

Line 0.00224/nd 0.435/mi 9.022 0.972

. Breaker 0·.0295 .
. 0.0295 40�30 0.912

Bus

N = 67.64 Hours S = 1.90 Hours

TABLE 2.6

OUTAGE RATE AND DURATION FOR SYSTEM· IN FIG. 2·.5

m = The number of.circuits the loss of which can be tolerated.

No. of parallel circuits = 6 (Config:uration Shown iIi Fig. 2.5)

�pair During Adverse Weather

···m =·0 m:= 1 m= 2
L miles

..

:'\#f/";lr.
.

r ,hrs. :.\;fL:i.r. r;hrs • :.\;fL";lr. .

r ,hrs •.. ,

50 4.98 7.87 0.1349 2�687 0 .• 000985 2.60
100 9.26 8.41 0 •. 3583 3.712 0.007741 2.82
150 13 •.54 8.60 0.7290 4.062 0.026067 2.88
200 17.82 8.70 1.2471 4.215 0.061735 2.92
250 22.10 8 .• 76. 1.9126 . 4.292 0.120657 2.93

. 300 26.37 8.80 2.7254 4.347 0.208404 2.95
350 30.65. 8�83 3.6850 4.378 0.331055 2.95.
400 34 e ,92 8.86 4.7931 4�399 0.493837 2.96

.

450 39.20. 8.87 6.0481 4.416 0.703592 2.97·
500 43.48 8.89 7.4503 4.42J.: 0.9.65451 ·2.97

Table 2.6 (cant'd)
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Table 2.6: OUTAGE RATE AND DURATION FOR SYSTEM IN, FIG.
2.5 (cont'd)

No Repair During Adverse Weather

m = 0 ,m = I, m = 2

L, miles
'

Ai tas: r ,hrs. AifL'tr• r;hrs � A;f/y_r. r .hza ,

50 4.98 9.24 0.1523 3.942 0.00196 4.04
100 9.26 9.87 0.4239, 5.215 ' ,0.01396 4.56

"

'ISO 13.54 10.10 0.8,735'�
,

5.810 0.04600 4.69 '

200, 17.82 10.22 1.5011 6.003 0.10792 4.75
250 '

, ,

' 22.10 10.29' '2.3060
"

6.i04 0.20970, 4,�78
300 " 26.37 10.34 3.2880 6.164 "0.36124 4.80'
350 30.65 10.38 4.4520 6.199 0.57261 4.81 '

'40,0 34.92 10.41 5.7915
'

6.226 ' 0.85350 4.82,
450 39.20 10.43 7.3097 6.245 1.21410 4�83 ,

500
:

43.48 10.45 9.0061' 6.2,59 1.66400 4.84

This ,example was solved in reference 16 using a

Markoy-approach which required an extensive amount,of effort

and computer time. The efficiency of the meth,od of' analysis

presented in this thesi$ is'agai� evident ,as the computer'

time required to obtain the reliability indices given in

Table 2.6 was only 2.35 seconds.

2.6 "

Summary

The theoretically accurate techniques such as Markov

analysis, Monte Carlo simulation approach etc. are quite diffi-

cult to apply for overall reliability analysis of transmission
, ,

and distribution systems. This' chapter has illustrated a

technique in which a simple set of equations ,is'used in con­

'junction with a cut set' approach to evaluate system: relia­

bili ty, Lndd.ces . '

' The method of 'analysis, is' sequential and,

straightforward., Each cut set,isevaluated for its'contri-
,

,

bution to ,outage frequency and duration indices for each
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mode of failure� The simple equations described are quite
. ,',

...

flexible and can be easily modified .to ·include other con-
.

-
.

.

.$ider4tions which might be encountered in practical systemS •

.

.

The equations can ·be permanently stored in the computer
.

memory· and called in according to the conditions· of weather,
..

repair·,
.

maintenance,. temporary outages, overload outages etc.·

as and when required•. The basic requirei.ll$nt is to dete�rmine
.

.

what device failure combinations will cause interruption •.

The thre� examples
.:

given clearly illustrate the computation.al
efficiency of the method of analysis. The results as shown.'

in TaPle 2 e .3 provide an effective physical appreciation of
.. .

the. syStem.probabilistic performance and i.ndicate various
. . .

..
. posSible economical

..alternatives for reliability improve-
.' ..

ments.•.



3 • QU�NTITATIVE EVALUATION OF SUBSTATION AND
SWITCHING STATION RELIABILITY PERFORMANCE

,3.1 :Introduction
.

.

.".. ... .

Substations and switching stations are the points,

.' of energy transfer .. between' transmission,' subtransmission

and distribution systems. At these points, lines inter-
.. .

.. .

.

'. connec:t, voltage ·transformations occur and system controls

and protection are implemented. �aluation of sUbstation

and s�itching station reliability performance therefore con�

.... sists of ass'ess:1.ng how adequately the basic. elements are able

to perform their· functions •.

It is evident from the existing' literature. that

§e bulk of the work in the quantitative evaluation of power

system reliability has been .Ln generation capacity studies (�
.

During the last decade, considerable attention has been fo­

cused on reliability studies of transmission and distribution
�

.

achemes, One of .the main concerns has beEm the development

of.accurate·and consistent models to represent the true com-
.

.

. .

ponent and system behaviour. As noted in the .previous·chapter,

a two state weather model was developed to include environ-.

m�ntal effects in the·reliability predictions of'overhead'

transmission' and distribution systems (3). '�.. regard to the

inclusion of circuit breakers and protective elements in

transmission system analysis, a three state component model

was described(l6,20) which gives a more realistic represen­

tation of power system components than that given by the

previous two state component models. In this model, when· a..
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. component fails, the system protection may isolate a num­

ber of unfaulted componentsJ[!ollowing which, through·

appropriate switching operations, all but the minimum num­

ber of components that must be kept but of service for the

i�ol�tion of the failed component are restored to service
.

.

.
. '. . .

. . . .

as� :soon as POSSibl.eJCThus a system: component has three

..

·pdssil;Hi9···states namely,· operating; before sw,itchi1l9 ·and·:

in
.

references ...aft�z:!swi tchin� f!he program as described

·

:16 anci 20 doea not appear to be applicable· to practical
·

", ,"
.

· sys terns when:
'. '.' ..

'

.

. .'. .

.

·

. (i):.· .

..

normally open breakers or swi tches are present in

the system.

,(ii}· all circuit breaker failures are not grqund. faults.

(iiiY the protective system is not perfectly reliable.

.(iv) the w�ather conditions have significant effect on the

component failure and repair rates.
. . .

component overload outages. are to be evaluate�
Two recent papers (2l,22) described some new models

(v) .

and their incorporation in digital computer programs to pro­

vide a more realistic component and system representation.

In regard to the reliability evaluation of sub­

stations and switching stations, very little work has been

rep··ort·e·d(l7,18. ;19,.21). Th· ,. t
.

·f ·t t·' l'ab'l'te 1mpor ance 0 s a 10n re 1 1 1 Y

pert.0nnance is,. however, now being recognized. A three. paper
sea ,(23,24,25)

.

d··b' C·· , .,.. .,.
S10n .

.

. was arrange y EA 1n 1 ts ·recent spr1ng

Meeting.
.

This·· chapter describes the extension of the tech-
.

niques available for: reliability analysis of transmission

and distribution systems to the evaluation of·station
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reliability: performance in terms of outage frequencies and

durations. A computer program(21,2S>. is described to·per­

form these reliability stUdies.

3.2 . Component Failure Modes
. ..

Power system componenea can have many types of ....

. failures •... �n this .chapter·, system 'componerres are .. classified

into. two categories· according. to their failure types •. ·The

first category inc1udes·components such as transmission

,.. 'lines, .
transformers, reactors, buses.' etc.. These ·components

-

can be in any of the following state.s:

(il Operating (ii) Faulted . (iii) Out for repair or pre-

ventive maintenance.
. .

.

..

In addl tion, if· appropriate protection is not /.
. .

.•.available, these components. can have undetected open failures.

The· second category includes components such as

,.. circuit breakers,· rec1osers, disconnect switches, carrier

eguipments etc.·. These components· can be in any of. the fo1-

lowingstate$:

. Ui) Operating (ii) Faulted (iii) Out for repair Or preven-

tive maintenance

.
. .

(tv) .Stuck when called· upon to operate or

not closing when called upon to do ·so (v) Undetected opEm

·fai1ure�·...
·

TheSe states for a normally closed breaker are

shown '.in Figure 3.1. It should be noted that the fau·lted

scace in the. first category of components can be quite dif­

ferent from that in the second category •. In the latter

case,.a second level of system protection should operate
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Mainte-
nance

Outage
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�

St\lc.k X ....P
.
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.
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.'

A� (l-p)]..Ig

Switched ]..Is Ground. Successful
Out Fault Operation

AG = . The ground faul� rate of the breaker.

. A . = . The rate' at which the . breaker is called upon to
. 0

operate •

. ,

'X = The false operation rate of the breaker.
f

..

. tt

A = The maintenance·outage.rate of. the breaker.

]..I =
'.

The rate at which the'breaker is switched out.
s

..

The repair rat.e of the breaker •.]..I .-

]..If ··.The ..

rate for false operation.= repa1r· a

A = The reciprocal of the mean time .. for breaker opera-n

tion.·

p = . The .probabili ty of breaker becoming stuck •

Figure 3.1 State Space Model for a' l�ormally Closed

Br�aker
•

•
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to isolate ·the faulted component, whereas in' the former .

.

case the first level of system protection is.required to

operate.

It shoUl� be noted that different categories of

component failure do n�t necessarily produce the same num­

ber of failure modes. Failure modes are classified accord-

ing to the resulting types of system effect. For example,

if a breaker has a fault or it fails to trip, then the re­

sulting fault must be cle.ared by the back up equipment.,' This

event must increase the extent of effect of the fault and

.', represents one possible component ·failure mode. The other

class of failures corresponds to a maintenance outage or a

.

trip out. in which �e' breaker is . remov�d by' switching· and
.

in which the extent of·.�e.�.outage is c:Onflned to' .th� p�th Tnv�I=---­
ving the breaker. This represents another possible. failure

mode. Thus a new classification of component failures dm.

be .obtained on the basis of.their system effects� Aocqrding.

to this classification, component outages can be divided into
.

activ.e and passive failures. This is shown in Figure' 3.,.2 •
.

A��t.· .' ... '. ,.•

�ll component faults which result in the removal of ce.rtain

other healthy components from service are classified.as ilc­

'. tive failure� (!hiS class of failures includes component

faults which cause operation of circuit breakers or discon-
. ::r�. ,��. ·

nect switche��ll component o�tages which do not remov�
--......

__

any heal thy components from service are classified as
.. p�sive

failur� [!hese include undete'cted open failures, false trip�.
etc ••. The summation of active and passive failures therefore

equals the. total number of c�mpone�t'failures�
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•

A = Coinponent passive. failure rate.
.p

A = Component. active failure rate.
a

l1$ .·Component $witching rate.

.
l1 = Component repCt.ir rate •

.

STATE PROBABILITIES

.

,

Pl··
1.

=,
A

.

A
1 + ...,!.+ a

u l1
s

A III
P3

.T
=

A Xa
1. + . T.+

l1 j.ts

', P2 ;::::

. Aa/l1s
·AT X

1 + +
a

u l1s

AT = Ap + Aa

STATE FREQUENCIES
.

..

f = A
1 T .f2 = A

.

. ·a

F;sn��� 3.2 Component Active and Passive Failure Model.
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3.3 Load Point Failure Modes"

..
The simple .syst.em shown in Figure 3.3. has been

utilized to illustr'ate various ·mod.es of load point failu're �

.

.
.

.

.
. :.' .

The. various modes o.f. interruption as considered in this
: ..

. ,: .'. �:' :.
.

thes� are as follows:

5

2
.....

. Fig. 3�3.-.Sy�tem For Il.lustration of Failure"Modes

..:(1)·' Active failuret:5 of breakers ,5, 6 and 7.

(ii)
.

Active failures of breaker 3 when breake,r 5 or 7 is

stuck •.

(iii). Actiye failures of bre'aker 4 when breaker 6 or 7 is

stuck •.

(iv).· ActlVe'fail�re of line l,whEm'breaker 5 is. seuck,

:."

(v)
.

Active .failure of line 2 when breaker 6 is stuck.

(vi) Passive fai lure of breakers 4., or 6 or line 2 over­

lapping the passive failure of breakers 3 or S'or

line 1.·

(vii) Pass.ive. failure of breakers 3 or 5 or line 1 over- .

lapping the passive failure of' breakers' 4 or 6 or ,:'

line 2.

It is assumed in the above that so.urce and load

buses ate completely reliable.. Circuit. breakers·' are



.
..�

considered to be .provided with·isolators and the. interrup-

tions due· to· their active failures last only for the time·
. ..

.

requi�ed to operate tit�. isolators:
..

Continuity between source

and load points is considered to be the·criterion for suc-

cessful. system operation.
. .

The complexity of the problem
• �an,· therefore, be quickly realized from the large number ..

·

.

·of interruption modes associated with a simple system con­

figura.tion such as that of Figure 3�3.

3.4 •. Reliability Analysis of Simple Substation Configurations

It is essential to perform reiiability analysis

on the various·possible alternative substation.designs be­

·£ore the selection of any particular configuration is· made.

The Wbitemore Park distribution·substation(ll) of the
. .. .

·Saskatchewan Power Corporation shown in· Figure 3.4 is con-

sidered to illustrate the basic concepts involved in relia­

bility calculations. There are two 25 KV incoming lines from

the Regina switching station, one normallY open and the

REGINA SOUT�

.. rSKV rSKV
"$t .�

A B c

Figure 3.4· - Whi teino·re Park.Distribution Substation
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. TABLE 3.2·

Il�TERRUPTION . ANALYSIS FOR CUSTOMERS· AT PO.I�T A.

,. Failed Component·

25 KV Line.··
25 KV .Breaker .

25/4.·16 KV Transformer
4.16 KV Breaker.
4· .16· KV Bus·

.
. .

, �. .

Feedtar·Sreaker
·Feeder Breaker for B
F�eQer Breaker for C
Feeder to CUstomer A

Failure
Rate

f/1-r
0.050
0.010
0.012
0.007
0;007
0.010
0.005
0.005
0.050

0 .. 156

·Average·
Outage.

Time Hrs.

0.50
.20.00
10.()O
72.00 .

. ..

3· .5C)
20.00·
1�00
1.00
5.00

8.54

···Total·
. Outage ..

·T�me Hrslyr
0.0250
0.2000
0.1200 .

0.5040
0.024·5··

.

0.2000 ..

0.0050
.

0.0050 .

0.2500

1.3335.

. [200 x (Outage Time at A). + aso x (Outage Time at B) .

.

+ 50 X· (QUtage· Time at C)]
.= 500 x 1.33 x .60 =·39900.minutes/yr.

. ·39900:
CUstomer minutes out/cus tomer/yr • =,

500.
Qt 80.

. ',.',

...Using the technique. described above, the simple

sub�tationconfigurations shown in Figure 3.5 have been.

evaluated manually in.terms of their ·outage frequencies and

durations � .The component parameters used in these studies·

are given in Table 3.1� en order to simplify the analysis;

normally open breakers and awi tches. are· asswned to be com�·
. . .

.

pletely reliabli) Maintenance conditions are not consi'dered�

The following two criteria were considered for successful

system operation.

(i) Continuity of supply to anyone of two load points A
.

.
.

.

and B •.

.
.

(ii)· Continuity of supply to both the load points A and B.

The results obtained in terms of the outage· rate

and the total outage· time per year for the above. two mOdes
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(a) .

,� '8
. (e):
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(b)

I
i

A
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(c)

(f)

I··' , .

. .

B A B
(d)

I
J

A. B·

�_g)

. Figure 3.5 . Some Simple Substation Configurations
. .
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.. ..

of successful operation are shown in Figures 3.6 and 3.7.·

All circuit breaker failures are assumed to be ground faults

... (active failures) in Figure 3.6 whereas· breakers are cons ..i­

dered to be completely reliable in Figure 3.7. It is cle.ar

from these figures that the selection of a particular design.

from a reliability viewpoint depends upon the component data·

and the definition 911l successful system operation�@ all

breaker failures are ground faults, then:

(i) the first criterion of system successful operation

gives .preference to the system -Ln F·igure 3 ._Sf fr_om

both outage rate and total outage time viewpoints.

(ii) the second criterion of s:y;stem successful operation

gives preference to systems· in Figures 3.5c and 3.5d

from the outage rate graph and to system.3.5g from

the total outage time graph.

If breakers are considered to be completely reli­

able, then:

(i) the first criterion again gives preference to the sys­

tem in Figure 3.5f from both outage rate and total

•

outage time viewpoints.

(ii) the second criterion gives preference to the system

in Figure 3.5g both f�om outage rate and total outage

time graphs.

(ihiS analysis, therefore, clearly indicates the

reliability implications associated with the definition of·

�uccessful system operation and component and system para­

meters) It should be noted that the capital investme·nt

associated with each of the designs Ln Figure 3.5 can be
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�asily calculated. Selection of a particular design can

theref9re'include in quantitative form ,the associated reli­

'ability and economic c'onstraints.

3 � 5 ','l'he Computer Program

The manual solution of reliability models of sye-'

tems ,'invol.ving component.s with. different failure' modes
,

,
'

becomes qui te labourious and unIna�ageable, as the number

of 'components and sys tern complexi ty
,

increase. ,The use of
. .

.' .

,

: ,a, state' space approach (16), to include weather dependent
. .'

.

.

..' \

failures and different repair and switching routines in
..

.'
.

.
.

"

. .',. .

.

'reliability calculations, requires,a solution of' many'simul�

'tane�us equations�,' liP,' this se,ction a computer program using,,'

'the concept of component active and passive failures is'des":'

cribed. The program is written in Fortran IV language for

,the IBM 370/158 computer." The only asswnpti'cms requi,red

are that the equations described ',in, Chapter:, 2 are applicable �
,

'
,

,TWo basic steps 'involved in the program'are:
(i) the· determination' ,of all those events which cause

interruption at the, designated load point. The mode

by which serVice can be restored is dete'rmined for

each failure event.

(ii) the calculation of outage ,frequency and duration in­

dices using equations appropriate for ,a particular

failure mode.

'In the first step, a failure modes and effects

analysis is performed by algorithms programmed to select, '/
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.

events and yarious possible combination of events within

the system that can cause interruption· to th� Load point·

under consideration.· In the ·second step, equations des­

cribed in .·Chapter 2. and in this section are used, according

to .the mode of failure, to evaluate the reliability indices •.

�e·input.to the program consists ot the follow-

:··ing:·
(a) . Number of components in the system, the normally open ....

connections and times required to close normally open ..

, connections.
.

. ..

(b). Information about the configuration of. the system

\lnder study. This information is provided bydescrib-
.

.

\ .

.

.

inC] the components that immediately precede. the .compo�

.. nent; undez consideration in the line of power flow�

(c) Component data. The following informati.on is· required
.

.
. .

.

.

.'

·on component �eliability parameters.

(i) Component total outage.rate

·'l'his rate represents·the·total·number of times in

a year the component. has to be. removed from service for re":,,,

pa.irs·due to any of its failure modes. This failure rate·
.

.

.

includes boch active and passive fed lures •

(ii) Component average repair time

.This time represents the average of times required

to repair. all k i.nds
:

of component failure modes •. @e repair

action ·may be warr�nted due. t.o component fault, a breaker or

switch stuck conditi9n, undetected open connection, breaker

false op�ration et�
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(iii)' Co�ponEmt maintenance o�tage rate

·This rate is the average number of times 'in a year
......

that .� component is taken out of servic� for pr�ventive

maintenance •

.
. i (iv). Component .average maintenance time

This value' represents the. average of all' times .'

.

. :.',

..
'

"
'. '. .

:

compen.ent •
.

' ..

(vt'·.' ':Cemponent active eutage rate.

cem�enent· -. ,

The active eutage rate is' expressed i� terms
.'

ee t1l� number of cemponent; active. f�:dlures per year.
" .

",

(v:_:�!..;)_. .;... ;:C�e:!m�2�e�n::e:.:n.:.;t:..··..:s::;w::..1.::::,'�t�gh.....i...Q._g.......t..i..m&:.le;;._ . . .

.

..' .'
.

. .

'l'his' is. the: time starting from the active failure'
of. a component and .lasting .upeo thE! time when' .tlle :faul,ted'

c�mp�nent Is. removed frem service' and all ether. 'healthy
,

.

cempenents on the direct paths to' the lead point are !"estered'
to' serVice � When ether unfaulted cempenents .cannot;' be re�

.

. stered to' service 'until the faulted .component; is repaired'
and put .back into' eperati,en, the switching .time value becemes

the time required to.. z:epair the £aul ted componenu ,

(vii), .' Stuck prebabilitY'
.

This value;. represents the. prebability of' a bre�ei'
. .". . '.'� '" .

or a sW'itch' being. s tuck when. called upon to' operate.' Iil' the'
.

.,'.. .
. '.

.

.

. .

case ef nermally' open brea.1{ers or. switches, this value is the'

p'rebability of' a breaker or switch. not clO.sing ·When··.·cal1ed·.·

.

,,'



. upon. to do so.

. .

. .

. . :

The 'stuckbreake� probability. is. estimated
�2

from the ratio 0(. the nWllbe� of ·times the break�r fails �o
. .' '.

operate whtm call�d upon to do' so to the total nWi\be.r of .

.

.
.

· : times the breaker is called' upon to operate •.. '

.. '. ....•.. ;. (vi'i'i): Weather Parameters.
.. -- .

. .

.

If we�ther' conditions are to be C::Qnsidered.by .• :

·

uS.lng· a two' state weather model (8) � the' nC)J:ma.l: and adverse .' ..

·weathe:r associated' active and passive failure· .rates are

:requiJ;ed.· The average. durations of the' two weather condi-: .

.
: :tions

.

are
.

also .specified. ,', ',':'

It must be i16t,e4. that co�one,nt passive fai�ures

have, ,�e sciIne system effect as do the component maintenanCe.'

outag�� � .1,U5 such, .. these. failure indices' can be combined to
'.'

: . '.
.

obtain overall outage rates and 'durations � '. If thi.s is done';
. .ehen the equations. used. in the' interrup.tion .analysi�· should

.
take. into consideration �e· dependent naeure o�. lnaintenancEi'"

iA, a maint�nance out�ge cannot occur if there' is some outage
. .' .. ' .. :

..

. . .

..
.

. . .

. . .

. already exis:�ing in a related portion of .the system•. This.

is illustrated in Appenqix C· for' a �e'cond ord�r'Cllt set.'· In
·

:this. chapter·, ·ho",ever·,' maintenance outages. and' passiv� .f�ilures·
are ,treated separately to maintain their i�dividual identities.

'.
(d) 'Identification of br�akerS which open as a result of com-

", .". .: .. ": : ..

"

ponent �active failures. The breakers' which open. due to a

.... ',. ',', .

.
.

" '.' .
.

.

.

. c»mbined aCtive failure and stuck breaker condition are

also identified for each component.

There 'can be
..

some components in the system which.

are not
:

on any. direct transmission path to the load pOint
..

'

under .consideration but their active failures dan interrUpt.
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some or' all the direct paths. The total outage rates in

. tile prograniare assigned zero.values for sUch components.

The average outage time is also assig·ned. a zero. value •..
'

Main-
. .

.

·.:tenance' outages of such components cannot int,errupt. the di�
·

rect transmis.sion paths and thus the maintenance rate. and
. .....

. .

.

. .

outage· time are assigned zero values. The active outage rate'

and f;witching' time parariietars,' used in the program, . a.re the'"
· actual. values associated with the component •. If the compo..;..··

". ".

'.' .·nent>cannot be switched out;; then swi'tching time is assigned

··a value equal to the component repair time.

The sequence of steps followed in the program is

· given' .in the flow chart ·shown in Figure 3 •. 8.. The' . program

exeCution starts with the establishment of paths between' .'

.

.

... .. ..

··

.. the �ource point and the designated load point. The.se paths

are established taking into. consideration the all()weddirec­
tionS of power flow. (In certain components.the reverse

flow of .power may not be allowed.) The paths which can be
.

established'by closing the normally open connections are

also recognized.

The program execution then proceeds on to deter-.

mining the minimal 'cut sets for the load point under consi­

deration. This,'in fact, consists of evaluating .thevarious
combinations·of component passive failures within the system

that can'cause interruptions. The algorithm used in deter­

mining the minimal cut Sets is based on boolean algebra and

is. very similar' to .

'that described in reference 26. It should

be noted that these minimal cut sets a·re determined from only /.
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(St�rt .

!
Read Input Data

Number.of·System Components
. Normally Open Ani Load Sensitive Components
: Times Required To Close N/o Connections
:Component Failure Data
System Connections And Component Capabilities

, .

.

�.

Deyelopment Of Paths To The Load Point
.... Considering Allowed . Directions of Power·· Flow

'.

. 1

··Identify Paths ·Which Can Be
.. ·Established By Closing N/o Connections

1
Determine Minimal Cut Sets Due To . Component ./

Passive Failures. From Paths Excluding·The
: Paths Established By Closing N/o Connections

I.

Identify Cut Sets In Which.Service Can Be.
. :/;

Restored By Closing N/o Connections
..

I. .

. Calculate And Print· Reliabili ty Indices Due. Tc
Passive And OVerlapping Passive Failures,
·Passive Failures OVerlapping Maintenance
Outages And OVer.load Outages OVerlapping .:

Passive Failures..

� ..
Read Effects of Active· Failure of Every
Comppnent And Stuck BreakerCc;>ndition On
System Co�ponents.

0
.. r: .
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Determine Minimal Cut Sets" For' Componen·t
Active Failures And stuck Conditions. For. Each

.: CUt Set Determine How Service Can Be Restored'

Calculate And Print Reliability Indices 'OUe To
.'

Acti"e Failures'OVerlapping Passive Failures,
.

Active Failures OVerlapping Maint. OUtages Arid .'

OVerload Failures OVerlapping Active Failures
.

Print OVerall Reliability Indices DUe To All

Component Failure Modes

. .

.
.

.

.

.

.
.

Figure 3 .. 8 .' Flow Chart of �he' Computer Program.



66

those paths whi�h are normally cLoeed , A simple algorithm '..,,/"

is then used to recognize those cut sets in which service

,'can be restored by closin'g normally open paths �
,

When all the 'minimal, cut sets have been determined,

the computations are made for the contribution of each, of the,
,

"

, cut set to the followirig system reliability indices_

(1) , The ,outage ,rate, the average duration and 'the total"
,

,
,

outage time due to passive,failures and overlapping
" ,

,

'passive failures' of components present, in the cut set,',

'" ; under consideration.

(ii),' The outage 'rate, the average duration and the ,total

outage'time,due to component passive f.ailures over­

lapping the maintenance outage periQds of components

,present in the cut set under consideration.

The above indices are comPuted by using the appro�

,priate equations describ.ed in Chapter 2., These equations

are stored in the computer as subroutines. If for a particu�

lar cut, set; the service can be restored by closing a normally

open path�, the average outage duration for that cut 'set equals

the time, required to close the open path. When these compu­

tatiQns have been made for all the cUt sets, the total contri-

butions 'to the load point reliability indices due to passive

"

.

.
"

...
". '. '. '. ."

failures and passive failures overlapping, maintenance outages
.

.'

.' .

are evaluated separately using component total outage rates.

In the next step, corresponding to each component

active failure, minimal cut sets for the designated load point'

are determined by interrupting all those paths which contain

unfaulted components but are on o�tage because of a fault on
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the component under coIisidera1;ion. If any of, these cut
, ' ,

:. . .

sets has already been evaluated';· it is not considered any

,further. The contribution,to outage 'frequency and'duration

'indicE!s due to various cut sets associated with component'

active failures is evaluated by equations given in Table 3.3.
.. ..

. .

.

When all the components have been considered,tlle contribution

to the 'r�li:abl1ity 'indices, due 'to combined active failures
,

,

, ,
'

.and stuck breaker conditions is evaluated on the same,hasis

as, is, done for component active failures. At,the end of
,

'

, ,

this step; 'the total contribution to the load point relia�',
bility indices due too, .component; active, fa:ilUres and breaker

.
. ."

or ,switch stuck' condi tions is dete�inE!d f,or the fol.lowing

two conditions.

(i) Component active failures and component act,ive failures, #

"overlapping component passive failures�'

'(ii), ,Component, active"failures overlapping component main-'

tenaIice outage periods.

When all the above computations are completed, the

overall reliability indices are determined by combining the
,

outage contributions of all active, ,passive and malntenan�e

failure modes. These indices are (i) Total interruption rate"
, '

(ii) Average outage time, and, Ciii) The total average outa:ge

time.

The program has been written to handle a maximum

of 50 components., It should, however, be noted that the

limit to �e number of components 'which can be h�lndled ,by the

program is determined only by the size of the computer aVail,­

able. The dimensions of the arrays in the program can be
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TABLE 3.3

EQUATIONS F:O� THE·EV�tiATION OF. OUTAGES.DUE TO COMPONENT ACTIVE FAILURES

COhtribu1:ion to System
.. ;Fa�lUr�

. Rclte
' ..

Average putageDuration
. Switching, Nonswi tching

Comps.inthe
CUtSet

Component Actively
.

Failed.
Comp.·.
Stuck

Event

'.i i (a) Aig Si S.
�

S.r.
�S.

s.+rj�
� " .

S.r ..
'

� J,,'Si . S.+r..

� J

Si S.
�

S, Si�

Sirk
S.

s.+rk·�
� ."

SirkS.
Si+rka,

i,j. i (a) A. A.r.+A.A. S.
. �g ) J ) �g �

(b)
" Ii

A. A.r;
'�g J J

i i j (a) A. Pr (J')
�g

.'

A. ·Pr (J;)
�g

.

',

AigAkrkPr (j)

i,j. i j (a)

i,k.. i j (a)

(b)
"

n It

AigAkrkPr(j)

i

Notes:In the. above table I

Equations are described for cut sets upto second order and similar equations can be written for
higherorder cutsets'.'

.

Equations similar to those described in references 9 and 10 can be written to include failures in
.normaland adverse weather conditions.' ..•...

.

Aigand Si are respectively the active failure rate and the switching time of component i�

Aj"andrj"are respecti'!ely the to�al' failure rate and the average repair'. time of c01!'ponent j .

.Ak...and rk are respect�vely the ma�ntenance outage rate and the average maf.ncenanoe t�me of compo-
pentk.

.

.
" '. .... .. '

. '.. .' .'.
.

.

Pr(j).is,the probability of a breaker or switch j being stuck at any time.
Event(a) includes component active failures and comPonent active failure overlapping component
passive failures.

.

Event(b) includes component 'active failures overlapping component maintenance outage periods.
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;.,
. increased, if the computer size can' accommodate' a larger

.'. number of componencs � I.

3.6' System Studies

.The· computer·program describec.i in.the previous

section has been used in a number of practical system studies .e

In this section,' two excunples are give'ri to illustrate the

..capabi.lities· of the program.

The. first eXaplple pertains to the re.liability eva­

'luation 'of a distribution substation shown in Figure 3.9.. The·

syst,em is consLdered . to. be failed if there is no . continuous'

path froIl.\ the. source bus to the load bus •..Table 3 .. 4 gives
. .

the component data used in this reliability study.' The de-
.

. .

: tailed analysis of ·the configuration. is g'ivEm in Table 3.'5 •.
'

. . .. .

. '.

'.This table lists contingencies only up to second o.rder •. The
. ."

. program, however i compute� higher o�der contingencies also

and their contributi.ons axe added to the overal.l· results.

� should be noted that in this example approxi­

mately 70% of the failures are'attributed to single contin-·

gency events .and 20% to events involving stuck breaker con­

ditions � This.'clearly.illustrates the'" importance of including
.

. .... . .
,

.

.

.

protective system performance in reliability' predictions. In

addition, such information may be of value to designers to

aid in review.of design' practices and to' operators to aid in

review of maintenance and testing practices as well as in.

training given' personnel for testing and maintaining. sub-:
.

stations.
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The overall reliability indices· can be affected

.. by changing· the.· system· configuration·; .The following varia-
.

tions for the sys·tem shown in Figure .3" 9 were considered.

(a) . Dis.connects on the h.v � side of the transformer are re-

place4·by h.v. breakers.

In this case failure parameters for h.v. breakers

3 6·· 8 10
SOURCE ,.

.

--Ol___'-·'�.�

2SOURCE 4.:

Fig. 3 .. 9 .. A Dis.tribution Substatio� Configuration

were assumed to be· the same as those ·of the disconnects.

·The following events will not cause interruption if this

change is· made .:
.

.
.

Breaker 3 suffers an active failure when breaker 10.is

stuck.

Breaker 4 suffers an active failure when breaker 11. is ..

stuck •...

Transformer 8 suffers an active fal1ure when breaker 5

is stuck.

Transformer 9 suffers an active failure when·bre�er 5

is stuck.

Transformer 8 suffers an active failure when line 2 is

being repaired or maintained.



TABLE 3�4

COMPONENT DATA FOR SYSTEM IN FIGURE 3.9

Components Total Average. Active

Outage . OUtage Maint. . Mairit. Outage Switching Stuck.

.
Rate ·.Duration· Rate. .·Time Rate Time Probe

.' f/yr. Hrs. a/yr • Hrs. flyr •. Hrs.

Lines(1,2) 0.09 7.33 1.0 8.0 0.09
..

l�O
; ...

H.V.·· Breakers 0.23 11.13 .0.25 24.0 0.03 2.0 0.005

(3,4,5).

Disconnect Switches 0.22 2.09 0.25 4.0 0.02 3�0

(6,7)

Transformers 0.10 1000.0 0.50 48.0 0.10 1.0

(8,9)

L�V. Breakers 0.02 .. 3.0 0.25 12.0 0.01 1.0 0.0.6

(10,11)

L.V. Bus 0.024 2.0 0.00 0.0 : 0.024 .2.0

(12)

....:J

.....



TABLE 3.5

DETAILED RELIABILITY.ANALYSIS.oF SUBSTATION,CONFIGURATION OF FIGURE,J.9

'(Contingencies only up to second order' are listed)

Contribution Due To,'
, Noo-Main.tenance Events,

'Contribution,Due To
.' Maintenance Events

Failure ,Events

OUtage
'

Av. TotaI OUt-
,

Rate Duration age Time
F/yr • Hrs •

'

Hrs • /Yr. '

Outage Av. ,'Total Out-
Rat,e Duratiqn age Time
F/Yr. Hrs. Hrs./Yr.

OVerlapping passive failures
andmaint. outages

L.V.Bus,' 12 0.240E�01 2.00 o • 480E';"01 o. O� O.
Lines1& 2 0.�35E�04 3.66 0.496E-04 0.164£-03

,
3.83 0.628E-03

Line1"&Bkr. ,4 0.436E-04 4.42 , 0.193E-03 • 0 .271��03 " 4.87 o .132E-02
Line2&Bkr. 3, ,0.436E-04 4.42 0.193E-03 0.271E-03 4.,87 0.132E-02
Bkr.3&Bkr. 4 0.134E-03 5.56 0.748E-03 0.31sE-03 7.60 0.239E-02
Disconnects 6 & 7 0.231E-04, 1.04 O.241E�04 0.S02E:-04 1.37 o .,689E-04
,Disconnect 6 & Trans. 9 0.252E-02 2.08 0.525E-02 0.614E';'03 2.04 o .125E-02
,Disconnect 6 & Bkr. 11 0.255E-05 1.23 0.315E';"05 0.776£-04 1.78 o .138E-03
Disconnect 7 & Trans. 8' 0.252E';'02 2.08

'

0.525E-02 0.61:4E-03 2.04 0.125E-02
Disconnect 7 & Bkr. 10 0.255E-05 1.23 0.315E-05' 0�776E-04 1.78 0.138E-03
Transfo,rmers 8 &, 9 ,0�228E-02 500 e

,
00

'

0.114E-01 0.548B-03 45.80 0.251E-01
Trans.8and Bkr. 11 0.229E-03 2.99 o .685E-03 ,0. 890E�04 6.30 0.561E-03
Trans.9and Bkr. 10 0.229E-03 ' 2.99 0.685E-03 0.890E-0,4 6.30 '

'

0.561E-03
Breaker10 and Bkr. 11 0.274E-06 '1.50,- 0.411E-06· 0.137E-04 2.40 0.328E-04

TotalContributions 0.320E-01 37.53 0.120E+01 0.319E-02 10.87 0.348E-01

." Table 3.5 (cont'd)
i\3'



Table3.5: DETAILED RELIABILITY. ANALYSIS OF SUBS'i')\TION CONFIGURATION OF FIGURE 3.9 (cont'd) .

Failure Events Contribution.Due To

Non-Ma:intenance Everits
Contribution Due To
Maintenance Events

ou tage .

Av.. . Total .

Out-
Rate: Duration age Ti�e
F/yr. Hrs .•

-,

Hrs • /Yr •

outage. .. Av.. Total Out-
Rate Duration age Time
F/Yr. .Hrs. Hrs ./Yr.

ComponentActive .fai1ures
overlapping passive & maint •
.failures

Bkr.3A.F., Disconnect 7 out
·

0. � 3 83E-05· .. 2.0.0 o..767E-o.S .: 0.. 342E-o.S. ·2.0.0. o..685E-o.S·
Bkr.3A.F., Trans. 9 out · o.. 343E-o.3 2.0.0. o , 686E·�03· . o.. 822E�o.4 2.0.0. o..164E-o.3
Bkr.3A.F., sxe • 11 out ·o..274E-o.6 2.0.0. o..548E-o.6 : 0. .aoas-o s 2.0.0. . o..205E-o.4
Bkr.4A.F., Disconnect 6 ouc o..383E-o.5 ·2.0.0. o..767E-o.5· o..342E-o.5 2.0.0. o..685E,..o.S

Bkr.4A.F., Trans. 8 out o..343E":03 ·2.0.0. o..686E-o.J· .. o..822E-04 2.00. 0. .164E-o.3
Bkr.4A.F. , ·Bkr. 10. out o..274E-o.6 2.• 0.0. o..548E-Q6· o..Io.3E ... o.4 2.0.0. o..2o.SE-o.4
Bkr.5A.F. o..3o.o.E-o.l 2.0.0. o..6o.o.E-o.l .0.. o.. o..

Disconnect 6 A.F., Line 2 out · 0. � 171E-05 2.13 o..364E-o.5 o..183E':'o.4 2.18 o..398E-o.4

Disconnect 6 A.F., Bkr •. 4 out ·

o.�689E-o.5: 2.36 .0. • 163E-O 4· . 0. .137E-o.4 2.67 o..365E-o.4

Disconnect 7 A.F., Line lout· 0. .171E.�05· 2.13 o..364E-o.S o..183E-o.4 ·2.18 o..398E-o.4

Disconnect 7 A.F.j Bkr. 3 out ... 0. .689E-o.5· 2.36 0. � 163E-o.4 ·o..137E-o.4 2.67 O.365E-o.4
Trans.8A.F., Line 2 out o..856E-o.S 1.0.0. o..856E-o.S O.913E-:-o.4 1.0.0. o..913E-o.4

Trans.·8.A.F., Bkr. 4 out o..344E-o.4· 1.0.0. o..344E-o.4 o..685E-o.4. 1.0.0. O.685E-o.4

Trans.9A.F., Line lout o..856E-o.5 .

. 1.0.0.· o..856E":o.5 . O.913E-o.4 1.0.0. o..913E-o.4
.Trans..9A.F., Bkr. 3 out 0. .344E-o.4 ... 1.0.0. o..344E-o.4 o..685E-o.4 1 .• 0.0. o..685E-o.4
Bkr.·10.A.F. o..Io.o.E-o.l 1 •.0.0. 0. .aoos-o r 0. e

' o. •. o..

Bkr.11,A.F.
.

0. .1o.o.E-o.l ·1.0.0 o..Io.o.E-o.l o.. o. • o. •

.
:

.

···Table 3.5· (cont'd)

....,J
w



Tab1e3.S: DETAILED RELIABILITY ANALYSIS OF suaSTATION CONFIGURATION OF E'IGURE3.9 (cant'd)

Fai�ure Evehts Contribution· Due To
Non"'Maint�nance Events·

. Contribution. Due To
. ··Maintenance Events

Outage Av.. Total Out�·
Rate

.
Duration age Time·

F/yr. .

Hrs. Hrs .I.yr ..
Outage .Av. Total Out-
Rate Duration age Time

.

.
F/Yr. . HrS •. Hz.:s .]Yr.

Activefailures and Stuck·Bkrs.

Bkr.3A.F., Bkr. S stuck 0.lS0E-03 2.00 O.300E,..03 O. O • O.Bkr.lA.F.,· Bkr. 10 stuck. o • 180E-02 2.00
. 0.360E-02 O. O. O ••Bkr.4.A.F., Bkr. 5 stuck o .lSOE-03 2.00 0.300E;_03 o. O. O •

.Bkr.4A.F. t Bkr. 11 stuck 0.lSOE-02 2.00 .. 0�360E-02 O. .0. O.Disconnect 6 A.F., Bkr. ii stuck 0.120E-02 1. SO . o .lS0.E-02 O. O. O.Disconnect·6 A.F., Bkr. S·stuck O.100E-03 2.36 0.236E-03 O. O. O.Disconnect 7 A.F., Bkr. 11 stuck 0.120E-02 1.S0 0.lSQE-02 O. O. o.Disconnect 7 A.F�, Bkr. 5 stuck· 0.100E-03 2.36 O.236E-03 O. O. O.Trans.SA.F., Bkr. 10 stuck· .0.600E-02 1.00 0.600E-02 O. O. O.Trans.SA.F., Bkr.· 5 s.tuck O. SOOE-03' 1.00 O.SOOE-02 o. O. O.Trans.9A.F., Bkr .. 11 stuck ·0.600E.-02 1.00 0.600E-02 O. O. O.Trans.9A.F., akr •. S stuck 0.sOOE-03 1.00 o e .sOOE-03 o. o. o.

TotalCont.ributions 0.703E-Ol 1.51 0.106E+OO 0.S7SE-03 1.49 0.S56E-03

OVerallreliability indices
..

.

Failure rate == 0.106112 f/yr., Av. outage duration = 12.67 hrs.,
Total outage time = 1.344 hrs ./yr.

.
.

....:J
�
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.

.

Transformer ·9 suffers an active failure when line 1 is .

being repaired·ormaintained.

The sys.t�m outage rate decreases from 0.106112 f/yr;.

to 0.101110 f/yr � with .. this ehanqe., The total outage time

decreases from 1.344 hrs./yr. to 1.336 hrs./yr •. It is, there-.

fore�' evident:· that this change in the configuration brings

. about an insignifj;cant Change' in the system reliability in-:-

dices •

. (b)'. Bre�er 5 is normally open.

If it is assumed that breaker 5 in the normally
"

.
.

open mode cannot have any active failure.; some of the events·'
'.'

.

.'.
.

listed in Table 3.4 are eliminated while a few new� failure

modes are added •. The system overall reliability i.ndices for

tllis change are:

ASL � 0.08396 f/yr.,!., rSL = 15.50 hrs., ASL.rSL=1.30l6·
hrs ./y.r.

where'isL' rSL and ASL.rSL are respectively the system out­

age rate,
..
the aver�ge outage duration and the ·total outage

.

time.

It. is, therefore, eviden.t that this change· produces

a significant decrease in the· system outage rate whereas tl)e

total outage time is not affected very much. If in the nor­

mally closed configuration, breaker 5 is assumed to be.com­

pletely reliable, the sys.tem overall reliability indices are:

ASL::; 0.076112 f/yr., rSL = 16.88 hrs., ASLrSL=1.284
hrs./yr.

This shows that the reliability of breaker 5 has a
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significant effect on the system outage rate� This is. because

all acti.ve failures of breaker 5 will cause interruption at

... the 10a4 poin t �

(c) Breakers on the h.v. side of transformerS and disconnects

. .,

on 1.v. side.·

.
The overall.reliability indices resulting from this·

.. change -are:

ASL = 0..3733 f/yr.i rSL = 4.645 hrs., ASLrSL = 1.134

hrs .jyr.·

It is clear from these results that there is a
.

.

..
.

.
.

considerable increase in system outage rate and·total out�ge

time.� .. The average outage duration decreases because· of in�

crease in the·number of relatively short duration outages.

(d) l.v. breakers are replaced by disconnects and a sec-

tionalizing breaker is connected in the l.v. bus�

The over�ll reliability indices associated with .

this configuration are as follows:

ASL = 0.236lf/yr., rSL = 6.50 hrs., ASLrSL = 1.53 hrs/yr.
There is again, a considerable increase in. system·

.. .

.
. .

outage rate and total outage time indices.

(e) Breakers and disconnects on the h.v. side are Interch·�nged •

.
The overall sy.stein reliability indices associated with

this changed configuration are as follows:

This change in. configuration, therefore, results in

insignificant decrease in system outage rate and.increase in

·total outage time.
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It should be rioted, however, that superiority of _/.

a particular design cannot be judged 'from the average ,dura-

tion, index. A desigri may have the same number, of long inter­

ruptions as another design but the, average duration may be'

dilut,ed bY' additional sustained interruptions whose duration

is ,limited by,the short switching times.

, Utilizing the,base .system configuration shoYin in

Figure 3.9; the effects ori the system reliability indices of

varying the component parameters are shown in Figures 3.10,'
,

, ,

'3�11,and 3.12� Figure'3.10 shows the effect on the system
,

�
.

. :.': .. '.
.

.

.

,

outage rate of l.v. and h .v ,. breaker' active failure rates.

'It is clear that, in this example, if the same percentage of

improvement is made ,in the h.v. and l.v. breaker failure
.

.

.

'.' .'. .

.

rates, the system outage rate will decrease consider�ly with

h.v. breakerimproveJl\ent. The total outage time is not greatly
,"

.
.

: .
.

.

affected by ,any of these improvements as the main ccmtribution

to the system total outage time is due to transformer outages.

Figure 3.11 shows the effect on the system outage rate of

varying the l.v. and h.v. breaker stuck probabilities. This

figure shows, that, in this system configuration, if, the same,

percentage of improvement is made in h.v , and 1. v , breaker

stuck probabilities, the system outage rate will decrease

rapidly with 1.v. 'breaker "improvement. The total outage time

again is not affected by any of these improvements. Figure

3.12 shows the effect on system outage rate and total outage

time of'a percentage i�provement in the outage parameters of

the transf,ormers and lines. It is clear that, in the system'
,

,

under consideration, improvement in reliability performarice
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of the transmission lines .does not ha"e sigriiticant effect
on the sys�em indices. The system outage rate. ana total

. .

. outage time, however, are significantly decreased by improve-
. .

.

ments .Ln- the transformer reliabili ty performance.�·. The effect
. .

.ofvarying component switChing times on system total outage

time is shown in Figure 3.13. There is no significant de-.

crease in System outage time because the inain contribution

to this index is made by transformer outages. The variation

in system outage time, if contribution due to transformer

outages is excluded, is also shown in Figure 3.13. The sys-'

tem outage rate is not affected by varying the switching

times.'.
.

.

. ..

::;... ... .. .... .....

The aecond example utilizes the Regina. switching

station of the Saskatchewan Power. Corporation. .The single

line diagram for tllis station is shown. in Figure 3.14.' The

cri te.rion of successful operation is' considered to be the

continuity of supply at the. far end of lines RIP and R2l?

(i.e. the. Pasqua bus).' Al.! breaker failures are assumed to

be active and the .stuck breaker probability is considered

. to be zero. The fo11owi·ng 'component parameters were used

i,n the reliability study.

Lines 1, 3 and 5
" II'

A = 0.028 f/yr. , r = 5.0 hrs. i A -' 1.0 o/yr, r .= 10.0 hrs.

Buses 6' and 11
" "

A = 0.007 f/yr. , r = 3.5 hrs. , A = 1.0 o/yr. , r == 15.0 hrs.

Transformers 2 and 4
" "

A'� 0.012 f/yr., r= 168.0 hrs., A = 2.0 o/yr. t r = 13.0 hrs.



Lines 17 and .18
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" "

A = 0.05 f/yr., t: = 4.0 hrs., A = 0 e ,5 o/yr., r = 4.5 firs.

Circui t bre.akers
II· "

.A = 0.007 f/yr., t = .70.0 ·hrs., A = ,2.0 o/yr., r = 11.5 hrs.

Switching time = 1.5· hrs •

.

Assuming the allowed direction of power flow at
. . .

.

.... point A 'as' ehown in Figure· 3.14, the· sy.stem reliability·. in-
.

dices aze s
:

.
.

• ASL = 0.000268 f/yr�, rSL = 3.17 hrs.,. ASLrSL = 0.000849.·
.

hrs./yr ..

When line .B2R is con!;idered to be normally.open,

with switching time equal to one hour, the following results

are obtained:

ASL = 0.000621 f/yr., rSL = 1.936 hrs., ASLrSL = 0.001202

R2C hrs • /yr •

o
a) 5

�
. 0: B1R
LL

6.

1\

.17 18

2

\ .. 'FROMB3:0

R1P; R2p·
.

TO �SQUA SUS

. 15

16
.

4
3 B2R

. , FROM 8.0

.
.

Fig. 3 .14 R.�gina.'·SWi tching Sta.tion of the Saskatchewan Power

Corporation •.

. +o
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. If the breaker active failure rate is 0.002 f/yr.

and 0.007 f/yr. is its total failure rate, then with B'2R"

normally open,

ASL = 0.000530 f/yr., rSL = 2.00 hrs., ASL.rSL�0�00107
hrs�/yr.

If power flow' at point .A.is· in the direction. opposite to

that shown-in Figure
+

3 .14, 'then

ASL :;: 0.000578 f/yr., rSL:;: 1.80 hrs., ASL.rSL = 0.001045

..hrs ./yr.

If power flows at point A are. allowed' in both directions, th.en

ASL = 0.000314 f/yr., rSL = 1.24 hrs�, ASL.rSL = 0.00039

hrs./yr.

If power flows at point A can be in any direction, then

�SL = 0.000306, rSL = l�26 hrs., ASL.rSL = 0�000386 hrs./yr •

. The base cases of substation and'switchiilgstatfon'
. .

examples given, required execution timES of 1.5 and 1.75."

seconds respectively of C.P.U. ·time. It is,'�lear., therefore,

that the computer time depends not only on the number of .com�

ponents in the system, but also on the number of cut sets and

system complexity.

The examples presented in this section .clearly i1-

lustrate·the principal features of the computer·program. The

relative economic and reliability benefits associated with

various cOrifigurat�on changes qan be evaluated in quantitative

terms.
.'
This provides a useful input to the' judicious selection

of a particular design keeping in view the economic and r.eli�

ability constraints.
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.

3..7 Application Of The Program For The Evaluation. Of

OVerload OUtages .

.
The computer program described in section 3.5 has

been extended to consider cases where discontinuity of. con­

·nection betw�en the source and. the load points is not the
. .

.

. .'.
.

·only failure mode. Under certain system conditi:ons, inter.;..

.
ruptions can occur at .the designated load point

.

due to compo"';'

nent overload outages. The.program proceeds to consider

this condition in the same sequence as described earlier.

An additional input is provided to identify the components·

. such. as transformers, .lines .etc. which are liable to suffer··

overloads. The capabilities of these components are also

pzovfded ,: As :the program determines the cut ·sets for the.

designated load point, a simple algorithm·scans those .. cut
.

�

sets which. contain components liable to. suffer overload out�

ages. These cut, sets are then evaluated for· thei.r. contribu-·

tions to ()utage indices due to component over.loads. usi·ng the

equations described in Chapter 2.
.

" .'

The distribution substation shown in Figure 3.9 is

used as an example to· illustra·te 1;his outage aspect. The

capability of transformers and lines were assumed to be

10 Mw and 20 Mw each respectively. A Saskatchewan Pow.er

Corporation substation load (8) with a peak of 13.2 Mw was··
. . .

assumed at the load point. Table 3.6 lists the various double

continq,ency events and their con.tribution to the oue.aqe in­

dices·due to component overload outages. (The program, however,

also·evaluates higher order contingencies). It is a$sumed



TABLE·3.6

RELIABILITY INOICES DUE TO COMPON.EiNT OVERLOADS FOR SYSTEM IN FIGURE; 3.9
..

.
Failure Event

Disct.6P.F, Trans .• 9 overloaded

.Disct.7P.F, Trans. 8 .over1oaded
Trans.·8P.F, Trans. 9· overloaded
Trans.9.P.F, Trans. 8 overloaded

Bkr.11P.F, Trans. 8 overloaded

Bkr.10P.F, Trans. 9 overloaded
Bkr.3A.F,Tl:'ans. 9 overloaded

Bkr.4A.F,Trans. 8 overloaded

TotalContriputions

..•..Outage Rate,. £/Y1:' Av. Duration:, ars. . Total Outage Time ,Mrs ./lr �

0.107 E + 00

0.107 E + 00

0.100 E + 00

0.100 E + 00

0.113 E - 00

1.49 0.160 E + 00

1.49 0.160 E + 00

5.17 0.517 E + 00

5... 17 0.517 E + 00

1.90 0.215 E - 01

1.90 0�215E - 01

1.44 .

0.185 E - 01

1.44 0.185 E - 01

0.113 E ..;. 01

0.128 E - 01

0.128 E - 01

0.438 E + 00 3.25 0.142 E + 00

·00
0'\
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:that component maintenance outages will not cause'any over-

load outages. This situation, if applicable, can .also be

evaluated. This is .illustrated in. Chapter 5�

It should be. noted that the procedure for the

evalu.ation.· of overload outage$ as described above. is valid

when there is only one load.point in the system.
. When more'

.
. ..

.

' than one load "point' is' to be considered, the ap�roach.·· out,;;.·..
lined in Chapter 5 can be used.

3.8 'Summary'

Valid representation of component and' system beha .....
. .."". .

vd.our requires a separation of component failure modes and
.:

their. occurrence rates. .� .
a simple radial. feeder, a conductor

.
.

open type failure will. interrupt all customers from the. open

point and beyond whereas a conductor·failure. to .ground will,

cause that ..particular '.
circuit .

to" trip ana 'result in· inter-:­

rupting all' customers from the circuit breaker or section­

alizer and beYOnd.) In this .chapte�, a novel concept of

component active and passive failures is introduced which
.

.

permits theinclusion.of·all realistic component faIlure

modes in reliability predictions. �is approach is used to

.evaluate the rC;;liability performance of. s\1bstations and switch-'
..

. .... .

:.

ing stations in. terms of their outage frequencies and durationS":)
A general compute,r program based on a cut set approach is

described fo'r· reliability calculations. The algori tbms . are

programmed to select the various possible combinations'
..

of events within the system which can cause interruption to

the:designated load point. The program output provides a
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sequential and concise description of various system contiIl�

gencies and their contributions to system' unreliability. Two
.

.

. ..

practical system examples are presented to expose the salient.
.

.

features of tQe program. The effects of varying the compo-
. .'

nent parameters, system configuration, and successful mode .

. of' system operation on reliability indices are illustrated.'.

This form' of 'analysis provides' a . quanti tative·. bas,is for the
.

.

.

. .. .

judicious'selection of a reliable and economic design.

_.



4.' QUANTITATIVE EVALUATION OF MAINTENANCE POLICIES
IN DISTRIBUTION SYSTEMS

4.1 'Introduction.

As noted in the previous chapters, a consider'able

amount, of work has beeh'done in the field of power system

reliability evaluation (1) • Thepubiished literature clearly
,

shows that'litt,le at,tempt has, been made to optimize oomponent

and system maintenan�e parameters. Reference 28 describes

sonebasdc reliabili ty .and maintainability ooncepes applied

in the area of generating station design. ,In the litE:'!rature

'on transmission and'distril:)ution system,reliability evalua�

tion, preventive maintenance has always been considered as a

prooedure that is carried out in accordance with, .a policy

. predetermined by other considerations and thus performed with

a given frequency and mean duration hot Subject to any,changes.

Interest has generally been confined to the evaluation of "

possible overlapping system outages dUe to components re­

moved from service, for preventive maintenance. '

This chapter describes some basic considerations

involved in the deterinination of consistent mai'ntenance poli­

cies for distribution system components. It'has been noted
.

in references 17 and 29 that ,a major cause of double, contin-'

geney outages is the occurrence of a component failure during

the period when anothet' component is out for preventive main­

tenance. If the maintenance outage rate of a component is

reduced (in' order "to decrease the prol:>abili ty of occurxence

of this kind of 'double contingency event), an increase 'in its
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.failure 'rate may result� This can increase the. risk of tail-
·

ures due to.; ove·rla.pping component outages •. 'The�e is, the�e":"'
fore, a possibili ty of choosing some compromise between· ....

component maintenance and failure rates. This. chapter .ilives­

tigates this possibility' in order to optimize component and.

·

system reliability performance.

In many' practical" systems, two or more 'components
'.

are. si'multaneously taken out for preventive mcdnte·nance,. This.'
. .

.

type of action is des'ighated as performing. co+oxdd.natied

· main�enance. on system'components •.. If . component maintenance
.

.

is .properly co-ordinated, ., considerable improvem��t in' outage
.

.

.: .. .'. . .
.

. .

.

frequency and duration indices may be obt.ai.ned , This chapter

illustrates the quantitative benefits associated With dif-'

.

·ferent methods of co-ordinating component maintenance.· . The·
· .' .

.

. . '.
.

computer program described 1.n Chapter.3. has been used exten ..
·

.

.

.' :. .

sively Ln the s.tudies described ..

.

"

.
. '.'

' ..

4.2 Factors Influencing Preventive Mairitenance Policies'
'. . .'.

.

..

Maintenance can be
.

generally sUbdivided into the
.' .

two general categories of' corrective and preventive, action."

Corrective maintenance is performed when a'component actually

fails, while preventive maint�nance is an action carried out

to hopefully forestall the occurrence of future failures.· In·
.

.
.

".
.

. .

this chapter, the general expression maintenance is used to'.

imply the l.atter category of preventive' maintenance.·'

There are. many 'considerations which' can influence.'

the level of maintenance action •.• Figure' 4,.1 illustrates the
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pri"ncipal factors that govern the mairitenance policies ,for',
,

'

transmi$sion and distribution syste.m components �' T,he' impli�

cations associa�ed with different blocks shown in Figure

4.1 are as follows:

Equipment ,'syst.em, System
.... ',Factors' "Load " Confi<]l.ir(1ti,on

, ,

Manpower Maintenance' Management' '

& -

"

Skill Level Philosophy

,

,
,

Environ-' Re'liabili ty Operating
mental

" 'i'argE! ts, Policies
Factors

, '

Figure 4.1 Factors Influencing Preventive Maintenance POlicie's

(i)
,

The system load has a' significant effect in the deter";'
,

mination of a,maintenance j?olicy. 'NO maintenCUlc� acti�n
� .

.

. ..
.

.

will ,generally be started if ,the removal Of 'the compo-

nent will cause overloads on other components "or cus -

, tomer interruptions.
.

.

:
.

.

. ..

In certain cases, pr,eventive, ,

maintenance �an. result in a scheduled customer outage.

, Maint�nanc;:e will also not' normally be started if, the
.. .

..

,

load, is expected to rise to a value' greater than ,the
'

capability of the system ,components during ,the period,
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......

of maintenance ..

I

. .

.

(ii) . Equipment factors' such as component .type, capability,'

exposure etc. influence maintenance. pOlicies to a ,

great' extent" Components such as transmission lines

Ln certain geographical are.as may require .a larger'
.

number' of maintenance actions compared to those in

'., other portions of. the system. �cr:eased functional

action of components such as 'circuit breakers can lead

to component failure if the maintenance level is not·

compat�ble wi.th .the action' leve�
(iii) .The system configuration is another important i�cto�

. . .

Ln determining preventive. maintenance polici,.es. In'

a series C.orifiguration·. of system components, any' re-

. moval
.

of a component, from service for maintenanoe will

cause the loss of. customer supply •. :Wben c�$tomers can

be served from an alternate source by· c.losing a nopnally .'

. (iv)

open connection, component maintenance. can be performed

without interrupting the customers. If redundant faci�'·

lities exist in the system, components can be maintained

without': interrupting supply to the customers.

Some maintenance activities can.be performed using
.

.
�.

.' : .

.
.

.'

.

. .....

repair shop facilities whilst others can only be accom- .:

'

plished at the actual system . location. The latter acti-·.

vity may be inhibited due to actual or predicted

adverse.weather conditions. In the case of .overhead

transmission line's, preventive maintenance" is not nor­

mally done during .adverse weather conditions.
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'. (v) Management. philosophy, reliability .targets, avail­

.ability of manpower, etc. are other interrelated fac­

tors' that effect.mainten�nce poli�ies. All these

. factors have t.o be considered' by the'management in
. ." .

.

arriving at· cons Lscent; maintenance policies •.

It might be' argued that the advantage ..obtained by
... preventive mailltenance depends upon the difference between .

. .

the time taken to perform maintenance and that taken to re�'

pair the component (30). This argument may be valid in sys-
.

.

.

tems· consisting of only a single component. This, liowever �
..

'

is not true in power systems where a large number of· components

'. involving interacting failures are present. ·A component fault'
.

.
.

condi tion is usually .. much more severe than· the condi tio�
.

ex-
: .

.

isting due to a component removed from service for preventive
. . .

maintenance or repair •. The reliability benefits· eXpected

from a judicious, selection of a particular maintenance pzo-e
:

gram can be as follows:

(i) Components can be taken out of service without inter- .

rupting custoiner supply, which in case of failure could

have caused interruption. ".

.
.

.

. .' .

Component active failures(2l) (ground faults etc.) can.. (ii)

be minimized by avoiding those conditions which cause

·them� For example, in the case of transmission
.

lines,

aotive .failures due to tree branches .falling .. on them ..

can be avoided by regular tree trimming. Sind larly, .

Ln the case of oil circuit breakers, the failures· of

dielectric can be minimized by changing the oil at·
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regular intervals.'

System components can. suffer some permanent ·.damage due

to a fai·lure. . The risk of such damage can be, consi­

derably reduced if a suitable preventive mainten�nce'

program is followed.

Preventive maintenance.is a planned activity and as

such the average time required for its .execlition can
.'

be much less than the average time required to repair

a random failure.

Events such as breakers becoming stuck,· a normally open

switch. not closing when called upon to do so, etc. impose

.'. serious' reliability problems. These events. can cause

the interruption. of supply to a large numb�r of cus ...·

tomers. Preventive maintenance actions can considerably
.

reduce the probabilities associated with the occurrence

of these·events�
v.

(vi), . Protective relaying,. if maintained prC?perly, ..

can also

'reduce the probabilities associated with events des­

cribed in. (v) ,

4�3 Optimization of Component Maintenance Intervals

The' failure pattern of �ower sys.tem components, in

general, is characterized by the bath tub curve showo'in Figure·

4.2. The failure rate during the initial or. debugging period

decreases as a function of time. Failures during this· period.

are generaliydue to 'manufacturing 'defects or improper design.

Failures during the useful life period occur'purely by chance
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Figure 4.2 Component Failure Rate As A Function of Age'

and the ,failure ,rate, during this period is constant. The,

failure ,rate increases rapidly ,as the component enters the

wearout period. The 'entry, into the wear-out reg:ion can of-
"

'

ten 'be avoided and the useful 'life period extended by cons';' ,

tant and careful preventive inaintenance. The effectiveness
.

..
.

.
. ...

"

":

.

"

. .' '.
. .....

of this procedure,depends upon a knowledge of, the time when

a component starts to ,show deteriorati,on. ,I,f, the variability
of these times is small, .chen preventive maintenance. can be,'

, quite, effective. '" In this case, if preventive maintenance is

, scheduled sooner- than, the average time to deterioration for'

'the component, the entry into the wear-out region can be.

avoided. On the other hand, if the deterioration times have

great variability, the mainte�ance inte:rvai would have 'to be
.

.
" . �

.

relatively short in order to lengthen the usetul life period.'
In determining an 'optimal 'maintenance interval" it

is assumed in this chapter that through component preventive
,

" maintenance,' the average fai'lure rate over the, operating' life
. . .

'
.

.

,

of the component; is reduced. 'The optimization procedure is
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, ,

dependent on. the avai1cibi1i ty', of
'

a' function' ,relating the
'.'

component ,failure rate with the'Iliaintenance'outage rate.

Assume that the component average failure rate ilnd the mai.n-.'
.

.

.

.

.

.

.:
.

.. .

.

tenance outage rate are' related by an exponential function

,
as

'

follows:
"

,(4�1)
,

where

= The average failure rate of the ,component
,

without preventive'maintenance'.
" .,. •

.0" o.

A = The average maintellance rate:.of the component.,

A = The average failure rate of the,component.

a = A constant determined by the ,component type,

anel .che effectiveness of prev,entive mainte-

nance.
'

"

AO = A value of maintenance outage rate after which
.. ".

the exponentia1re1a�ion of equation 4.1,eloes

not ho1el�

The relation giv�n by equation 4.1 isi11ustrateel in

,Figure 4. 3 •

A
w

,

I

Figure 4.3

.
. .'.

Comp. Maintenance Outage �te '"
,

A
," ,

0
,

Exponential Relation of Equation 4.1�
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Optimization of the maintenance outage rate can be

performed considering many possible criteria. Three of these

are considered in the following.

(i) Minimum component overall outage rate.

In this case,
n n

Component overall outage rate, AT = A + A (A )'

For AT to" be minimum

(4.2)

, Equation 4.2 yields the following optimal value of

,
, component maintenance outage 'rate.

n ,n _

).opt. = l/a In, a Awp ; A, ,� AO

(ii) Minimum component total outage time.

Let

(4.3)

,r = Component average ��air time.
n

'r = Component average maintenance time.

Component total ,outage time, T
" n

= A r + Ar
'"

n, " \

= \ r' + \ e-A a
A Awp :. 'r.

For T to be minimum,

dT
--.r = 0
dA

(4.4)

Equation 4.4 yields the following optimal value

of component maintenance outage rate.

n

A opt. = l/a In
a A r

,"
r

"

1 A

,
, n

� A"il,
0

(4.5)
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(iii) 'Minimum cost of component maintenance and repair.

The eoaea associated. with component, repairs are

dependent upon the' average number of, times the repairs are

performed and the associated' average outage: duration. In a

similar manner, the' costs ,for maintenance action'are depen-,

dent, on the nUmber of times the maintenance is perforilied and

the associat�d ave'rage'duration.

Let the annual costs' associated with the ,component

repair be

..

�

..

where

kl = A constant representing, the 'cost per unit 'of

component repair time.

= A constant representing the ,cost, per repair

,
, action on the componerrt ,

'Let the annual costs associated with' the component

k2

maintenance be
"" .. '" "

'Cm = (klr' + k2)A
"where

"
'

Itl == A constant representing the 'cost per unit of

component maintenance time.
"

�2 == A constant representing the cost per mainte­

nance action on the co.mponent.

'l'0tal,costs of component repair ,and maintenance,

C == Cr, +'�Cm!'
It, '" ",,'

C � (klr + kZ)A'+ (klr � k2)A
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For.C to be minimum

�= 0
dA

(4.6)

Equation 4'.6 yields .the following' optimal value
.
... ..

.
.

.

.

of component·'maintenance outage rate.'
" (klr+k2) " "

A .opt ".
= l/ex .In. ex Awp Ii Ii " ';. A � AO .

(4.7)"
.

..' .' . (klr +k2)
Equations 4.3, 4.5 and 4.7 will yield, depending

..
.

on �aribus parameters, different optimal values for the main.;"

tenance outage rate.
.

.

It should be noted that these equ�tions

'have been derived assuming the exponential. relationship given
. .'

in equation 4.1. Other equacd.ons will 'result if a. different
.

.

....
.

.:." .. .
.

relationship exists between the, componen.t average failure rate.

·

and the maintenance outage rate. This relationship can on�y

'be obtained'bycollecting actua� operating data�n the compo";"
·

.

'nent failure behaviour as a function of time and maintenance

activity. This information is necessary in order. to derive_
·

practical and useful equations for the optimization of compC?-'
nene re.liabilit¥ p.erformance.. " .:

•. '

. .... :. .

. .' .• :.,
.'

' .'
It is to. be noted that the optimization of individual

component reliability parameters (i.e� outage rates anddu:ra­

tions) .does not lead to optimization of the syst�m indices.

This is illustrated by considering- the example of the ring bus

configuration shown in Figure 4.4. The component data for
.

.'.

this example is given in Table 4.l(l7}.
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.. Figure 4.4 A Ring Bus Configuration
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TABLE 4.1

COMPONENT .PARAMETERS FOR THE. SYSTEM IN FIGURE. 4.4

Components Failure.
Rate

F/yr •..
0.007
2.190 ..

Circuit breaker fault
Maintenance

Probability of breaker
found inoperative

... Transformer
Sustained putage
Maintenance

0.012
2.920

Bus section
Sustained outage
Maintenance

0.007
1 ..500

Line section
Sustained outage
Maintenance

.

0.050
2.920

Outage
Duration
Brs.

72.0
16.0

Unavailability

0.OQ4·
0.0005

168.0
12.0 0.004

3.S
18.0 . 0.003

23.0
15.0

The criterion of successful system·operation is

assumed to be the continuity of supply to any one of the. load

points A· and B. It has been assumed that the objective is tJ'le.

Assuming A' �. 4.0
.: .

.

wp..

f/yr and ct. = .1.5,· equations 4.3 and ,4.5 yield the following

optimization of the line maintenance rate.

."

A opc ,
= 1/1.5 In 6 :::·1.197

From equation 4.5,

(4.3a) .

"

A opt. ::: 1/1.5 1n 9.2 = 1.48 (4. Sa)

·Results have been obtained for the system outage

rate and the total outage time using the exponential form of

equation 4.1 for the line outage rate and . the equations des­

cribed in Chapters 2 and 3. These ·results are shown in
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.

F:i.gures. 4. 5 and 4.6. Fo llowing two cases. were considered:

.

(i) Equati'on 4.1 is applicable for only one incoming line •.

(ii) Equation 4.1 is applicable to both the incoming lines.•

.

It is evident from Figure 4.• 5 that a minimum v�lue

of system outage' rate is obtained at a line mai'ntEmance out-·

age rate of 2.0 o/,,:/r and at 4.2 o/yr for cases (i) and' (i1)

respectively. Equation 4.3a, however" gives a value. of 1.19"

o/yr for the optimum line maintenance outage ra1;:e. . Simil�rly, ."

from the total outage time graph' shown in Figure 4.6,. opd:.mum
. values of 2.0 o/yr and' 4.0 o/yr are obtained respectively' for

cases (i) and (ii). Equation 4.5a, however, gives an optimum

line maintenance rate of .1.48 o/yr. This value is considerably

different from that obtained from the sys.eem viewpoint •..pif-

ferent .maintenance outage rate values f,rom the. system consid­

erations will be obtained for different criteria of successful

system operation'. This clearly illustrates that 'for optimi�

zation of the system performange, indices, a system approach

to the optimization of component parameters is required.

4.4 Effects of Co-ordinatiri9 Component Maintenance

It. is sometimes beneficial from the viewpoints of

economics and reliability to .: perform ¢o-ordinated maintenance

on system components. Co-ordinated component maintenance is

. considered in this chapter'as the policy ·of doing preventive

maintenance on a component at a time when other maintenance,

or repair is being perforined on an associated component.

Consider for exampie a series system of' two compo- ,

nents with failure .rates. Al and A2 and maintenance outage.
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EQUATION (4.1).APPlICABLE TO
ONE LINE.

.
.
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Figure 4.5 System Outage Rate as a Function of .the Line
Maintenance Outage Rate.
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rates of Al arid 1.2• The total outage rate of .the system. is

given .by·

A .

T

If, however, it is decided ·th�t component 2 will

be maintained when component 1 is maintained, i.e. i the main� .

.
.

. tenance o.f components 1 and 2 is co-ordinated,· the system·

... outage rate becomes

Thi� may represent a considerable improvement in th� s�stem

outage rate.

Another possible method of improvement is to

co'-ozdfriaee component maintenance and repaIr events. In

this case,. a policy. might be adopted in which component 1
..

.

.. :

will be taken out for preventive maintenance when· comp()nent
2 is out for repair and vice versa. The

.

system outage rate

is then

Considerable improvement .in outage rate and duration
. ..

indices
..
can be obtained by:·co-ordinating component inain·tenance.

in systems involving large numbers of:· components. It is· to be

noted.that co-ordinated maintenance as considered.in this chap-
.

.

ter is .not.performed on those components which· when together
... ..

removed from service will cause interruption of supply.· to the

customer. This, in fact, implies that. co.-ordinated maintenance

should.not .be performed ori_.components whl.ch together·form

members of· any second order cut. set. Co-ordinated maintenance
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, when. performed, on two components ,which are present in any

third order cut set can result in an increase in the risk

of system o�tage.

'!'he quantitative benefits .associate.d with differ­

ent methods of co-ordin�ting component maintenance are

.

illustrated below for the system configuration shown in

Figure 4�4�' If all the components in this system areindi­

vidually mai.ntained, then the system reliability indices are

as follows:

System outage, rate = 0.00179 f/yr.

Sys.tem average outage duration = 6.55 hours' .•

System total outage time = 0.01174 hours/yr.

It has been assumed in the calculation of the

above indices that the system is successful if. there is

.c.ontinuity of supply to' anyone of the two load points A and'

B. If the maintenance of the line'and the line bus is.co­

ordinated and. that of the. transformer and·the transformer 'bus

is co-ordinated, the system reliability indices are as follows:
. ...

System outage rate = 0.00115 f/yr.

System average outage duration = 6.086 hours.

System total outage time = 0.0070 hours/yr.

It is, therefore, clear that this co-ordinated'

maintenance policy brings ,about a 36% decrease in system

outage rate and a 4'1% ,decrease' in system ,'total, outage time

which is a considerable'imp'rovement in the ;.$ystem reliability

performance.

If the breaker maintenance is also co�ordinated
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with that of the transformer and its bus, the system reli·>,

, ability Lnddces are as follows:

System outage rate '= 0.00104 f/yr.

System ave�age outage duration = 6.637,hours.
System total outage time = 0.00689 hours/yr.

This co-ordinated maintenance policy reduces the.

system outage'rate by 42% and the total outage time by 41.5%

,as compared to an unco-ordinated maintenance policy. These'

results ,clearly show that the gain obtained by co-ordinating

breaker, maintenance with that of transformer and its bus is'

very insignificant.

It' sho�ld be noted that in the above considerationsl

it, has been assumed that'component maintenance durations are

,

'
,

not, increased by c,o-ordinating the maintenance of other ,com- '

ponents. This may"not be true in many ,practical situations.

The time out for the maintenance, of a component, with which

the maintenance of,other components is co-ordinated, may in ...

crease considerably due to the limited amount of available

manpower. The risk of component failures overlapping compo-

nent maintenance periods ca� therefore increase to the ,point

at which the reliability benefits of co-ordinated'mainteoance'

.are completely nullified.', There is therefore a limiting value

up to which, the average maintenance outage time, of a component,

with which the maintenance of other components is co-ordinated,

can be allowed to increase and still justify the co-ordinated'

maintenance policy.

Consider, for example"a system shown,in Figure 4.7
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where the load is supplied through two identical trqnsformers,

each protected by breakers on h.v. and l.v. side. The con-

Figure 4.7 A System for Illustration of Implications Asso- ..

·

.

ciated With a Co-ordinated Maintenance Policy •

.

tr.ibutio� to the system outage r·ate ·due to component failures

overlappil)gcomponent maintenance outage periods is given by:

(4.8)

where

AI' A2·and At·are the failure rates of. the h.v.

breaker, l.v. breaker and transformer respectively�
II·" II·

AI' A2 and At are the maintenance outage rate ·of

the h �v. breaker, 1 .•v. breaker and transformer

respectively·.
II II II .

rl, r2 and rt are the average maintenance outage.·

.

times of the h. v , breaker,. 1. v , breaker and trans­

former respectively.·

If, however, maintenance of the h.v , and 1.v , breakers

is co-ordinated with that of the transformer, and the resulting
•

average maintenance outage time of the transformer is rt, then

the maintenance contribution to the system failure rate is

(4.9)
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In order for'the co-ordinated mairitenance to J::'esult in a de-
. .

creased system failure rate,
.

".:... .

.

.. " ..
'

..... If

2.(Al+A2+At) .\trt < 2 (AI+A2+At) ..(Alr1+A2r2+Atrt)

•. "" 1111 "" If.

r
t

< (A 1r1
+ A 2r 2 + Atrt) / At

. (4.10)

Equation. 4.10 determines the limiting.value for· the
..

.'
.

. transformer. average maintenance time. Expression similar to
. .

equ�tion 4.10' can be written if the �o"'ordinated mi:lintenance

". policy criter:j.on is to reduce the system. total outage time.

It has been assumed in the 'formulation of equation 4.10 that'

the madneenence outage rate is greater than or equal to. the
.

breaker maintenance outage rate so that the required number

of maintenance actions can be p'erforined on the circuit

breakers. If in. addition to the co-ord:l.nated maintenance

with transformers, breakers are maintained Separately (in
. . .

. ..

order to' perform the required number. of"maintenance actions),

the following relationship for the. limiting maintenance time

of the transformer applies for co-ordinated maintenance to

remain beneficial from a system outage'· �ate point of view

(4.11)
."

,

where Al and A2,are the additional number of maintenance.

actions required to be performed on the h.v. arid 1.v , breakers.
.

.
.

to .meet . their maintenance requirem�nts •

. Simi Lar ·limi.ting condf tions can be. obtained in thos�'
.

.

cases in which component maintenance is' c6�ordinated with

repair actions on other components •. This procedure of
'. '.'

co-ordinated maintenance is. c.alled progressive m.aintenance (31)
•
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The above considerations can·be quantitatively

illustrated for the system configuration shown in Figure

3.• 9. The data for this example is giv�n in Table 3.4.

"'The fo.lloWing case'S were cons�dered •

.

(L) The .l.v.· breaker maintenance is c.o-ordinated with trans­

'former .inaintenance�

In this' case, the transformer mairitenancetime is

48 hours.. The cont·ributions of the events involving compo­

nent failures'overlapping component maintenance outages to

·.the system outage �ate and the total. outage time···iespectivelY
. .

..
:. .

.. : ...',. ".. "

'with unco+or'di.naced maintenance are 0.0036 f/yr and 0.035

hrs/yr. It. is clear from the curves shown in 'Figures 4.8

and 4 •.9 that; for co�ordinated maintenance to be beneficial,

a. transformer co-ordinated maintenance time' of 66 houra is'

justifiable from the outage rate considerations and .51.5

hours from a total outage time viewpoint.

(ii) The h�v. breaker maintenance is co-ordinated with line

.

maintenance.

In this case, the average line maintenance outage
.

.

time is 8 hours. 'It is evident from Figures 4.8 and 4.9 ·that,
. .

for co+oxdd.rratied maintenance to be beneficial i a line main'te-

.

nance time of 17 •. 4 'hours is justifiable from the outage rate
. .

considerations and 13.9 hours from a total'outage time view-

point.

(iii) Maintenance of the l.v. breaker is co-ordinated with
.

.

. .
.

transformer 'maintenance and th'at of the h.v •. breaker

with line maintenance.

In this· case, as shown in Figure 4. 8, . the· outage
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rate considerations justify· ·.co-ordinated maintenance titnes

of .61.0 hours

.

arid' 10.6 houzs respectiv�ly �or the transformer

and ·the line •. : Similarly, from Figure, 4.9., the total. outage

time. consideratio.ns justify maintenance times of 50.7 hours

an<l 8.7 hours respectively for the transformer and the line.
. .. .. ."

. (iv). Maintenance of the 1.v. breaker is �O-Ordiriated with'
.

repair .of the transformer and maintenance ·of the h.v •

. breaker is co-.ordinated with repair of the ·line.

In this case, the. outage data has been modified to

. suit the maintenance requirements of the breakers.; The

transformer repair time is changed to 168
.
hours � It is cLear

from Figure 4.10 that justifiable line arid transformer average

repair time with this co-ordinated policy, froin total outage

time considerations 'are respectively 7.83. hours arid 170.5

hours.

It is, therefore, eviderit'from the.studies given

above that'a component.co-ordinated maintenance policy cannot

be determined solely by qualitative considerations. The

quantitative evaluation of various alternative policies can

assist in the judicious selection·of a particular policy.

".4.5 Other Maintenance Considerations

One significant cause of· system unreliability is

the presence of·' stuck breakers' in the system. A. stuck. breaker

represents a severe failure condition as it requires the
.

operation. of higher .LeveLs of. sys tem protection,' thereby

possibly interrupting' a large number'of customers. The
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.

&�obability of a breaker becoming stuck can be decreased to

some extent by increasing the breaker maintenance �at� w.

.. Thi's' is shown in Appendix D. @ the breaker maintenance '+

rate is increased (to decrease the probability of becoming

stuck), the risk'of other component outages overlapping the

.maintenance periods increasei] There is thus. an optimum

.value of breaker maintenance ··ra.te for which the system outage

rate is a minimum. . For the purpose of illustration, assume

that the stuck breaker probability is inversely proportional

to the breaker maintenance rate.

Le.t

The probability of a l.v. breaker becoming stuck

= 0.0300
ii

A

The probability of a h.v. breaker becoming stuck

= 0.0025
II

A

.

Assuming the maintenance outage rate for· thEa' l.v.

and h.v. breakers to be the same and other failure parameters

unchanged (there can be sonte decrease in breaker failure rate

because of increased maintenance frequency), the outage rate

of the system shown in Figure 3.9 is plotted against the

breaker maintenance rate in Figure 4.11. It is evident from

the curve shown that a .minimum·system outage rate is obtained

·for a breaker maintenance rate of 2.0·o/yr. These consider­

.ations are therefore quite important in any optimization of

breaker maintenance parameters.

Another practical consideration in the selection of
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a 'maintenance policy is the amount· of manpower and skill

available �.' It has been rioted from the published material..
· .. ..

. . :

.on component outage statistics that component average re-
..

.
.

pair and maintenance. times as reported by larger utili ties

are $maller than those reported by smaller·oIles. This,
..

probably, is due to the large manpower arid ·facilities· avail-
.

. '.

able in larger utili tie£:!. Figure. 4 .•12 shows.. the.effect of

percentage reduction in component repair and. maintenance times

·
(as a result of. increasing skill and manpower available) on

.outage rate and total outage : time. 'of the system shown in

.
Figure 3.9. (!f some approximate' relationship between the

component repair times and available crew si.ze can be esta­

blished, then the form of analysis described above can be

quite useful in .logically determining the optimum size of
.

the repair crew to achd.eve a predetermined reiiability targe� �

· 4 • 6 Summary

There are many. factors which should be considered

in determining a suitable maintenance policy in transmission

and distribution systems. Equipment factors, system 'configu-
.

ration, system load; system environments, reliability targets,.
.

. . .

. .

management policies etc. are some of the impOrtant consider­

'ations' in·the.selectiori of an acceptable policy. This chapter
.

.

..

.'.

has described three diffe·rent criteria for·.the 'optimization

of component reliability parameters... I.t has. been shown that
..

'

the optimization of individual component; par.ameters does not ..

.
.

necessarily lead to the optimization of system.indices. The
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component parameter optimizat,ion procedure requiI;'es the.

development of func·tional relationship:::; between component

..maintenance and failure parameters.
.

This chapter empha+ .

sizes the need for the establishment of· these relationships.

A considerable improvement in the system relia-
.

bility performance can be obtained by properly co-ordinating
. . .

.
the· coniponEHlt .maintenance. This chapter has ·investigated
various co-ordinated maintenance policies in relation to

practical sys tems. The quanti tative benefits associated ..

. with. these policies are evaluated. This analysis shows that

improper co-ordination of component maintenance may lead to

deg�aded system reliability performance. The techniques pre­

sented can be used to optimize reliability parameters of

circuit breakers.

The available manpower and skill can significantly

.. influence the .component; repair and maintenance times •. The

effect on the system outage indices of the reduction in

outage times due to increased manpower available is illus ...

trated in this chapter. This analysis can, therefore, aid

in the optimization of· crew size.
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5. QUANTITATIVE; EVALUATI·ON OF OVERLOAD OUTAGES IN
SUBSTATION AND SUBTRANSMISSION SYSTEMS

In the previous chapters, the bulk.of the studies

des.cribed considered the discontinui t� of supply between

.

the source and.. the load points as the only criterion of

failure. �s approaCh assumes that every component in a :

parallel system is capable of carrying the highest load to

which it may be sUbjected in any contingen� Power system

.netwotks are. not. designed. considering unlj,mited componenc .-

capabilities because of :economic
.

reasons. Even when the·re

is continuity of connection between the source and the load.

points, there can be a finite conditional probability of

interruption due to the removal of overloaded components

by system protection. This probability value depends upon

the network configuration, the system load, .the component

capabilities and the durations of the contingencies causing

the. overload.

The first step in the quantitative evaluation of

frequency and durati.on of interruptions due to overload out­

ages is. to.�termine the probabi Ii ty that the system compo­
nents will not be able to carry a given contingency loaiJ In

this chapter, some of the techniques(3,32,33,34,35) available

for the estimation of this prObability value are reviewed.

The effects on outage indices of two different service re- ..

storation procedures after the overload outages have occurred,

are illustrated. Two additional measures of interrupted·load
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.and energy are introduced to estimate the severity of ove� ...
·

. .

loads. @..he cut s�t approach (21) is extended to evalu�te the

. frequencies and durations of interruptions due tooverloaCl

outages in systems. involving more than one load poini]. The

application of outage indices in substation expansion plan-
.

.
.

ning studies is. also illustrated •.

5.2 .

A Review of the Available Methods.·

Many techniques have been suggested in the existing

literature for the evaluation of frequency and duration of

interruptions. due to. component overloads. All these method.s

are based on the convolution of the system load with the com-

ponent ou�age model •

. A' m�thod based. on contingency curves was suggested

in reference 3 to determine the probability of component over�

loads. In this method, assuming that a contingency is equally

likely to occur at any time and that component capability is

constant, the probability of not carrying a contingency load.
for· a given. time period is found by randomly s�plin9 the

appropriate load.cycle. A set of curves representing the

probabilities of failing to carry the contingency loads for

various durations o:f contingencies 'and component capabilities
. .

are obtained. In a system of two parallel components# the
.

.
.

. ....

rate of interruptions due to' .component overload outages i.s

then determined from the following relationship (3)
•..

.

. (5.1)

where
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Ai = The outage rate of .component i.

P. = The. probability that component i will not be1.

able .to carry the contingency load.•...
. .

.
.

The values of. Pl and P2 are estimated from.the·con-

tingency curves for the·given component capabilities and the
. .

. . . ..

distribution of contingency durations •.. This approach. was used

in reference 32 to evaluate the reliability 'of transmission

supply to substations •. A further .extension of this.approach

was made .for generating capacity reliability studi�s(33) •. The·

probabili ties of success.fully carrying the contingency .loads
.

were c.:alculated by sampling the system load model for the

given capabilities 'and the expected contingency durations.

In
.

this approach, the· period. during which· overload outages

can occur during a contingency state j. is givenby(33,36)
k

.1:.
1 (R.+t·)n:;:: ) n

where

Rj = The expected duration of contingency st.ate j.

tn = The duration of load level exceeding the capa­

bility avai.lable under state j.

k = The number of times the load rises above the

available capability.

The probability of encountering an overload condi-·

tion in a period D is then given b¥

(5.2)

The �requency of encountering an overload condition

is(36)
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E.F. (l-Q.)
J ) J.

(5.3)

where F. is t.he frequency of contingency state j.
)

The probability of overload, (l-Q.), includes also
J

the contribution of those contingencies which start in low

load. periods and extend·into high load periods. It should be

noted that equation 5.2 is valid as long as the contingency

durations do not exceed the durations of low load periods •.
. The equations for the frequency and duration of interruption·s

due to component overload outages given in references 33 and

36 are valid only when low load durations are l�rger than the .

. ·contingency durat.ions. The next section of this chapter,

illustrates the effects of this assumption on the overload

indices •

. It was noted in reference 36 that equation 5.3 .

overestimates the frequency of encountering the overload

conditions because it includes the .transitions amongst the

states involving overloads. This·error, however, can be

eliminated by evaluating the frequency of overload condition

under.a contingency state j separately and then combining the

results with other states according to the rules of forming

cumulative states
(27)

•.

Reference 34 illustrated a conditional probability

approach to evaiuate the probability and frequency of over­

load in composite systems. The probability PL and frequency

FL of. encountering over.load condd t.Lon, in thls method, is

given by:

= t.P.PL.
J J J

(5.4)



124

L.F.PL.
J J J

(5.5)

where

P. = The probability of jth contingency· s tate •.
.J

PLj = The conditional probabi Iity of load exceeding

the capability of contd.nqency sta.'!:e j •

Equations· 5.4 and 5.5 underestimate the probability

and frequency indices as they do not account for system con­

tingency states which start in low load periods and extend

into high load periods. This er�or has been eliminated by

ex.tending the condd td.oneL probability approach (36) •. The sys­

tem load is represented as a stationary· Markov process. The

system. daily load is assumed to consist of a peak load period.

which ex·ists for some time and a low load level which exists

.

for the remainder of the. day. Tllis method considers a few

load levels but recognizes the effect of load and contingency
.

durations accurately.

A two state load model was described in reference

.29. . In this model, the system load is cortsidered eo
'

fluc­

tuate between two levels. One level corresponds to load values

greater then the capability of the contingency state designated
.

as high load and the other corresponds to load values less than

the capability of the contingency state designated as low load.

This model assigns frequency and duration to every load level

corresponding to the carrying capabilities of the various COn­

tingency states.· The application of this model was illus-

for systemS involving

weather associated component failures
. (8 10)only one load point '

• This chapter

trated by considering
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employs the two. state load model to quantitatively evaluate

frequency .and duration of interruptions due to component oVer­

. .·load outages •.

.
.

. 5.3 Effects on· OV�rload Outage Indices of Different Service

R�storation.Procedures.

The ··contribution to the frequency· of encountering

an overload condition due to component 1 becoming overloaded .

.. when component· 2 is failed, for a two component parallel sys­

tem is given by,

(5.6)

where

X2 = The sustained outage rate of component 2.

X·L = The r·ate of transition.·from a load level,. less

than· Ll to a level greater than Ll•

Ll - The capability of component 1.

r
2

= The expected repair time of 'component; 2.

Pr (R, (t»L1) - Th� probability that the load at time t is

greater than the capability of component 1 •

. In systems involving more than two·parallel·compo­

nents, equation 5.6 can be generalized as follows:

(5.7)

where

ASL = The overlapping Qutage·rate of components

causing the contingency�

L - The capability of .the remaining components.

rSL
= The average .overlapping time of·· components

..
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causing the contingency.

Equations 5.6 and. 5.7 can be interpreted in a very ..

interesting way. The first term on the right hand side of

these equations represents the contribution to the rate of

encountering the overload. state due to the contingency·re';'
sulting in overload occurring Ln a high iOaQ1period. The

second term represents the contribution to the rate of en­

countering the overload state due to the contingency occur­

ring in a low :load period and extending into a high load

period before the repair on the components. causing the Oon-

ti�gency· is completed.

The average dUration associated with ).01. is given

by:

roL = (5.8)

where rL is the average duration of a high load period. Equa­

tions 5�7 and 5.8 for .the rate and duration of system overload

condition consider that the durations of low load periods,

l/).L' are larger than the durations of the !contingency •. If,

however, the low load duration is less than the duration·of

the contingency, the following two situations, after the over-

load outage has occurred, are possible.

(ir
.

The service is restored as soon as the high load . period

is over, no matter whether the components causing the

contingency are restored to service or not.

(ii)· The service is not restored if the time required to re­

pair the components causing the contingency is expected

to extend· into another period of high load. In this
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case, equations 5.7 and 5. S .are modified as follows:
'

= (5.9)

= (5.10)

The frequency and duration of interruptions due to

component overload outages are obtained, for the, simple suh-'.
.. . .

,station configuration shown' in Figtlre 3.9 by considering the

above methods of service restoration. The component capa­

bilities a�d the associated failure and repair data used in

this study are given in Table 5.1.

TABLE 5.1

COMPONENT DATA USED IN OVERLOAD OUTAGE STUDIES

'Compo�ent Failure Rate Re;eair Time 'Cal2abilit;l
" F/yr Brs. Mw

Transmission Lines 0.010 15.0 20
, '

, ,

Transformers 0.012 30.0 15

Breakers '(total) 0.007 10.0

Breakers also have a ground fault rate o,f 0.002 f/yr. with
switching t:l.me = 1.O,hour.

Disconnects are assumed to be completely reliable.

A Saskatchewan Power Corporation substation chrono­

logical load curve(S) 'with a peak of 13.2 f.fw was considered

to exist at the substation bus. The results for the average

rate and duration,of interruptions at the substation bus as

obtained from equations,S. 7, 5. S ,
,

5.9 and 5.10' are given in

Table 5.2 for different values of bus peak load� It is clear

that the rates of interruption due to component overload out­

ages associated with service restoration procedure (i) are



TABLE 5.2

,INTERRUPTION RATE AND, DURATION INDICES DUE TO COMPONENT OVE;RLOAD OUTAGES

Service Restoration Procedure (i) Service Restoration Procedure (ii)

'PeakLoad Rate Duration Total OUtage T1me 'Rate Durat10n
,

Total Outage T1me

f/yr Hrs., Hr§ .rs», "f/yr Hrs� Hrs./Yr.

,13.20

14.52 --- --- --- --�

15.97 0.02176 1.183 0.02574 ' ,0.02176
'

1.183 0.02574

17.57 0.05066 1.827
"

0.09255 0.03362 21.879 0.73560

19.33 0.06866 3.665 0.25170 0.03865 19.7'20 0.76220

21.26 0.06847 5.588 0.40316 0.04286 18.420 0.78960

23.38 0.10�68 5.455 0.56570 0.06779 13.418 0.90970

25.72 0.10554 7.247 0.76492 0.07434 16.193 1.20380

28.30 0.09755 10.043 0�97970 0.07567 16.236 1.22850

,31.13 0.08856 12.710 ,1.12540 0�07600 17.158 1.30400

.....

�
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higher than those associa·ted with service restorati.on proce�

dure. (ii). The average duration index associated with pro­
.ceduze . (i) is, however, smaller than that �ssociated with

. .

procedure (ii). The total outage time resulting from ser-

vice restoration procedure (i) is always less than or .equal

to that due ·to ·service restoration procedure
.

(ii). The sudden

increase in the rate index at the peak ioad of 21.26 •. is at­

tributed to line failures which begin to make a contribution

to overloads at this load level •.

5.4 Evaluation of Interruptions Due to Component Maintenance.·

OUtages Extending Into High Load Periods.

Component maint�nance outages depend on. the load

fluctuations. (in, general � components will not be tak.en out

for maintenance ·i£· such an action results in overloaq ·of.

other components. This implies. th�t no maintenance activity

will be started in a high ·load perio� It is, howeve:r / pos­

sible that a maintenance outage starting in a·low load period

·extends into a high load period and causes overload outages

of other components. If overloaded components are tripped out

of service by the system protection, the interruptions occur-

.
:

.

.

ring due to this mode of .component failure can be evaluated.

by considering equations 5.6 and 5. 7. As noted in section .

5.3, the first term on the right hand side of equation 5·.7

.

gives the contribution· to the system interruption ra.te due to

component outages starting in high load period. Since no

maintenance will be perfo·rmed in those periods· where ove.rloads
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may occur, this term is zero for component maintenance out-

ages. The second term in equation 5.7 gives the contribu­

tion to the interruption rate when a contingency starts Ln

a low load period but the load transi t·s to a high value be-··

fore th� contingency is over. The coptribution to system

interruption rate due· to component 1 becoming overloaded

when component 2 is out for maintenance, for a two comPonent···

parallel system, is therefore given by:

=

" ..

AL (l-Pr(l{t) > L)A2r2 (5.11)

. where.
·11

A2 = The maintenance outage· rate of component 2.·
."

r2 = The average. maintenance outage time of compo­

nen.t 2.

The average duration associated with \:>L is given.

by: .

"

r =

oL

;rt should be noted that in. the formulation of equa�

tion 5.9, it is assumed that a maintenance outage is started

in a low load period (so that no other system component is

overloaded) without any knowledge of the load Ln .the iinmediate

future. This is not true.if loads are highly predictable· in

nature. In such instances, equation 5.9 provides a pessimistic

estimate of the interruption rate due to component; overload

outages.

Using equations 5�11and 5.12, interruption rate .and

duration indices due to component overload outages have been
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. obtained for the. substation configuration shown in Figure

3.9. The data shown Ln Table. 5.1 and 5.3 are used for this'

study. The re�ults obtained are given in Table 5.4. It is
.

clear .from this table and Table 5.2 that" for the data as-

. sumed, the contribution .to interruption indices due to

events involving component maintenance and overload outages

increases as the system load increases· and this. contribution

is larger than that resulting due to events involving compo­

nent sustained and overload outages.

I
. !

TABLE 5.3

COMPONENT MAINTENANCE DATA

Component
Maintenance
Rate, olYr.

Average Maint.
Duration, Hrs.

Transmission Lines
Transformers
Breakers

0.25
0.25
1.00

7.0
10.0
5.0

TABLE 5.4

INTERRUPTION INDICES DUE TO EVEl�TS INVOLVING
..

COMPONENT MAINTENANCE AND OVERLOAD OUTAGES

Peak· Load
Interruption
Rate, f/yr.

Average Dura­
tion, Hrs.

Total OUtage
Time, Hrs .. /Yr.

13.20
14.52
15.97
17.57
19.33
21.26
23.38

-.,.-

0.3562
0.8014
0.9794
1.0753
1.4246

1.037
1.508
2.598
3.466
2.976

0.3694
1.2084
2.5444
3.7259
4.2400

5.5 .Load Related Indices

In all the previous models consLdered, it waS aasumed

that the system components are removed by the system protection
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if the load exceeds their carrying capabilities� "The compo­

nent carrying capabilities are considered to be eonseant ;

In many cases, components may be called upon to carry loads

greater than their capabilities even at the risk of loss 'of

life. In such ,cases, system planners may be interested in

determining the expected amount of overload experienced by

system components.' This value when used in conjunction with

frequency and duration of states involving overLoads can be

related to the expected loss of component life during a spe­

cified perio� of time.,

It, is clear from'Table 5.2 that frequency and

duration indices do not provide any information on the

expected amount of load and energy interrupted if overloaded

,

components are removed,from service by ,the system protec­

tion. This information can be quite useful to system plan­

ners in comparing alternative configur�tions.

These load related indices can be evaluated from

the two state load model without any significant increase in

'attendant computational time. As the frequency and duration

indices associated with a particular load level are evaluated,

the amount by which the load exceeds the carrying, capability

is also computed. The average of these values gives the

extent of overload experienced by the overloaded comp6nents�

The expected value of overload experienced by a component is

then the weighted ,average of the overload vaiues in the dif­

ferent c'ontingency states using the probability of being in

those states as the weighting factor� If in a particular
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state two or more components are overloaded, the amount of
.

.

.
.

.

.overload is divided in the ratio of their capabilities -. The

amount of ·load and energy interrupted at a bus, if overloaded

'. components are removed lrom sezvd.ce , are similarly : obtained. '.' .

. .. .

.

..
..

These indices have been calculated ·for the subs·tation example

considered in the previous sections •. The results are shown

in Table 5.5.

TAB.LE 5.5

LOAD RELATED INDICES FOR SYSTEM IN FIGURE 3.9

Peak Load

Expected Amount
Of.OVertoad.-.Mw
Transformer Lines

Load Inter­

rupted - Mw

13.20.
14.52
15.97
17.57
19.33'
21.26
23.38
25..• 72.
.28.30'
31.13

0.1976
1.0830
1�4278 .

2.2655
3 .• 2737
4.2954
5.2533

.'

6.6548

1�2587
1.4063
1.8654
2.9803
4.3218'

1'5.1976
16.0830
16.4277
17 .• 2912
18.5337
19.7256
20.8208
22.2806 ..

Energy Inter­

rupted�Mwhr •.

O�3912
1.4885
4.1345
6.9711
iO�4843·
15.0885
20.3990
25.0760

It 'is assumed in calculating the energy index.that

the components are restored to service as soon as the high

load period is over. Table 5.5 clearly shows that the load

related indices are relatively more sensitive to load values
.

.

than the frequency'and'duration indices.

5.6 Expansion Planning in Substations

A substation.normally serves an area which can be

defined in some geographical form. The area load increases .

. with the growth of custqmer demands. This growth process
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results in an increased risk of overloading transformers·

and other associated equipment under normal and contin­

gency conditions if no. area and station modifications are

made. ·�e risk of interruptions due to component.overload
.

. outages can be held below a certain acceptab.le value by any

of the following alternatives:

(L)
.

The existing station facilities are allowed to carry.
..

.

loads greater than· their capabilities thus accepting

(ii)

a risk of reduced useful equipment life.

The existing station components are replaced by

higher capability components. If possible, new

facilities can also be provided. This method of

decreasing the risk·· has an associated pen.alty of

additional investment.

(iii) New stations are provided in the area to share loads

with .the existing ones. This method also involves

addi tional inveertmentJ
The problem is to develop a substation loading and

expansion plan which will provide an acceptable levei of ser­

·vice reliability at the lowest possible cost. It is quite

difficult to choose a single comprehensive index which de­

fines system reliability and a resulting acceptable level •.

If it is assumed that the overloaded components

are tripped out of service by the system protection, .the

interrup�ion frequency and duration due to component over�

load outages can be quite us.eful indices in substation expan­

sion planning. This is illustrated by considering the

I
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substation configuration shown in Figure 3.9. It has been

assumed, that both peak and off peak demands grow by 10%

every year. A Saskatchewan Power Corporation load with

a peak value of 13.2 Mw was considered to exist at the sub-

'station bus in the first year and the transformer'capabilities

were, assumed to be 10 MVA each. The interruption rate and

total duration indices" due to component, overload outages

were obtained through the years of expansion planning by

using equations 5.7 and 5.8. It was further assumed that'

with all the system components in service, no overloading

is allowed to occur. The acceptable levels ,of interruption

frequency and total interruption time due to component over­

load outages were arbitrarily selectee. at 0.04 f/yr and 0.2

hrs/yr. One of the many possible expansion alterni:ltives is'

considered below.

(i) Replace one 10 Mw capability transformer by one with

20 Mw carrying capability.

(ii) ,'Replace the remaining 10 Mw capability transformer

,with another 20 Mw transformer.

(iii), Provide a new 40 14W capability substation to'share

the area load.

The'interruption frequency and duration indices

as obtained for this expansion alternative are shown in

Figures 5.1 and 5.2. The acceptable interruption rate index

requires that step (i) of expansion be carried out in year 2,

step (ii) in year 6 and step (iii) in year 7. In this case

it may, therefore, be advisable to go from step (i) to step
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(iii) directly. T;he acceptable level of. interruption time

requires that step (i) of the expansion be carried out in ..

between years 2 and·3, step (ii) in year 6 and step (iii)

in ·year 8. This analysis when performed in conjunction

with present worth· studies, cari result in the selection

of a reliable and ,economic expansion plan.
.

.
.

It should.be noted that the aCgeptable levels of·

rate and duration indices affect the expansion pattern

significantly and when considered together can give pre­

ference to different plans.
.
In. such. cas,es i the .expected

.lo$s of component life, determined using the expected over- .

load values (as described in the previous section) and their .•..

frequency and duration of occurrence, can provide a unified

. index for planning purposes. This will· require determination·

of acceptable levels of loss of life for different components

in.the system.

5.7 Evaluation of Overload OUtage Indices in Subtransmission

Systems

In all the previous examples; the systems considered

have contained only a single load point·•. In system configu-
. .

.
.

rations involving many load points, the· evaluation of inter ...

.rupt.Lons due to component overload outages becomes quite in­

·volved •. A prohibitive amount of effort and computation is

required to perform load flow studies to d�termine the load

values at which overload outages commence. This is evident

from the computations illustrated in reference 36.· The amount
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of computation can be considerably decreased and load flow

·studies.avoided by using a cut set approach (21)
• The fol­

lOWing assumptions are made in the application of this.

method.

(i) Loadings on the components are proportional to the bus

loads they.supply.

(ii) Component capabilities provide adequate.voltagelevels
at the different buses.

The computer program described in Chapter 3 is used
.. .

.

to· determine the cut sets for various load points in the sys�

tem. The cut sets which are common to certain load points

carry the total load at those points. The outage indices

which result from these cut sets are determined using equa-
.

tions 5. 7 and 5.8. The load parameters AL and r
L
used in

these equations are evaluated by considering the total chrono-

logical.load curve for·the load points having the cut set

under consideration. The contribution to the outage indices

due to cut sets which are associated with only one load point

is also ccllculated using equations 5.7 and 5.8. The load

parameters, AL and rL, for. this case are evaluated by con­

sidering the chronological load .curve at the load point for

which the cut set under consideration is appropriate •. The.

contributions of different cut sets for a load point are

. evaluated separately and the results are combined to obtain

the frequency and duration indices due to component overload

outages. A considerable reduction in computer time. may be

achieved in some systems by using load cycles which are
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representative of the different periods. A further reduc­

. t.ion in computation time is. achieved by discarding those

'cut sets which do not contain components liable to suffer

.
over loads.

The subtransmission system shown in Figure 5.3

was considered in reference 36 to illustrate the evaluation

SOURCE

-

1

3

'2

4

B c

Figure '5 .• 3 A Simple Subtransmission System

. of interruption indices due to component overload outages by

'using some of the techniques reviewed in section 5.2. The

same system is .utilized to illustrate the:application of the

cut set �pproach outlined above. The component par.ameters

used in this study are given in Table 5.�. The load model,

also given in Table 5.6, and the line capabilities of lOOMw.

and 80 Mw'as used in reference 36 were considered to compare

th 1 1 t d f 1 th t·, (36) 'the resu ts eva ua e rom severa 0 er ecnnl.ques Wl.

those obtained by the cut set approach.

The various cut sets for load points Band Care



TABLE 5.6

COMPONENT PARAMETERS AND THE �OAO MODEL FOR THE SYSTEM IN'FIGURE S.3(36)

Component Parameters Load Model

Lin,e
Failure Ra-te-.· Expected Reliair Time

f/yr. Hrs.

Peak Load No. of Occurrences
Mw PerPerioa.

1or 2 0.5 7.5 100 4

3 0.1 7.5 ' 90 4

4 0.6
'

7.5 80 4

70 4

60 4

50 20

Average duration of a normal, weather period=200 hrs,
:

Average duration of an adverse weather period =

1.5 hrs.

Line capabilities of, 100 and 80 Mw are assumed for

the two cases studied.

Number of days in the period=20.

Expected duration of peak load =

0.5 day.

....

,J::a.
....
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:shown in Figure' 5.4. It is clear from this, figure that the
'

,
'

cut set with components I, 2 and 4 is common to both the

load points B and c� The contribution of this cut set to

AD POINT B

Figure 5.4 CUt Sets for the Sys'tem in, ¥igure ,5.3

the overload outage indices is evaluated using the combined

chronological load 'curve for load points Band C. The

,respective chronological load curves at points Band Care

, ' ,

used to evaluate the'overload outage indices for the cut sets

involving components I, 2 and 3' for load point B ana 3 and 4

for load point C. The results obtained by the simple cut ,set

approach are compared in Table 5.7 with those given by the

techniques reviewed in section 5.2. It is ,evident from the

table that the cut set approach gives results which compare
... .

, ,
'

reasonably well with the more accurate approaches, presented

in the literature (36)
•

It should be noted that the methods illustrated

in reference 36 for the computation of overload outage indices
, ,

,

require load, flow studies and Markov analysis. The . computations ,



TABLE 5.7

lNTERRUPTION RATE AND DURATION DUE TO COMPONENT OVERLOAD OUTAGES

Method Index Line Capability = 100 Mw
Load Pt. B· Load Pt. C

Line Capability = 80 Mw
Load Pt. B Load Pt. C

Extended conditional Frequ�nCYI f/yr· 0.00095 0.00095 0.520 0.552

Probability method(36)
Puration, hrs e . 2.9 2.9 4.6 4.6

Extended contingency Frequency, f/yr 0.00095 0.00095 0 .• 520 0.553

curve method(33)
Duration, hrs �

.

2.9 2.9 4.6 4.6

Conditional probability Frequency, f/yr 0.000728 0.000831 0.320 0.341

method (34) #

Duration, hrs. 3.75 3.92 1.50 7.45

Cut Set Approach Frequency, f/yr 0.00093 0.00093 0.520 ·0.551

Duration, hrs. 2.9 2�9 4.61 4.61

.....

�
w
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were considerably eased by assuming the load to stay at some·

high value for half a day and a low value for. the remaining
.

haLf. of the day, The loads at pof.n ts Band C were considered

. to be completely correlated.

In many cases, however, the load model in· which

�. constant exposure. to high and low load periods is assumed

may not be valid.· The· loads at different points may 'not, be

completely correlated.. The cut set approach considers the

chronological loa4s at different points and therefore allows

for the· inclusion of diversity in loads and varying exposure

to high load periods. The overload outages caused due to

bunching of component failures in adverse weather can also

be considered by a cut set approach.· These considerations·

are illustrated in Figures· 5 .e 5, 5 .. 6, 5.7 and 5.8 for the

subtr.ansmission sys·tem. shown in Figure 5.3. Figures 5.5

and 5.6 show the effect. on the outage rate and total outage

time indices respectively (due to component overload

outages) of varying the high load period durat.Lone, The

effect of varying component capabilities and adverse weather

associated failures is also illustrated.· It is assumed that

. advexse weather periods occur at· random throughout the year.

The figures clearly· show that exposure to high load periods,
. component capabiliti�s, component adverse weather associated

failures have a significant effect on the overload outage

.

indices � Figures· 5.7. and 5. 8 respectively show the effect

on the outage rate and total outage time indices of.diver­

sity in loads at load points. Band C. It is clear from these
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figures that overload outage indices are significantly af-.

fected by diversity in the loads ·at the various points. The

greater the load �iversity, the lower is the probability of

encountering component overloads.

5 .. $. Summary

Power system networks due to economic considera-

tions.:· often involve components with carrying capabilities

which are· lower then the loads they may be· called upon to

qarry in differen� contingency states. This practice ad­

mits an associated loss in reliability due to component over­

load outagt:s. In this chapter, some of the available tech­

niques for the· evaluation of interruptions due to·component

overload outages are reviewed. The effects on outage in­

dices of· two. different modes of service restoration·after

the overload outages have occurred are examined. The addi­

tional indices of expected component overload, expected load

and energy loss indices are introduced to estimate the

severity of overloads. The application of the overload

outage indices in expansion·planning.studies of substations

is also illustrated. Such studie.s when performed in con june­

tion with present worth analysis can provide a useful input

to the selec.tion of a reliable and economic expansion plan.

It has· been illustrated in the·published litera';'

ture that the evaluation of overload outage indices in sys­

teins involving many load points requires a prohibitive amount

of computer time due to the associated Markov analysis and
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load flow studies. This· chapter has :i_llustrated the appli�.·
cation of a cut set approach to minimize the·computation

time and effort. The results obtained by this approach

are compared.with those· obtained from more accurate tech­

niques. A close .proximity in the results in the cases

considered has been observed. The effects on overload

outage indices' of component capabilities, high load dura­

tions, weather associated failures, maintenance considerations,.

diversity in loads etc. are illustrated.



6.' QUANTITATIVE EVALUATION OF COSTS OF SUPPLY. INTERRUPTIONS

6.1 Introduction

The basic objective of electric power.utilities

is to satisfy the customer requirements as economically as

possible and with. a reasonable level of continuity and

quality. Th.e customer reaction to the continuity . and qual­

ity of service being provided is therefore of prime signi­

ficance in determining an acceptable level of system perfor-

. mance , As noted in Chapter.' 2, the Civer'age customer judges

the quality'of his service on the basis of a composite reac-

tion .to any. interruption he may experience. Assuming

satisfactory. voltage levels, the customer reaction is de-

pendent upon the following factors:

.

(a) Frequency of interruptions.

(b) Duration of an interruption.

(c) Number of customers or the amount of load int�rrupted.

(d) 'rime of the day at which the interruption occurs.

(e) Season of the year in which the interruption·occurs.
. .

(f) Apparent reason for an interruption.

A survey was conducted in 1959 by Public Service

Electric 'and Gas Company, Newark, to' measure customer dis-

sa·tisfaction with service in terms of "resentment" relative'

to the above factors (37)
• Assuming an average mix of indus­

trial, commercial and residential cuscomexs , the following

conclusions were drawn.

(i) Resentment is roughly proportional to the frequency

of outage and increases rapidly for frequencies



greater than one per. year.

(ii) Resentment is roughly proportional to duration. It

begins to rLse rapidly after 6 hours and multiplies ..

very rapidly after 24 hours.

(iii) Resentment is relatively independent of magnitude

of load. interrupted up to 10 .Mw -.

(iv)
.

Outages. during the evening period cause .about 2.5

times the resentment produced by day time outages.

·OUtages during the night period cause only about one

third the resentment· of a day time outag�.
(v) . In comparison with outages during. the mild weather

. .

periods in spring· and fall, out.aqes during the summer

air conditioning season cause twice the resentment

and those occurring during the winter heating season

5 times the resentment.

(vi) Resentment caused by an unexplained outage is nearly

3 times that resulting from a natural. catastrophe.

The above conclusions are derived considering the

system as a whole and may not be applicable to any particular
.

.
..

customer. It should, however., be· noted that the customer
..' .."

.

. .

.

resentment index is quite difficult to quantify and a phy-

sical appreciation and Lrrce rp.reeat.Lon may not be possible.

In addition, this index does not provide any indication of

the monetary benefits obtained by alternative system improve­

ments and operating procedures. This chapter considers the

costs of supply interruptions as a measure of .customer satis­

faction. This provides a basis for the comparison of systems

152
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in which·there is no consistent difference between the out-·

age rate, duration 'and total outage time indices of sys tern .

reliability •. The application of interruption costs, in the

.. evaluation of' e.ffectiveness of various improvement plans is
'.

. .

also presented in this chapter.

.. .' . .

6.2 . The Costs of Supply Interruptions

The techniques offered in the previous chapters can

be efficiehtly.used for cost effectiveness studies. The costs

and the reliability benefits associated with. a particUlar

improvement plan can be calculated. The costs and the effec­

tiveness, however, are not in conunonsurate units. This

analysis permits the selection of a most cost effective

.choice but' does not. give any indication of whether the deci-

sions are worth implementing. This objective can be achieved

by performing cost-benefit studies. The costs and the bene­

fits must be in the same units. It is evident, however, that

cost-benefit analysis is more difficult to perform as·it

requires more data than a cost-effectivenesS analysis.

The assessment of· costs of supply interruptions

provides a basis for cost-benefit studies in power systems.

Two basic approaches' are possible •. The first approach con";

siders the viewpoint of the power utility.. Interruptions to
. .

customers may result in the following costs to the utility.

(i) Loss of revenue from customers not served.

(ii) Loss Of customer goodwill •.

(iiil Loss of future potential sales due to adverse customer

reaction.

I
I
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It.should be noted that if these costs were th�

only factors employed in cost-benefit' studies', a very poor

q;uality of customer. supply could be justified.
·

Since the

primary utility objective is to satisfy the customer needs,

an alternative approach is therefore to consider the view­

poirit of the customer. The interruption frequency and dura­

'.tion; the amount of load' interrupted and the' time at which

the interruptions occur are some·of the factors which infl:_u-
•

ence the supply interruption' costs •. These costs are also

likely to vary widely depending upon the type of consumer.

An industrial consumer may suffer losses due to lost produc�

tion, spoiled product, . equipment damage, idle production

fa:cilitie's and labour etc. An agricultUral consumer can

incur following costs due to supply interruptions:

(i) Labour cost for hand milking of the dairy herd.

(ii) Loss. of some of the milk production.

(iii) Cost of grain destroyed during the drying season.

(iv) Loss of some of the lives tock, egg and poultry pro-.·

duction etc.

A domestic consumer may suffer ac.tual out-of-pocket

economic loss only if the interruption is quite extended, but

may also suffer other unquantifiable losses associated with

.his comfort and convenience.

A method involving a national viewpoint was sug­

. gested in reference 3.9 to determine the dollar value of a

kwh curtailed•. Using this approach, the cost of the inter­

'. ruption in dollars per kWh: is ob:tained by dividing the GNP
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for a year by the kwh. consumed during the year. .This proce+.

dure gives a value of approximate1y·$0.60 per kwh of intet�·
. .rupt.Lon in the U.S. (3"9) •. It should be noted ·that the appli­

cation'of the costs based on. GNP and yearly �wh consumption

is only ·.va1id for broad studies which are national in scope.

In single systems, a .better approach i$ to estimate the costs
.. .

.

.

.

' of interruptions as experienced by different types of cusco-
.

mers. The .principal method of estimating these costs is' to
.

directly question the consumers as to how they themselves

value the availability of e1ectI:'icity at their premises. The

.

expected values for costs of interruptions with different.

types of customers can, therefore,. be obtained. This proce-.

dure has' been used in Sweden to estimate the.cost of'supp1y

interruptions to industrial, domestic, agricultural and com­

mercial consumers
(38)

•. A similar method was used by the

Reliability Subcommittee of the Industrial and Commercial

Power Systems Committee of the I.E.E.E. to estimate the costs

of supply. interruptions. to industrial plants. A summary. of

the results obtained by questioning 30 companies covering 68

.plants in 9 indu$tries in the.U.S.A. and Canada was made

available in a recent paper
(40)

•

It is recognized that the interruptions costs should

be split into two components, i.e., dollars. per kw interrupted

and dollars per kwh of interruption. This is essential be­

cause some of the costs are proportional to the number and
. .

.:
.

.

.

.
.

magnitudes of. interruptions while other ccsee are proportional

to the amount of energy interrupbad. Thus each customer can
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be asked to provide. estimates of the following two costs:

(i) Dollars Per failure -

This includes extra expense Lncurzed due to a

.: failure only eXcluding the costs of downtime.' For indus­

trial consumers, this will involve costs of damaged equd.p+ ,

.

ment., spoiled product, extra m�ntenance and extra repair
.

.

costs �

(ii)
.

Dollars per hour of downtime �

This includes the expenses. inCurred due to the

nonavailability of electrical energy during a certain period

of time. For industrial customers,. this includes the esti-··

mated revenues of product not made less expenses saved in

.Labour , material', utilities etc ,

These 'costs are likely to vary during different

periods' of the day and the seasons of the year. Consider�

ing that the interruptions are 'equally likely tp occur at

any time, the above costs represent only the expected,values.

The estimates of the costs of interruptions for

industrial plants, as·reported by I.E.E.E� sponsored survey(40)
ar� given in Table 6.1. It is clear from this table that

plants with a maximum demand less than 1000 kw have much

higher supply'interruption costs than plants with a maximum

demand of greater than 1000 kw. This indicates that small·

industrial plants have a higher coat, of interruptions than

large industrial plants. It should, however, be recognized

that the per kw and per kwh cost estimates vary considerably

between different cons�ers and within individual consumer
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groups.

TABLE .6 .. 1

AVERAGE COST OF SUPPLY INTERRUPTIONS FOR INDUSTRIAL
PLANTS IN U.S.A. AND CANADA(40)

Plants· $/kw· . $/kwh

All Plants 1 .. 89 2.68

Plants with. Max:.• 1.05 0.94
Demand > 1000 kw

Plants with Max. 4.59 8.11
Demand < 1000 kw

If the per kw and.per kwh .cost estimates for dif-

ferent types of customers are available, the costs incurred

due to service interruptions in a system can be easily cal- .

culated by using the following equation:
.

C = E. ·(a.A.·+ b.A.r.) P .

s. 1 1 1 1 1 1 e1
(6.1)

where

. Cs = The .total cost of supply interruptions •.

ai = The cost per kw of load interrupted for cus�

.

tomer i.

.

b. = The cost per kwh of interruption for customer i.
1 .

L == The frequency of interruption for customer i.
1

r. = The average interruption duration ·for customer i.
1

P .
= The expected load interrupted .per interruptione1

for customer i.

6.3 System Applications·
The costs of supply interruptions can be utilized

in the evaluation of many different aspects of the reliabil�ty
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problem�· These costs can be used to arrive at a unified in';"

dex of reliability � .It was noted in Chapter 3 that the out­

age rate and total outage time indices of ·reliability·can.give

prefe·rence to different substation config",rati6ns � Using .coscs

of service interruptions at a load point, the outage rate .and
.

the· total outage time can be assigned economic penalties to

.obtain a composite index for the comparison o.f various alt�r-·

native configurations. This is illustrated in Figure 6.1 for

the simple substation configurations shown in Figure 3.5 •...

The following data were asaumed .for the coscs
: of supply irite·r­

ruptions.

Cost per kw interrupted = $1.0.

Cost per kwh interrupted = $1.3.

When the criterion of continuity of s·upply to any

one of the two load points is considered, the expe·cted value

·of load interrupted per interruption .was·assumed to·be .2 Mw.

In the case of a criterion involving continuity of supply to

both the
.

load points, the expected amount of load interrupted

per interruption was aasumed to be.l Mw per load point. It

is clear from Figure 6.1 that the first criterion of system

successful operation gives preference to the system in Figure

3.5f, i.e., a .ring bus configuration, whereas the second

. criterion gives. preference· to system in Figure 3.59, i.e.,

a breaker and a half scheme.

The costs of supply interruptions can also be

utilized for the evaluation of benefits associated with

having spare transformer capacity, st.andby units etc. This



CRITERION (i)

:::J.
& � I·..� 1 0__-60-_ _'__�_-'---II--__,.,;.___�I___

D C ( e f 9
Case

a

�

CRITERION
. (ii)

�

...

�

�

a 0 c c e ,

::!2
V>
·0 0u 10
z
o
-..

t .1

� 10
a::
LU
t-
z .2
-..

10
�
a..
a..
:::>
v> -3

10
9

.

Case

Figure 6.1 Costs of·Supp1y Interruptions as a Basis for

Comparison of Systems in Figure 3.5.

159



160

aspect is illustrated by considering the, substation config­

uration shown in Figure 3.9. Following data for the costs

of service interruptions were assumed for this ,study.
Co'st per kw. inte'rrupted =' $2,.00 �

Cost per kwh interrupted = $3.50.

Expected' load interrupted, per inte;-ruption = 10 Mw;,
. ....

using,' these costs and the component, outage data given

in Table 3.4, the cost of service interruptions at the sub,:",

station bus as obtained from equatdon 6�1 is $49,185.60 pe,r

year. If a spare transformer' can be made available within 20

hours, the interruption cost is reduced to $8,008.50 per year,

a net decrease of $41,177.10 per year. This can probably off-

set the cost of a spare transformer within three years ••It is,

therefore, advisable in such a case to have a spare transformer.

This conclusion may not be valid if the repair time of the

transformer, (1000 hours, in this case) is rel�tively small.',

This,conclusion may also not be valid if the cost per kwh of'

interruption is very small. Another possible method to reduoe

the costs of interruptions' .Ls to provide a standby unit to

pick up the load in the event'of failure of ,the main supply.

In the case of the substation e,xample, if the time 'required'
to bring the standby unit on line is one hour, the cost of

supply interruptions is $7,949.10 per year. This cost �e�

creases considerably if the time required to bring the stand�

by unit on line is reduced. ' This is shown in Figure 6.2. The

advantage in having a standby uni,t can only be justified if

its annual capital and operational cost is less than the annual
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cost of interruptions ave.rted by the use of standby unit.

Another application of the costs of supply inter..;.
. . .

ruptions is illustrated by considering the distribution sys,;..
.

tem shown in .Figure 2.4. It is assumed ·that this, .distiibu.-.

tion system serves industrial customers at different load·

points. The cost data used in this s.tudy are as follows:

Load points 2 and ·S �

a = $l.S/kw, b = $S.O/kwh, C = 1 minute,·

d = 0.0 hrs., 1?
e =. 10 Mw.

Load point 3 -

a = $3.S/kw, b = $lS.O/kwh, C 5 minutes,

d - 0 � 0 brs •. 1 P
e

= 8.0 Mw.

Load point 4 and 6 -

aPe = $3,000.00, bPe = 10,,000.0, C = O.�S hours,

d = 10 minutes, e = 0�70

In the above,

a, band Pe are the same symbols as used in

equation 6.1.

C = The duration of time for which the interruption

does not cause any economic loss.

d = The time required to restart the plant after

the service is restored.

e = The fraction of time during which economic loss

can occur.

';!:'he costs of supply interruptions·calculated at

different load points with and without line section 8 between
.

buses S and 8 are given in Table 6�·2. As expected, with the



introduction of' line section 8', the maximum. benefit is Qb�.

TABLE .6.2

THE COSTS or SUPPLY INTERRUPTIONS

. '.
.

Load Point
Cost of Interruptions, .$/Yea.r .'

without Line Section A with Line Section 8

2

3

4'

5

6

3,819.15 2,'534.52

8,293.25 5,526.68

1;276.98 480.73 '.
';

5,476.91 33.27

727.64 98.17

19£593.93
.

8,6m:J.97Total' Costs

'. tained by the customer at load point s. This change in :eon:­

fiquration also results in an overall decrease of.$10,Zi9.96
.' per year in the cost of supply interruptions. for the entire

system. Thus the worth of line section 8 for the year un.der

study from the viewpoint of system custo�rs is approximately

$1<) ,.1120 .00. This value can be used in cost-benefit ana�ysis
to : justify the proposed investment in line section· 8. I.t

should be noted that if instead of connecting buses 5 and .8

b� line section 8, an additional line is provided between

buses 1 and 2, the profile of cost of interruptions changes

considerably. This'is evident from Table 6.3.

In this case, the maximum benefit is. obtained.by

the customer .at load point 3. The overall decrease in cost

of supply interruptions.is $12,262.84 per year. This value

is greater than�the one obtained with a line section between

·163
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TABLE 6.3

COSTS OF SUPPLY INTERRUPTIONS FOR THE MODIFIED SYSTEM

Load Point, Cost of Supply Interruptions, $/Year

..
: 2 28.08

3 1,648�23

4 885.15

5, 4,192.30

6 577.33

Total Costs 7,331.09

buses 5 and 8� This form of ,analysis, therefore, indicates,

the benefits ,obtained by different customers'and theeffec-

tiveness of alternative improvement plans considering the

economy of the service area as a whole.

It should be noted that if the system shown in '

,Figure 2.4 (without line section 8) were underground with

component temporary and maintenance outage parameters equal"
. .' .'

'.
.

.

.
.

,

to zero, the addition of line section 8 cannot be justified.,

The overall 'annual cost of service interruptions with and

without line section 8 in the system respectiVely are $1,567,.0

and $7�0.O. A very insignificant 'decrease in the cost of

supply 'interruptions is obtained with the addition of line

section 8.

The: cost of supply interruptions can also'be used

to, determine how much it, is worth t'o improve the reLiability

of components such as power transformers, circuit breakers,

transmission lines etc. A reduction in the failure rate of
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a component may be worth the additional price paid on the
.

purchase of the Lmpxoved component. This is illust'rated in .

.

.

:..

Figure 6.3. by conside.ring the substation example shown in

Figure 3..9... It is. clear froin Figure 6 � 3. that the benefits'

associated with the improvement in reliability performance
'

..of circuit breakers and transmission lines are not very signi­

ficant for the particular example under·stud.y. The cost �f

supply interruptions is decreased·significantly by transfor­

mer rei�ability improvements •. The decrease in interruption

coecs ·due to improved component performance should be compared

with the costs required. to achieve the improvements.

6�4 Summary

The prime objective of electric power utiiities is

to satisfy the consumer's demand for continuous supply as

economically as possible. The "tility.should determine how

much expenditure should be made to accomplish a given expected

improvement in service. Since the con�umer is not.prepared
.

. .

tq pay the" price for extremely high' operational reliability,
. ;

. .
.

the improvement expenditure should be based on the value of
'1

electric supply to the customer. The cost of supply inter�
:,

ruptions as viewed from the customer's side. of the: ineter Ls.

a valuable tool in estimating the dollar value. of the avail­

ability of electric supply to the customer. This· chapter pre�

sents a basis for the determination of supply 'interruption

costs to different types of consumers. It is sometimes quite

difficult to quantify some of. the psychological factors as



167

comfort, convenience, anger etc •. in terms The

problem is. not, however, insurmountable what are really'

required are approximate and reasonable t estimates.

This chapter. has also.illustrat the applicatiqn

. of cost of supply interruptions in T.ne cost

of supply interruptions averted by ization of spare'

tra�sformer capacity, standby un!ts , onaL facilities

etc. can be calculated.· These costs can en be taken as a

basis for the asses'sment of economically stified investment

in the system •. The estimates of costs of upply interruptions.

also provide a basis for the comparison of systems in which

there is not a consistent difference

. and duration indices of reliability.

n the outage rate



7. CONCLUSIONS

This thesis has illustrated many different aspects.··

of the transmission and distribution system reliability pro­

·blem. Special emphasis has. been placed on the evaluation of·

substation and switching station reliabilitype:rformance •

'.
.

one of the main concerns has been the development of accu-'
.
.'

. '. "

rate and consistent models to represent the true component •..
. .

.
.

and system behaviour. Some aspects of the problem are so
.

complex that an accurate mO.del may som�times become compu:",·

tationally unmanageable. Realistic mOclels should therefore.··

adequately represent· the trUe performance and at the'· same

time be mathematically. tractable. This may require inaking .

·some simplifying but reasonable assumptions.

System reliability per·formance. in the
..
thesis has

been measured in terms of outage rate, average outage dura-:­

tion and total outage time per year;. All three· .indices are

important in order to make a meaning�ul comparison of various

.

system configurations •. The average outage duration is a

relativ�ly weaker index of reliability. A design may have

the same number of long interruptions as another design, but

.the average duration. may be diluted by other sustained inter­

ruptions whose duration is limited by short switching times�
: ..

' .,.. ,

.

The reliability indices have been obtained at different load

points of the system.· This approach is vecy \lsefUl because
a general level of system reliability does not indicate how

·the·dif£erent continuity requirements of ·the customers are·

being satisfied.



tions which are permanently stored in the computer memory .are·

then' called in according to the .condi tions of we
..ather, zepatr ,

maintenance. etc •. for the .ev.aluation of reliability. ihdi�e!)
.

The resulting analysis indicates the relative severity of d.if­

ferent . failure categories and delineates efficierit and effec- '

tive means of improving system reliability.

Component failure models considering only one sys-.·

tern effect can provide quite optimistic estimates of reli-.

ability indices. It is important to note that a line outage __....

due to a phase to ground fault causes an entirely. different

response. of the protective system than that caused by.a.

conductor open type failure. The classification of component /

failure categories'according to their system effects'is there­

fore essenti'a:l for' accurate reliability predictions. This

169

.The author's M. Sc. the�is (8) .

developed a set of

equations for the evaluation·of interruptions due: to oompo-
.

.

.

. ...
. � .

.

nent permanene ,
. temporary, maintenance and .overload

.

outage
.'

.'

categories. The failure cha·racteristics of components ex-

:.' posed to a changing environment were. con�ide�ed by using a

two' state·weather model. The results given by the equations·

were·shown·tobe·quiteclose to those obtained by a·theore-
-.

(9 10)
. tically accurate Markov approach' • This thesis\ has i1-:-

lustrated the application of the equations.by a sequential

and straightforward technique utilizing a simplifying cut

set approach. G basic requirement of the analysis is the

determination of equipment failure combinations which will

cause interruption at. the designated load point]Ghe equa- .. -?--
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thesis has considered two modes'of component failure'design­

ated as active and passive. The system effect of active,

failures is the, outage of many other healthy component.sit.o-
.

.

..
.

gether with the failed component.r'whereas the passive failures

involve the,outage of the failed component only. utilizing
.

. ..
.

.

.
.

.

.. .

. . . '. .

these concepts, a computer program has, been 'developed to per-

"form system reliabi'lity studies efficiently.', The .basLc steps

in the program involve:

, (i) the determinatio,n of events and their possible com­

binations that, can cause outage, to the, designated load

point. The mode of service restoration corresponding

to each failure event, is also, determined.,

(ii) the calculation of outage frequency and duration in­

dices using appropriate equations�
The performance of the failure modes and effects

analysis (FMEA) in step' (i) .does not require any component,

outage data, and frequently th� FMEA results are valUable

,indicators of system reliability. ,The, program is .capab Ie .

of handling normally open or ,closed switches or breakers, pre-
, ,

sent in the system. The output 6f the program provides a

de'tailed perspective' of the system reliability �erformance.
Preventive maintenance policies can have a signi-

!

�

: . .

ficant effect on the system reliability indices. The various

considerations involved in the selection of a preventive

maintenance program from a 'reliability viewpoint h.ave been'

dd.acuaaed in this thesis. The optimization of component

reliability,performance requires the establishment of



.

i71
.:

functional relations between the failure and mai.ntenance
.

parameters. It has been illustrated that by properly

co-ordinating. the component maintenance, the contribution'

of the'�aintenance associated failure events to the system

'. outage indices can be considerably reduced. It is recom-

. .

mended that .co-ordinated maintenance be performed on those

components which together are not�present in any system cut

set. The justifiable increase in component avex-age maintenance

time,. to. retain the benefits of co-ordinated maintenance, have'

.

also been analyzed in this thesis •. '

.
.

.
.

The evaluation .of interruptions due to component

overload outages., in systems with many Load points is quite

4ifficult. The. reliability indices depend upon the mode of

service restoration after the overload.outages have occurred.

Some of the available techniques for the evalll'q,tion of ovez--

'"',
• load outage indices have be.en reviewed in this th�sis •. The·

i

effects on the reliability indices of two methods of servi.ce

restoration, after the overload outages have occurred, have

been illustrated. It has been shown that the cut'set'approach"/
can be extended for the evaluation of overload indices in sys�

tems with many load points � The assumption is made that
. .

components have fixed carrying capabilities. This thesis. has

also. illustrated the application of 'overload outage indices

in the expansion planning of substations. This study when

performed in conjunction with a present worth analysB can

aid in the selection of a reliable and economic expansion

. plan.
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Customer satisfaction expressed in dollars and

cents is the ultimate measure .of system reliability. There

is no justification for increased reliability I. especially

if the customer has to be called upon to pay .for i� unless'

the ihcreased reliability .is .worth.as much or more to him.

The costs .of supply interruptions assessed by the customers

themselves .. provide a basis for estimating the dollar value

of th� availability of electric supply at their premises.

The application. of interruption cost estimates in the evalu­

ation of economically justified investments in the.system

has been illustrated. The .economic benefits . obtained by

the utilization of spare transformer capacity 1 standby units I.

additional facilities etc. have been evaluated. These 'esti-
. ...

.

mates can be used. in cost-benefit studies for evaluating .the·

incremental benefits associated with different improvement

plans. . Interruption cost estimates have been used for the .".

comparison of systems: in. which there is not a consistent

difference between outag.e rate and duration indices •.
'

The methods of reliability assessment presented in

this thesis supply quantitatively the probability ingredient

missing. f'rom th.e contingency rule approach. The sensi tivi ty

studies on component and system parameters illustrated'in

various chapters are valuable in indicating overall system

performance and in pinpointing system weaknesses. Incon-
..

..

trast with many other possibly more sophisticated techniques,
: ',. '. .... ','

it is believed that the simple and sequential analysis. pre ...

. .

sen ted will readily be" accepted by system analysts and pla,nners.
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APPENDIX A,

9 • APPENDICES

DEFINITIQNS ,OF ,OUTAGE TERMS
, ,

A. 1 '.outage Def ini tions (13)

.outage

An outage des,c;:ribes .nhe state of a: component when

it'is ..not,availableto perform its intended function due to

some 'event directly associated with that component •

.outage Categories

1 • ,Forced .outage

A forced ,outage is an outage that re$ults from

emergency conditions,direct;.ly associated with a component

requiring that it be taken out of service immediately, either

automatically or as soon as, switching, operation� can be per­

formed, or an outage caused by impl::oper operation of equip-

ment or human error.

2. Scheduled .outage

A Scheduled outage is an outage that results when
,

"

'a component is de'liberately taken out of service ,at a selected'

time, usually for the purpose of construction, preventive main-

tenance or, repair.

Forced .outage Categories

1. Transient Forced .outage

A transient or temporary forced outage is an outage

whose,cause·is,self-clearing so that the affected component

can be restored to service either automatically or as soon
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as a ,switch or circuit breaker can, be reclose4 or a fuse re-

':placed. An example of, 'a temporary forced outage is a li'ght-
"

ning ,flashover which does not permanent.Iy disable the flashed

component.

2. Permanent Forced Outage

A permanent or sustained forced outage is an outage

whose cause is riot ,self";clearing, but' must be 'corrected by,'

',eliminating the hazard or by repairing or replacing the com­

,ponent before it can be returned to service. 'An example of'

a sustained forced outage is'a wire,burndown.

,Weather conditions

1. Normal Weather

Normal weather include� all weather not' designated

as adverse or major storm disaster.

2. Adverse Weather

Advers,e weather designates weather conditions which

cause an abnormally high rate of forced outages for exposed

components during the periods such conditions persist, but do

not qualify as major storm disaster.

3. Major Storm Disaster

Major storm disaster designates weather which ex­

ceeds design limits and which satisfies all of the following:

(a) Extensive mechanical damage,

(b) more than a specified percentage of customers out

of'service, and

(c) service restoration'times ,longer than a specified

time.
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Examples of major storm disasters are 'hurricanes
"

.v and major ice storms.

,

,E:xposure Time

Exposure time is the time during which ,a. component
, .is performing its intended function and is subject to outage�

"

Switching ,Time
.

.

.

.: .

.

, "

Switching time is the period from the time', a switch�

,ing operat.Lon is required due to a forced outage until that

switching operation is performed. For example, switching
, ,

opera1:ion�' include reclosing a circuit breaker after a trip'

out, opendnq or closing a sectionalizing switch or circuit

breaker, or replacing a fuse link.

, '

,A.2 Definitions qf Customer and System Oriented Reliability

Indices (14)

1. System Average Interrupt.ion Frequency Inde,x,

This index is ,defined as the average number of in-

terruptions per customer served per time unit. It is deter­

,

mined by dividing the number of customer interruptions in a

year by the number of ,customer served. This index may ,be

applied to sustained and/or temporary interruptions, and
,

'

,

this shou'Ld be designated in the index. '

2. System Average Interruption Duration Index

This index is defined as the average ,interruption

duration for customers served during a specified time period.

'It is determined by dividing the sum of all customer,inter­

ruption durations during the specif:i.ed period by the number
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of customers served during that period.

3 • -cus tomer Average Interruption Frequency Index

This index is defined as the average number of

interruptions per 'customer interrupted per time unit.' It

is ".determined by dividing the number of customer interrup­

tions'observed in a year by the number of customers af­

fected. '

Count cUstomers affected only once regardless of

number, of interruptions that may be experienced.

4. Customer Average Interruption Durati5m' Index

This index is defined as the average interruption:

duration for ,customers interrupteq, during a specified time
if.

period. It js determined by dividing the sum of all cusco-

m�r interruption durations during the specified period by

the number of sustained customer interruptio�s during that

pexLod',
.



P (A+B) = P (A)' + P (B) - P (AB), (B2)

'APPENDIX'S'
,

CUT SET APPROXIMATIONS

, Let Ci represent the i·th minimal cut set for a

particular load'�oint., Let ci denote the fail�re'of this
, cut S$t. The probability of failure at ·the load point under.

consideration is given by:
.. .

.

.. ... . .'
.

',PF'='P [Cl'+C2+ C3 + •• .'. ••••••l (Bl)

From the basic probability theory, the probability. of occur­

rence of events A or: B is given by:'

When probabilities peA) and PCB) are very small, equation

(B2) can be approxima.teda:� follows:

P (A+B) =: P (A) ,+ P (B) (B3)

Equation (B3) provi�es ,an upper bound on the probability

, P.(A+B). The failure probabilities of power system compo­

nents,are very small and 'therefore the probabilities 'P(Ci),
,

P (C2) ••• ,. ar� very much smaller.
'

The expression (Bl)
,

can

then be approXimated bY the, following relation:
'

PF =: p[cJ + p[C2] +p[c�" + •••••••

which provides a very close approximation of Pp• The,system

failure frequency can similarly be calculated by, the follow�

ing appzoxdmatdcn e

,fF' = E; P(C.) � ..
1., ' 1 11

where �ii represents ,the sum of the repair rates of all, the

components c�ntained in the cut set Ci•
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..APPEi�DIX C

OUTAGE RATE AND DURATION E.QUATIO�S COMBINING
PASSIVE FAILURES AND MAINT.ENANCE OUTAGES

As noted in Chapt.er 3,. component.maintenance oue -
.

.
.

"ages have the'same system effect as do' .the component passive
.....

. ...

;'faflures.
. .

.

These outage indices can be. combdned to obtain.
.... :

",:;
"

···::'eq�i.v�lent",tdtal· o.utage·· 'rates .

and. durations ...... This is, �hOWIl
"

. '.be{�w:,:for a cut .se t. of two components 1 and 2.

Equivalent total outage rate' of component 1
. .'

. ". .

= Al +' Al == Ae1 "
.

.

Equivalent average outage duraticm 6'£ comporient '.i ....
.

,,"
.

= Alrl+Alrl = r
-----....,- el

).1+)..1
. .

.

Similcu: expressions can be written for component 2.

The' contribution to the sY,stem, failure rate' due to

this two componen,t cut set is .

As = A .A2r '+' A AIr' .

el '�l e2" e2
(Cl)

.

. .' .:

This.eqU:ati�n takes into 'consideration that a maintenance'out-
. '.

age cannot occur if .che.re is' aome ou'tage already' exist.ing in

'the system. The average duration associated withthe.failure

rate' As ,is given by:
'2' 2 .

. r r rlr
r = A . A el 2. + A A e2 . (C2)
s el 2 AS(rel+r2) e2 1 ls(re2+rl)

.

Equations tcii and (C2). yield the foflowing reSUlts':'
'" "

'. '.

.

1':'.. " :"

AS = A1A2rl'+ AlA2r1 + A2A1r2 + A2Alli (C3)

and'



(C4)

Expressions (C3) and. (C4) are similar to those

·obtained by using the·combined equations of maintenance and

passive ·failtires given· in Chapter 2 .•
·

. Similar· considerations·

·are.applicable for cut sets involving larger number· of com- .

. ponents �
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APPENDIX 0

RELATION' BETWEEN THE BREAKER MAINTENANCE OUTAGE RATE
AND' THE PROBABILITy'OF STUCK BREAKER'STATE

T.he state space diagram for a normally closed' brea­

ker protecting an equivalent component A is shown in Figure
. .

O�.l. The equivalent component designated as A represents 'a

set of system ·components.the failures of which require the

operation of the breaker under consideration. ·In Figure

0.1,

A = The failure r.ate of equivalent component A.A
..

IIA = . The repair rate of equivalent component A.

" A = The failure rate of the breaker.
B

1JB -. The repair rate of the ·breaker.
"

AB ::;: The maintenance . outage rate of the breaker.
"

1Ja
.... The maintenance rate of the breaker.

"

AA = The maintenance .outage. rate of equivalent

component A.
"

1JA = The maintenance rate of equivalent component A.

As = The rate of breaker stuck condition •

. The As value depends upon·the breaker characteris�

tics and is a function of the number of times the breaker: is

called upon to operate. In Figure 0.1, the false trips of

breaker have not .been considered. It has been .aSsumed that.

·equivalent component A does 'not fail in the de-energized
.. state (where breaker is in a failed 'state) •

State 2 represents a'condition where component A·

is working normally and the breaker is stuck. This state,



A - Up ......�-..... A -Up
Bkr.-Closed

A - Maint.

Bkr. - Up

llA

Bkr. - Open

7
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A"
A

If

As
., 3

A - Up A - Up
,

Bkr. - Stuck· Bkr. - Maint •.

Fi9�re Dl 'State Space Model For.a Component.ProtectedBy
A Breaker.

A -·!'a,ulted
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as shown in :FigQre 0.1, is terminated by the following three

events:

(i) The maintenance of the ·breaker is started.

(ii) The failures of equivalerit component .A •.

(iii) The failures of the breaker.

Let Pi denote the probability of existence of the

ith state • , Under steady state conditions, the frequency of

transitions into state .2 is equal to the frequency of transi­

tions out of state 2. Therefore,

=

Or
A P
s 1

(0.1)

Equation 0.1 clearly shows that if the maintenance rate of
II·

the breaker (Aa). is· increased, the probability of a stuCk,

breaker condition (P2' can be significantly decreased.



APPENDIX E

SOME. DATA COLLECTED FROM THE
SASKATCHEWAN POWER CORPORATION SYSTEM

. ..... .

'.

Tlt.e author was with the Saskatchewan Power Corpo­

ration Regina for about a month collecting some component

and system data. The following information was extracted.'

f·rom the SPC outage reports •.....

. E.1
.

Outage Data

230 kv transmission lines

Number of cireuit mi les = 777.6, Number 0"£ lines' = 7.,

Year� of experience::: 3 (1970,71,72), Number'of

outages = 4.4.

Total outage time = 26042.5 minutes e .

Permanent outage rate = 0.0189 f/yr/mile, Average

outage duration = 9.84.hrs.

138 kv tr�nsmission lines

Years of experience' == 3 (1970,71,72), Number of

. Number of circuit miles; = 1403.5, Number 0.£ lines. = 18.
. .

Years of experience =3 (1970,71,72), Number of

permanent outages = 96 .•

Number of temporary outages = 21.0, Total outage

time = 15556.5 minutes.

Permanen.t outage rate = 0.0228 f/yr/mile, Average

outage duration = 2.71 hrs •.
.

Temporary outage rate = 0.0049� f/yr./mile.

72 kv grid lines'

Number of circuit miles = 194.2, Number of lines.- 7.

"
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permanent outages = 85.

Number of.teroporary outages.- 15, Total outage

·time = 3291.5 minutes.

Per;mahent outage rate =.0.146 f/yt/nd1e, Average

outage duration = 38.7· .minutes.

Temporary .outage rate = 0.0257 f/yr/mi1e.

138/72 kv transformers

.

Unit years of experience = 174�· Number of perma­

nent outages = 2.

l�umber of maintenance outages = 5.

Permanent outage rate = 0 .0115 f/yr�, Maintenance.

outage rate = 0.0287.

230 kv transformers

Unit years of experience = 63. Number ,of perma­

nent outages = O.

Permanent .outage.rate - O.O.f/yr.

Other 138 kv transformers

Unit years of experience = 109 •. Number of perma�

nent outages = 2 •.

Permanent outage rate = 0.019 f/yr.

72 kv transformers

Unit years of experience = 198. Number of perma";

nent .outages = 4.

Permanent outage rate =·0.02·f/yr.

E.2 Costs of Outages

Some estimates· for .the costs of service interruptions

nave been obtained by the Saskatchewan Power Corporation by
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directly que$tiQning the custQmers. The estimates have nQt
. ..

. .

been separated into' c6s�s per kw and per kwh Qf· ·interruption.

some of the interruption cose es'timates obead.ned Ln year' 1970
are given below:

Saskatchewan.Minerals

One minute Qutage = $50.00 to. 150.00

30 minutes Qutage = $i62�00 to. 362.00

Orie hQur Qutage ._ $474.00 to. 574.00

OUtages lQnger than 3 hQurs in summer and Qne·and one'

half hours in winter = $4550 to. 5282 + $414 per addi-

Peak·LQad= 1 MVA

tiQn�1 .

lir ••of . QU tage •

.

BQh Beer

cos c per hour of. interruptiQn =. LabQur 'coat; + Direct

CQst
.

.
.

= 175.�0+1298�00=$147j�00.
Burns .FQQd Limited

One minute QutClge = $17.65 Peak LQad =

30 minutes Qutage = $529.50 1.5 MVA

One hour Qutage = $1323.44

PulE Mill. .: ::..::'1.'_ , ..

One minute . out.aqe - $5000,00 Peak LQad = 6 M{jr;�
30 minutes .out.aqe = $15000 to. 2?00·0." "

.

One hQur Qutage = $50000.00·

PQtash

One minute Qutage = $600.00 Peak LQad = 10-15 .MVA

30 minutes Qutage = $10000 to. 20.000

One hQur Qutage = $20000 to. 40000
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.

Oil . Refineries

One minute outage = . Peak Load = '6 MVA'

30 minutes
. outage .= $1000

One hour'outage = $20000

Hudson Bal, . Regina
One minute outage = $200�00 Peak Load = 1 MVA

30 minute's . outage - $4500.00.

One hour outage =. $9000.00·

Canada Cement

One minute outage = Peak Load = 2 MVA

30 minutes outage = $25.00

One hour outage = .$50.00

E.l The Substation Chronological LOad CUrve

The s.ubstation chronological load curve used in

studi�s given in Chapters 3 and 5 is ,shown in Figure .E.l.·
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APPENDIX F

AN ILWSTRATION OF SYSTEM CUT SETS

A cut set is a set of co.ponents which when re.oved from

the systea interrupts all connections bet.ween the source point

and the load point. If all the coaponents i'l) a cut set fail,."
.

.

the system will be failed regardless of the coridition of the:

other coaponents in the systeJil. The system aay have a large·

number of cut sets and a particular co.ponent aay be.in .ore

than one of them. The· cut sets for·load point A shown in

Figure Fl are as follows:

1

2

SOURCE
3

Figure Fl: A Systea for Illustration of Cut Sets·

Cut Set Components in Cut

1 3

·2 1,.2

.3 1,.3
..

...

4 1,2;3

5 4,3'
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A minimal cut set is defined as a cut set in which there

is nQ sub�et of COOlponents whose failure alone will cause the:
.

.

syst_ to fail. This implies that a nOlUllinimal cut set

corresponds t'o more. coaporient failures than are required to

cause system failure. The minimal cut sets for load point A

are as follows:

Miniinal Cut'
Set

COOlponents in Minimal:"
.

CutSet

1 3

2 1 2; .

. These minimal cut sets are shown in' Figure F2

...---1[2]....-_.
First Order .

CUt Set
Second. Order
Cut Set.

Figure F2: Minimal Cut Sets for Systea in Figure F.I
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