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ABSTRACT

Power transmission sys�e�s are becoming increasingly complex
as the demand for electric energy incieases. Th� protection
system plays an important role in achieving high reliability by
recognizing and isolating any abrtormal c�ndition in the network
within minimum possible time and with a mini�um effect on the

healthy system. The protection system itself is,·h6wever, also a

potential source of failure. This thesis desciibes the. different.·
failure modes wi thin the protect.ion system and· their e ff e c t; on

.load point reliability indices.

A number of techniques are available for ieli�bility
evaluation of power systems. Protection systems are generally
assumed to be perfectly reliable in most of these techniques.
Simple equations are developed .in this· thesis to include
p��tection system failures in tr�nsmission system reliability
evaluation. ·These equations tan be used in conjunction with th�·

cut� set approach to evaluate the .outage frequency �nd du�ation
indices at different points in a transmission system.

Terminal related outages tesulting in the .removal of line
and/or generating units can occur in a power system because of
faults on the protection syst�m i.e.· ground fault on a breaker, a

stuck br�aker or relay condition, battery failure etc. These
failures are normally of short duration but ca� result in multiple
outages of current carrying components. Th� effect 6f such

outages o� the reliability indices of a composite· generation and
transmission system can be significant. This thesis describes and

illustrates the cause and effect of terminal related outages using
the configurations of two practical substations. Models suitable
for including their effects in the reliability analysis of a

_ compos i te genera tion
.

and transmission system are also. descri bed -.
The results of the composite system are calculated including

-

protection system failures using a 5-bus ·test system. The

resulting indices are then used as· starting values in the
evaluation of the reliability indices of a hypothetical
distribution·system . supplying a group of individual customer

loads.
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1. INTRODUCTION'

Electrical energy is an' 'essential ingredient· in the

development of a modern society. In order to maintain·an adequate

$upply 6f elictricity to t�e public and industry, state, �nd

provincial bodies have iria�ied laws giv�ng government and private

utilities and corporations themonoply to generate, transmit ·.and.

distribute elect�ical energy within �iven geographical areas.

Electric power compariies have invested a substantial amount of

capital in generating stati6ns, transmission lines ,and

distribution networks to. provide· an �cceptable quality of

electrical en�tgy .to their consumers. It is not feasibl�

economically and technically to attempt to design a power system

with. one hundred pe�cent reliability •. P�wer system engineers have

�lways attempted to achi�ve the highest possible reliability at ari

afford�ble cost. The past practices of expressirig consu�er load

point reliability in· qualitative terms are being slowly· replaced

by quantit�tive indices which are obtained through ihe development

and use of probabilistic m�thods of evaluating sy�tem reliability.

One objection often raised to the utilization of probability

techniques is th� absence of accurate component data. It should

be appreciated, however, that the results obtained are simply

estimates based upon the available information. As such,. even in

the absence of accurate data, they can be extremely valuable in '

consistently comparing alternate configurations and the telative

benefits of configuratiori chartges.
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The research. work on reliability s�udies of power systems

. basically falls into three' broad eat�gories,' namely the .

investigation rif the reliability properties of generation

systemsi transmis�ion and distribution· syst�ms, and composite'

generatiori and transmission s1stems. A considerable amount' of

research has been reported'.' .in. the fir�t.two.system categories

[1-4J. but a less adequate treatment has been g1ven to th�· .last·

ar�a' du� to· the inherent diffi�ulties irtvolved in treating the

composite probl�m.

The primary purpose of generating capacity reliability

evaluation is ·to determine the. adequacy of available and proposed

gener a t Lcn facilities to satisfy the sys.tem load. requirements. In

th1s ca�e the prov�slon of an adequate transmission facility 1s

generally assumed. Methods cf evaluating the reliability of a

generating" system are well established' [l,4J and a c c e'p t ed by the

power industry.•

Reliability evaluation of transmission and distribution

sys tems· . [1,2 J .... generally' as sumes the' provision of suff icient

generation capacity:o.t complete .availability of generating undt s,

A considerable amount of work has been done in the establishment

of consist�n� �echniques since a 1964 publication [5] which

proposed a seri�s. of practiial equations for the reliability

caleulation .of transmission systems� The results obiained by this

technique were compared with results obtained by.using.Markov

Processes [6J in Referen�e 7 and the: original expressions were

modified [7-9] �o obtain a,more accurate �ppraisal of the syst�m.

The effects of specific component failures on the remainder of the
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system were i�cluded by considering a three state r�presentation

of the system, namely

switching. This aspect

operating, before

was described

switching

in Reference

and after

10 and

subsequently used in techniques [11-15] for the reliability

evaluation of Substations and Switching Stations.

The reliability evaluation of a composite generation and

transmission system is concerned with the problem of determining

the adequacy of the generation and transmission system in regard

to providing a dependable and suitable supply at the terminal

stations [4,16]. Relatively few papers [16-22] are available on

the reliability evaluation of composite generation and

transmission systems. Most composite generation and transmission

system reliability evaluation techniques available at the present

time use the representation of the system in which lines simply

terminate at a bus, without extensive representation of the bus

switching and circuit break�r configurations.

In most of the previously mentioned approaches used to'

calculat.'reliability indices, the protection system is 'considered

to b� one hundred percent reliable. This is obviously impos�ible

to attain, no matter how much time, effort and money is spent.

When a component of a power system fails, it is assumed that the

faulted component �s isolated by the associated protection system�

The protection system itself is, however, a potential source of

failure which is not normally considered.

This thesis describes the failure modes of protection systems

and their effects on load point reliability indices. The

equations developed in this thesis provide a useful extention to
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those previously developed for systems in which the protection

systems are assumed to be completely reliable.

The outage effects of' protection system e lenerrts are

normally reflected in composite system reliability calculations by

simply adding a protection system factor to the failure and

repair rates of lines and/or generators affected by the failure of

the protection system element. This approach is accurate when

only one c�anent of the system is unavailable because of a

protection system malfunction. However, when two or

more c�onents of the system are unavailable, the approach

assumes an unrealistic independence between the srstem component.

outages which are actually caused by the failure of a single

protection system element. The correct approach is to regard

the protection system element failure rate as the simultaneous

failure rate of the relevant system components.

The origin and effects of protection system

de.cribed and illustrated in this

related outages

thesis using theare

.configurations of two terminal stations from the Saskatchewan

Power Corporation (SPC) system. This provides an extention of

the work done by Bi11inton and Medicher1a [23]. The models for

the two lines in parallel presented in Reference 23 are modified in

this thesis to include the outage effects of protection system

components.

This thesis also examines the effects of failures of

protection system components on the individual load point

reliability indices and system indices in composite system

reliability evaluation. This is accomplished by representing the
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terminating points at the busses in a 5-bus hypothetical power-

system by acttial practical bus switching and circuit breaker

configurati�ns. The reliability indices at customer load points

are examined by representing the distribution network from the

switching station to the customer load points.

i

)

A principal concern in this thesis has been to develop

relatively simple equations and techniques to include the

protection system failure modes into the reliability calculations.

The application of the models and techniques developed is

illustrated in the' thesis by considering hypothetical system

examples based upon actual practical configurations. The concepts

presented are quite general and can be applied to a large number

of power system applications.
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2. PROTECTION SYSTEM FAILURE MODES

2.1 General

Protection systems play an important role in protecting

expensive equipment and also in ensuring the supply of electric.l

energy to consumers at high reliability. There are very large

quantities of energy in a modern power system which can do very

expensive damage to equipment and create danger to personnel in

the case of an electrical fault, if it is not isolated promptly.
.

.

In addition, these faults can disrupt electric power in healthy

porti�ns of the network.

Protective equipment are installed at appropriate places in a

network to limit the damaging effe�ts of faults and other abnormal

conditions that may occur. Some of the basic equipment used in a

power system network are as follows:

1. Fuses

2. Reclosers

3. Breakers and relays

4. Automatic and manual isolating s�itches

Protective devices are used to detect the presence of faulis

(short circuit and other abnormal conditions) and isolate the

faulty component so that the fault will not damage the equipment

or otherwise interfere with the normal operati9n of the rest of

the power system. Circuit breakers and relays are used

extensively in transmission and distribution systems. The relay

after detecting the presence of an abnormal condition, closes its
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ele�trical contact� and that energizes an auxiliary relay

necessary to operate the circuit breaker to isolate the faulty

e omponen.t , A reLd ab Le de supply is required for the o p e ra t Lo-n of .

breakers in the presence of faults. It. �s obvious therefore that ..

reliability is of paramount important· in a p ro t ec t Lve
'

. relay. As

defined in Reference 24 "The main pur.pose of·a protective relay is

to close its co.tacts effectively and correc�ly everi under ad.erse

· c ondd tions .and in the event o·f inadequate ·maintenance having been

carried out". The same type of. duty is expected from all

components of the. protection system .in case of Q. fault� .The very

nature of the protection system makes this. difficult, as the"

normal state of th·e protection system is p.assive since·· faults are

rela tively r.are. The protection system is the:refore expected t o

stand on· guard and to operate 4nly in the case of a fault in its

protection zone. Th! system may be inactive for ye�Ts and its

·

contacts may deteriorate due to time or adverse conditions which

. .
.

may finally prevent the protection system from operating �orrectly

when a fault does. occur •

.
2.2 Reliability of Protection Systems

Protectiori system reliability can be considered ftom the t�o

aspects of dependability and security [24]. Dependability is the

certainty of correct operation of the protection· system in

response to abnormal conditions-in the system, while security 1s

th. ability of the. proiection system" to avoid operating when· not

·

actually required to operate. Unfortunately .these two as·pects of

reliability tend to oppose one ariother and for relays this is



8

discussed in References 25-27. In,general a compromise has to be

made between security and dependability. Protection systems

operate by sensing electrical quantities i.e. voltages, currents,

phase angles etc. which enable the protection system to

distinguish a fault from the normal condition on a particular

component. The performance of .the protection system depends upon

the ability of the system to detect the electrical quantities

correctly.

Protection system performance can be classified as (1)

correct operation, (2) incorrect operation. Incorrect operation

may be failure to operate when required and false tripping. The

causes of incorrect operation are (a) poor application of the

protection scheme, (b) incorrect settings, (c) personnel error,(d)

equipment malfunction. Equipment that can cause incorrect

operation include current transformers, voltage transformers,

circuit breakers, relays, communication channels, station

batteries or cables and wiring. From data collected by utilities,

human error is the most cOritributing factor in the incorrect

operation of a protection system.

2.3 Zones of Protection

A power system is normally divided into protection zones to

minimize the effect of a component failure on the rest of the

s y s t em. Figure 2 .1 shows a single line diagram of a sec t ion 0 f a

power system. The square boxes represent circuit breakers,

ru indicates a relay for a circuit breaker, the heavy lines

represent busses and the thin lines indicate transmission lines.
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The dashed l�nes surround the section of th� system to be

protected and indicate the "Primary protection zone" for re1a�s

and their respective circuit bre�kers on either end of th�. line.

Sinc::e failures do occur � however,' some form ·of back up protection

is provided to trip Out the adjacent breakers if the first line of'

protection fails. The protection in each zone is overlapped to

avoid the possibility of unprotected areas.

Figure 2.1 Single line diagram of a hypothetical power system.

I� the case of a: fault in the primary protection zone, the

relay and circuit breaker' protecting the primary zone should',

Ls o La t e the fault from the rest of the healthy system. If the·

primary zone protection system fails to operate, the first back up

protection system should op�rate and isolate the faulty component

together with some.' of the additional healthy network.' If the

first back up protection also fails, the second back up protection

is required 'to isolate the fault. In this case, the portion of

healthy system which is' removed to isolate the fault can be·

relatively large.
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2.4 Failure Modes of Relays and Circuit Breakers

The relay and the circuit breaker are

components of the protection system. The

two different

zone.

relay

Its

detects the

abnormal condition in its protection operation is

dependent on receiving a correct current or voltage signal from

the appropriate current or.voltage·transformers and in some cases

on the phase angle associated with these quantities. The

operation of a circuit breaker is dependent upon the ability of

its relay to operate correctly in the case of a fault and on the

availability of the dc supply. The failure of associated relays,

instrument transformers and other auxilliary equipment are

normally assigned to the circuit breaker. A breaker as such can

fail in a number ·of possible ways e.g. it fails to operate in the

case of a fault, it fails to reclose, it gives false operation, or

it itself becomes faulty etc. Two states of a component are

normally considered in reliability studies i.e. the up state or

operating state in which the component is performing its function

and the down state or failed state when the component is unable to

perform its function. In the case of a protection system there

are three basic failure modes i.e. failure to operate, false

tripping and failure to ground which will require other protection

systems to operate.

Protection systems spend most of their life in an on guard

passive state and consequently are prone to unrevealed random

faults which only become apparent when the system is called upon

to function, or when it is proof checked. The second type of

failure is false tripping, which is detected as soon as it occurs.
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2.4
.

Failure Modes of R�lays and CiTcuit Breake�s

The relay and the circuit breaker are
.

two . different .

components. of the protection sYstem. The relay detects .the

abnor�al condition in its pro�ection' zone. Its operat�on is

dependent on receiving, a correct current 6r volt�ge. signal from

the app ro.pr La t e current. or voltage transformers and in .some·
.

cases

operation of a circuit breaker is' dependent upon' ·the . ability of

its relay t6 operate corectly in the cas� of's fault .nd.on the

availabili ty of. the d c supply •. The failure of associated l"elays,'
. instrument transformers and other auxilliary equipment .re

.

. ..

normally assigned to the circuit breaker •. A breaker as such can

faLl in· a number �f possible ways e.g. it fails to op�rate in the

. .

case of a "faul t , it fails to ze cLo ae ,' i t gives false opera tion, or

it itself becomes faulty etc •. Two states of a �omponent are

normally considered in relLability. studies i.e. th� up stat� or

operating· state in which the component is performing its function

.and the down state or .failed state when the component is unable to

perform its function. In the case of a protection syste.m there

.re three 'basic failure modes i.e. failure t� operate, false

tripping and failure to'ground which will r�quire other'protection

systems to operate.

Protection systems spe.nd most of their life in
.

an ·o.n guard

pa�sive state and consequeritly' ·are prone to .�nre�ealed random

faults which only become apparent when the' system i� called upon.

to function,' or' when. it 'is proof checked. The second type of

.

failure is false tripping, which is detected as soon as it occurs.
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These two failur� typ�s can be described as' Unrevealed failures

and Revealed' failures respectively. The third type of failure,

i.e. failure to ground, is common to all power system components.

2.4.1 Un�evealed fa�lures

These types of failure are tho$e ,which occur when the'

pro�ection system is in a passiv� state and cause the system to

failures are not directly revealed and remain undetected until, the

next proof check ,or urttil the next fault oc�urs within the

protection' zone. The piotection system then fails to perf6rm its

function.

2.4.2 Revealed failures
.
...

."

. ... . .

Failure� of the protection system may 'cause false tripping of

circuit breakers and these failti��s are ditectly revealed a� they

occur by opening circuit, breakers.' �his could be due to a false

signal from the relay to its breaker or due to:the failur� of the

breaker itself. False tripping could be in'response to external'

fa�lts or spontaneoui in t�e absence of a fault.

2.4.3 Ground fault

A ground fault on the protection syst�m can occur due to the

insulation failure of the circuit, breaker, current transformer or

other components. These effect,S Can be grouped and categorized as

a ground f aul t 'on the circui t breaker. When a ground fau! t .o n the,

breaker occur�, all related br�akers are normally tripped. ,This

failure mode is basically the same as the failure mode for a
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current carrying component (line or generator)� In this case, the

effect on. the. system is more severe due to the multi-outage of

lines andfo� generators. Tbe·duraeion of this ·event.will be the

switching time required to isolate the faulty component and to

reitore healthy components and normally is of the order of one and

half hours.

2 .• 5 Failure of the DC Supply

An adequate dc supply is required at substations and

switching stations .. to energize the trip coil of the circuit

breaker .w·hen .the relay closes its. contacts in the presence of a

fault. If ther� is no dc supply at a substation or swit�hing

�tation, the protection system i� idle and cannot perform �ts

intend�d fun6rion. In the case of a fault on any compo�ent which
. .

.

requires the protection system to operate at the affecte� Btation,

that substation will b� isolated from the ��st of the power system

by the operation of the back up protection at the. other connected

substatlons� The failure of ·the dc supply c6uld be due to:

(a) Dead batterie�.

(b) Ground fault on cables.

(c) Open circuit of cables.

There a r e . no . data available on the performance of 'dc .

batteries and it.· is difficult to calc·ulate their reliability

Parameters without pr�ctical .field data. Although. it is believed

b·y power companies and. batte·ry manufacturers that the probabili ty

of failure of d� battery sets is negligible, there is still th�

potential for failure due to these factors.
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2.6 Estimation of Parameters

The failure modes of a protection. system have different

effects on power system performance. It is not possible to know

the exact time of occurrence of unrevealed failures unless the

protection system is -continuously checked as in the case of

computer operated relays. �y proof checking the protection system

at scheduled inspections, the readiness of the protection system

can be improved. If the inspection reveals that one or more

components of the protection system have failed, the failed

components are taken out for repair and the protection system is

down during the repair of the faulty components. Eyen with

periodic inspection, there is still a chance of the protection

system failing between two consecutive tests. It is not possible

to do testing .continuously as the protection system is not

functioning during the t�sting period. Due to the inherent nature

of these untevealed faul�s, it is not possible to directly

estimate the rate and mean duration of these failures. One method

to estimate the unavailability or the mean fractional �ead time

for unrevealed faults is described in Reference 29 and the

/

expression in short is given below.

The mean fractional dead time (D) of a single compone�t with

proof checks at time interval tc is given by

1 Ltc '

n =-:r �f{t'L;dt (2.1)
c 0

where Pf(t) = it f(t).dt (2.2)
.��. 5,',i' O.f-<

and f(t) is.the failure density function for the occurrence

of events in time domain t for the component.
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The following assumptions are made in the derivation of the

expression for the mean fractional d�ad time.

L 'The t est Lng of the protection system takes' zero time.

detected during 'testing .and th� system is. back in "mint"

2. Testing .is 100% reliable i.e. . all system.' faults are

condition •.
.

.

3.. If there is a fault during tes ting, the .repair of th.e

system is done in a very short time so that �t is negligible as

compared to the testing interval.

4. Fail�res ar� 1ndependen� and random.

5. No compensating failures i.e. this 1s .the assumption

that two. .wrongs don't make a right or, that two' ·failure.s 'cannot

cancel each other out so as to present an- a.pparent picture of' th�

equipment working normally.

There are three main ways. in which failure rate data for the

protection .s·ystem .
can be obtained in' order to calculate the mean

fractional dead time of the system by the above lormula •

.

a)' Field expe.rience

b) Sample testing

c) Prediction'

The data needed to obtain the failure density' func-tLo n 'f(t)

is not usually available f6r protection system components •. One

other method to estimate this
.

failure mode is discussed in

Reference 30 by estimating the unreadiriess probability which is

stated as "the limiting ratio of the number of failures to. isolate

the faults to the number of times it is called upon to isolate the

fault". The data required for evaluati6n by this method is .also
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quite complex and .hard to obtain. ·The concepts of unreadiness

pr�bability is used in References 28,31,32 et� al� but. other

relatively. simple approach to ev�luate th� thr.e f�ilure .odes of

a protectiori system from the reliability p�rformance data of the

system components� It is not normally possible to evaluate the

parameters by this appr�ach due to the lack. of .�elevant data.

2.6.1 Estima�ion from field data

An alternati�e approach for evaluation of the reliability

parameters of a protection syst�m is fr�m field da�a.

The probability of unreadiness of the protectiori. system can

b� estimated f�om the stuck probabilities of the breaker arid .it�

.

relay. The probability of a stuck breaker and the probability of

its relay not detec�ing a fault in its protection zone when
.

required to do so can be considered two independent events •

.

If Pbi - Stuck probabili ty o'f breaker· i. and its tripping coil.

Pret- The probability that the relay of breaker.i fails to

detect the fa�lt when required td do so •

.

Pi· The probability of t h a pr.otection syst�m not operat
ing when required iri the ca�e of a. fault in its
primary pr�tection zone.·

By two stochas.tic independent

events'.Pi can be written in terms of Pbi ·and P�ei as shown

Pl· = Pbi· + p .. _. Pb· .• � .

.. r e i 1 rel
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Pb; and Pre; can be estimated as the limiting values of the

respective relations.

Number of times the relay i fails to detect a fault in
its protection zone when required to do so

p •

=

rel Total number of faults in the primary protection zone

of r e Lay i

Number of times breaker i fails to respond when required
P

.

=

bi Total number of trip commands given by relay i

Total number of trip commands given to breaker i by relay i

is not equal to the total number of faults in the protection zone

of breaker i, however, as the reliability of relays in' a power
. .

.

system is relatively high, these two values �ii1 b�, very close.

False tripping or revealed faults become immediately known by

the opening of the relevant circuit breakers. The rate and mean

duration can be· directly estimated from the past performance of the

protection system.

Total number of false trippings
False tripping rate =

In service .tim� in time units

Mean duration = Average repair time to put the protection

system back in service.

A ground fault on the protection system also becomes

The different basic failure modes of a protection system have

immediately known as it creates an abnormal condition in the power

system. The rate and mean duration can be calculated in a manner

similar to that used for revealed faults.

been discussed in this chapter. These systems have two failure

modes i.e. failure to trip and false tripping in addition to the
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basic one involving ground faults. Consistent data to esti�ate·

reliability parameters of the· failure to trip. and fals� tripping

failure modes are not normally available for protection �yste�

components. Th. best approach is to estimate these par��eters·

from· field data. These parameters are used Ln : the power syste•...

reliability calculations detailed in the following chapters�
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'

'. : . .

.

3.' RELIABILITY EVALUAT.ION· OF TRANSMISSION .AND DISTRIBUTION

SYSTEMS 'INCLUDING .PROTECTION· SYSTEM' FAILURE MODES.

3.1 General
.

"'.' .....:.
.

During the,last two dec�d�s. con�iderable �esearch work. has

been'
.

reported on reliability studies· of
.

transmission and

·

distribution. schemes [1�3]�.. One of the main concerns has been the.

.development of· �ccurate and consistent models. to. represent

c01ll,ponent and system behaviour. A two' .state weather' .model . was

�.'
.

'.
.

developed' to 'include environmental ·effects
.

in the reliability'
.' .

.

.. predictions of overhead transmission and distribution systems [5] •

In regard·· to the incl�sion of cir�uit breakers .and proteitive
.

. :

elemente in the. transmissio'n and dis�ribution system' analysis, a.'

.

.
.

"

more realistic representation for. certain applications. than that ."
."

.' '. .

.

given . by .the
.

previol,ls two state component. model. Acco.rding to.
':
.'

.

".
.

,,'
.

".
.

"

.

this model; when a' compon·ent .. fails, .. the 'system protecti()n: may'
isolate 'a" number' of llnfaulted' components.

.

Following which t :

,', .'
. c.

through
-,
appropriate. swi.tching operations t.· .al1 . but •... the'. minimum

number' of. components that must be kep't out .·of service. for· the'

isolatioJi of �he failed' component· ar'e restored· to' servi.ce as:. ··soon:

possible.' Thus a 'system'�omponent 'has �hree posSibl� states
·

as

. .
..

. . : ", '. . ...

· namely,· operating, before '. switching· and'. after
.

switching:�
..

'

The.·'··
:

"

. . .'
. .'

. . .

.

three·. state. component 'lIlodel ..
was then used 'in studies [12-15] .....

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

-. together with a multi�state
.

circuit ·breaker·· �odel . [36,37). for·

· reliabili�y evalua�ion of substations and switching �t�tiori�. All

·these computer techniques used the minimal cut set approacli ." based

.,
, .'
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on the method of Nelson et. a L , [38].

In this chapter, reliability indices at the load points of

the hypothetical power system shown in Figure 3.1 are evaluated.

Load A
4

1
5 Load B .

3

2

I II III

Figure 3.1 Single line diagram of a hypothetical
power system

The simple equations shown in References 8 and 9 are used and the

current carrying components such as transmission lines,

cQnsideration of the protection system failure modes is included.

One assumption made is that the times to failure and the times to

repair for all components ar� exponentially distributed. This is

quite commonly used in many power system reliability studies •

.

,

Results are presented in· order to obtain a physical feeling for

the manner in which protection system failures affect the

reliability indices. The cut set technique together with the

derived equations can be used to calculate the reliability indices·

for a system having a large number of components.

3.2 Failure Modes of a Component

Power sys�em components can be classified into two categories

according to their intended function. The first category includes
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transformers, generators, reactors, buses ect •• These components

can be in any of the following states:

.
(i) Operating

(ii) Permanent outage

(iii) Temporary outage

(iv)

(v)

Out for repair �r preventive maintenance

Overload outage.

Definitions of various failure modes are given in Appendix A.

The second category includes components of the protection

system such as
•

circuit breakers, relays, reclosers, disconrtect

switches, carrier equipment, station batteries ect •• Due to the

failure of these components, the protection system can be in any

one of following states:

(i) Operating

(ii) Faulted

·(iii) Stuck when called upon to operate or not closing when

called upon to do so

(iv) False tripping

In Figure 3.2, X is the current carrying component(line) with

the associated primary protection Y at one of its ends. If only

the permanent.outage of X is considered and its protection system

is 100% reliable, X can be represented by a Markov model as shown

in Figure 3.3 i.e. X up (operating) or X down (out for corrective

maintenance). The protection system has many failure modes as

described in Chapter 2. Figure 3.4 represents the state space

transition diagram of X and its primary protection Y by

considering only the permanent outage of X and the' three basic



21

failure modes of Y. Instead of two states in Figure 3.3, there

are eight states in Figure 3.4. There are actually even more

states due to the many failure modes of X and Y which are

neglected in Figure 3.4.

Y �X

Figure 3.2 Single line diagram of a section
of- a power system

1- failure rate of X in failures/year:

1
-

-

X� Up x- Down
l.l
-.

1
-- 2

u - repair rate of X in repairs/year

Figure 3.3 State transition diagram of the system
shown in Figure 3.2
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3.3 Failure Modes of a Load Point

Component outages mayor may not lead to a load point outage

depending upon the system configuration and the number of

contingencies considered.· The various basic events, which lead to

load point failure by taking into consideration the different

outage modes of components and the protecti�n system failure

modes, are evaluated in this section for the system in Figure 3.1.

It is assumed that each line is cap a b Le of carrying the total load

requirement.

Load point failure modes

1.(i) Permanent outage of line 1 and the outage not.isolated by

the primary protection of line 1 (Breaker 4 or 5 or their

.xelays) causing an interruption of supply at load points A

and B.

(ii) Temporary outage of line 1 and the outage not isolated by

the primary protection of line 1 causing an interruption of

supply at load points A and B.

2.(i) Permanent outage of line 2 and the outage no t isolated by

th.e primary protection of line 2 (Breaker 6 or 7 or their

relays) causing an interruption of supply at load points A

and B.

(ii) Temporary outage of line 2 and the outage not isolated by

the primary protection of line 2 causing an interruption of

supply at load points A and B.

3. Permanent outage of line 1 overlapping the permanent outage

of line 2 or vice versa causing an interruption of supply.

at load points A and B.
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4. Per�anent. outage of line 1 overlapping the false tripping

of breaker 6 or 7 or fal�e tripping of breaker 6 or 7

overlapping permanent '. outage of line 1
.

cau.s Lng .

int�rr�ption of supply at l6ad points A and B.

5. Same as.: (4) but for line 2 and breaker 4 or 5·.·

6. .Permanent or temp�rary outage of· line 1 cau��rig an int�rru�
.. .

ption .t·load point B •.

7. False tripping of.breaker 8 causing an interruption of s�p-

ply ai load· p6int B.

8.
.

The· permanent or te�porary outage of line 3 and the outage
. .

.not isolated by the primary ptotection of line 3 (breaker a

�nd· its relay) �ausing an interruption of supply to. load

point A� (For load point·B it is· already considered in

failure mode 6).

9. The permanent outage of line 1 is overlapped by a temporary

o�tage of line .. 2 6r .the . permanent outage of line 2 is

overlapped b, a temporary outage of line 1 causing an

interruption of supply at load points A. and B�

1�� False tripping of.breaker 4 or 5 is overlapp�d by a tempor- .j
ary outage of line 2 or false tripping of break�r 6 or 7.i8

overlapped by. a ·temporary outage of· line 1 causing an

interruption of supply at load points A and B

11. The.maintenance outage period of line· 1 (including lIlainten-.

ance of its proteetion syste.) is overlapped by a permanent

or temporary outage of line 2 or the.mairitenance out��e

period of line 2 (including mainte�ance of its. primary

p�ot�ction system) is. overlapped by a permanent or a
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tempotary outage �f line 1 resulting in the interruption of

supply a� the load points A and B.

12. The mai�tenance'o�tag� period.of line 1 (including �ainten�

an�e of its primary protection) is ov�rlapped· by .
a false

.

tripping-of br�aker 6 or 7 or the maintenance outage peiiod

of lin� 2 {inc�uding maintenance of its primary protection

system) .i� o�erlapped by a false tripping of br�aker 4 or 5

. �esultirig in the intatr�ption of supply at the. load
. point�

A and B •.

13. Ground fault on breaker 4 or 5 ·or 6 or 7 or 8 causing an

interruption of supply at load points A and B�

14. Repair period of breaker 4 or 5 due to a ground fault (af

ter switthing action) is overlapped by a per�anent Gut�ge

of line 2 or the repair 'period of line 2 due to a permanent

outage is overlapped by the repair period of breaker 4 or 5

due to a ground fault· causing an interruption of supply at

.load .points A and B.

15. Same as (14) but for breaker 6 or 7 and lirte 1�

16. Repair period of breaker 4 or 5 due to a ground fauli (af

ter··switching 'action) is 6verlapped by a
.

temporary'. outage

�f line 2 causing an interruption of supply at load poin�s.

A and B�

17. Same as (16) but for breaker 6 or 7 and line 1.

18.(i) Repair period of breaker 4 or 5 due to a ground fault (�f

ter switching action) is overlapped by a false trip�ing of

breaker 6 or 7 causing an interrupti�n of supply at the

load points A and B.
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(ii) Repair period of breaker 6 or 7 due to a false tripping is

overlapped by a ground fault on breaker 4 or 5 causing an

interruption of supply at-the load point A and B.

A ground fault on breaker 4 or 5 itself causes an

interruption of supply at load points A and B as considered

- in failure mode (13). The duration of an interruption in

case of (13) is the switching time required to isolate

faulty breaker and restoring supply to the healthy line,

however, the duration of an interruption in case of 18(ii)

is the overlapping of repair periods of breakers. Same is

true for failure modes (14) and (15) when permanent outage

of a line is overlapped by repair period of breakers due to

ground faults.

19. Same as failure mode (18) but in this case breakers 4 and 5
--

are interchanged with breakers 6 and 7.

20. Repair period of breaker 4 or 5 due to a false
_
tripping is

. .. .
.

.

overlapped by a false tripping of breaker � or

-

7 or vice

versa causing an interruption of supply at load points A

and B.

21. Maintenance period of line section i is overlapped by a gr-

ound fault on breaker j of the parallel line causing an

interruption of supply at load points A and B. The outage

duration as explained in 18(li).

The failure modes (3),(6),(9),(11) and (13) considered in

this chapter are the same as those considered in References 8 and 9.

All the other failure modes are due to protection sy�tem failures.

The probability of an event in which line temporary outages
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overlap is very small as the duration of a temporary outage. is

small (les� than. 5 minutes) and, therefo�e, such an event i�

neglected. The· probability. of .component overload· during .the

outage of ·another. parallel .line component is also neglected as

each line is considered to be capable of carrying the total load

neglected •

. In addition to the.load point failure modes de�cribed above,

there. are some other· modes of system· ope·ration which can be

conSidered as failures ·to meet the aeceptable standards� The

violation may be due. to frequency, voltage level, transient
..

.

stability etc •• These criteria c�n be considered if·required.

3.4 Duration of the Failure Modes

The outage durat10n due to each failure mode will be

different depending upon the co�ponents itivolved in the failtire

mode. The duration of an outage due.to overlapping of component

temporary outages i. disregarded as the only concern in.this ca�e

is the fre�uency of this tempo�ary outage and not its duration.

Duration· of a permanent outage of a line is affeited by its

primary protecti�n system. .If the primary p�otection·of a line

recognizes the fault. an:d i�olates it from the rest of the healthy

syste�,· the duration of the· outage is only the time taken to

repair the line. If,however, the primary protection system does

not
.. recognize the fault on the line and the fault is cleared by

the second zon� of proteCtion, the duration of the outage is ·th�
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time taken to repair the line and the faulty primary protection

p - 1 - p - p + P4.P5145
(3.3)

system.

If rli
- Average time to repair line i

rlpi
- Average time to repair line i and its faulty
primary protection system.

- The probability that the primary protection
system detect the fault and clear it.

= The probability that the primary protection
system does not clear the fault, on the line i.

Depending upon the protection system, the expected time to

restore the line to service is given by the following expression

(3.1)

where r =

i Average outage time of line i by considering the

protection system failure to recognize a fault in
its protection zone.

'For line 1 and breakers 4 and 5, the, average repair time is

as given below

r1
-

rl1 .Pl + rlpl·Ql
If P4 and P5 are the probabilities of breakers 4 and 5

(3.2)

(including their relays) respectively, of not clearing a fault in

their primary protection zone, PI and ql can be written as follOws

'Q = P + P - P .P
14545

(3.4)

It is possible to derive expressions for other similar

failure modes.
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3.5 Basic Equations

List of Symbols:

(The subscripts are· arranged in alphabetical' order for .ase of
reference)

AFF

AFF· .

. l-J

== Ov�rlappin& ou�age rata of false tripping bf breakers.

.. Overlapping outage rate of fals� tr�ppin& of breaker i
by false tripping of breaker .j of a parallel lin�.·

.

.. Contribution to load point
.

outage rate d�e to

overlappirtg of false .

tripping of break�ri by • ground
fault on breakers of a parallel line.

AFGBi _j .. Overlapping outage rate of fals.e tripping of break e r . i

by. ground f�ult on bre�ker j •.
'

.. False· tripping rate. of all bfeakers of line se�tion i.

• Contribution' to the load pOint outage rate due to f�ls.
tripping o� .breakers or overlappirtg false tripping of
breakers •

. AFLi-j .. Overlapping outage rate of fals� trippings of bre�kers i
.and j.

== Outage rate at the load point due to.a ground faul·t. on

breakers�

... Contribution' to load point
.

outage: rate . due . to

overlapping of ground faults on breakers by false tripping
of breakers of a parallel line.

AGBFi -s : Overlappin·g ouz a ge rate of ground faults on breaker i b.y
false tripp�ng of breaker j.

AGBP

== Contribution to.load point outage rate due to a ground
fa�lt on breakers �r' overlapping of a ground fault by ..

othe� outages and vice versa�
.

.. Average outage' duration at Load point.. du e to' a' ground
fault on breakers or overlapping of a ground fault �y
other riutages and vice versa.

.. Contribution .to the load poirit outage
overlapping of ground fault outages of

permanent outages of lines.

rate due
breakers

to

by

AGBPi-j" Overla�pirig �utage rate of a repair period of breaker i

due to a ground fault by a permanent outage of 'line j.
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of

• Contribution to load point outage rata due t� overlappi
ng of grotind fault outages on breake�s by temporary

. outages of lines.

lGBTi-j - Ov�rlapping outage rate of a repair period of breaket i
due to ground faults by a temporary outage of 11,ne j.

• Outag� rate .of breaker.! due.to a ground fault which is
not overlapping any other outage of a parallel line and
the outage .time of this failure is switching time�

.• Permanent outage rate of line i or gro�nd fault rate
breaker. i.

II

ri - Expected repair time of· co�ponent i.

P.
1

A' j1 -

r. .

1 -J

AiT

AMF' ,.
1 -J

- Maintenance outage rate of lirie i including its: primary
.

protection system.

- Prob�bility of breaker i �n4 its relay not. isolating a

faulty �omponent·i� .th� primary pr�tection zone •..

• Ov�rlapping outage rat� of components 1· and. j due to

permanent outage •..

- Overlapping outage duration·of components i and j 4ue to

permanent out�ges.

- Temporary �utage rate of line i.

• Overlapping outage rate of a maintenance period of
i �nd false tripping of breaker j.

line·

• Contribution to load point. outage rate due to
.

a

maintenance peri�d of a line section overlapped .by false

tripping of the breakers on a .parallel line.

• Contribution to load· point outage rate due to
•

overlapping of maintenance period of· lines by a ground
fault on breakers of a parallel line •.

AMGa'-' • Overlap�ing out.ge rat�·of a maintenance period of line
• 1. J

i by.a ground faul t on breaker J-

• Contribution to the load point outage rate du�. to line

permanent outages overlapping .11ne section maintenance.

outages •

.. Load point average.outage duration due·to line permanent
outages .ove�lapping parallel line section maintenanc.

outages.

• Overlapping outage rate of a maintenance period of
i by a permanent outage of line j.

line
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• Contribution to the load point outage
ove�lapping of· a maintenance period of

temporary outage of a healthy line.

lMTLi-j - Overlapping outage rate �f.a maintenance period of �ine·
i by a temporary out�ge �f line j.

AObf
.

AOSi

rate· due to
a line bya·

- Fals� tripping rate of breaker 1.

• Overlapping outage rate of other outages of parallel
.

components by a ground fault on breaker i· of a parallel
line •.

- Contribution to the load point outage rate

protection system· false tripping· ·o�erlapping
permanent outage or v�ce Versa in failure mode i�

due. to.
a. line

APFi-j .- Overlapping outage rate of ·permanent 6utage of· line i
and false tripping of·b�eaker j and vice versa.

- Contribution to the load point· outage rate. due to

permanent .outage ·of lines ·overlapping false tripping of
breakers and vice versa.

- Load point average outage duration due to permanent.
outage of lines o�erlapping breakers false tripping �nd
vi c e "ve rsa •..

= Contribution to �oad point outage ..
rate due· to

overlapping· of per.manent outages of line.s by a ground·
fault on the breakers of a parallel line.

APGBi-j - Overlapping outage rate of a permanent outage of line i
.

by a ground fault on breaker j.

- Contribution to the load point outage rate due to· line
:permanent outages.

- Load point avetage outage du�at10n due to line permanent
or overlapping permanent outages.

- tontribution to the load point outage rate due to

permanent outa.ges or overlapping· permanent outages in
failure mode i.

= Contribution to the load point out�ge rate due to all
�ailure modes associated with protection system failures.

- Loa� point ave rag. �utage duration due to all. failure
modes associated with protectfon system failures.

- Contribution to the load point outage rate due to

overlapp1ng ·of a.permanent outage of· a line by a temporary
outage of a parallel line.
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1 • Cont�ibution.to the load point outage rate due to
PTi -J' .

overlapping of a permanent outage of lin� i by a temporary
outage of line j�

T s1.·

A:TF• .

'. l-J .

• Switching· time of component i.

.. Contribution to the

over1apping of false
outages of �ines •

load point ou tage rate .due· to'
tripping of breakers by temp�rar�

.. Contribution to the load point outage rate due ··to line
temporary ou tages '. overlapping· component mainten·ance. or
permanent outages.

- Total contr.1.bu.d.on to the. load .point outage. rate due to

permanent and' temporary outages of lines and the. lines not

isolated by the primary protection' system�'

- Contribution to the. load point outage rate �ue to

permanent and temporary' outages of line i an·d ·the outage
not isolate� by its primary protection system.

- Contribution to
.

the load point outage' rate due,' to
permanent outage of line i and the outage not is6lated by
.its primary prote�tion �yste••

AUTLi .. Contribution to the 10ad point outage r�te due to

temporal;'y . outage of line i and the outage not Ls o La.t ed by
its primary protection system.

r arid U d.note average outage duration and average annual

outage time. The suffixes are those which correspond.to the

. .

respective outage rate.

It is assumed that the average repai� time for a breaker is

the same for all the different failure. modes.

The most common reliability indices consid�red at the load·

point .are frequency of an outage, average duration of an outage

and aver�ge annua1 outa�e time.

A system �f two components in series w.ith· outage'

rates 1, and 12 and repair' durations r, and r2 respeetlvely bas

the following reliability indices:
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System outag� r�te � As �.A, +:A2
.Al·rl -+- A2� r2

System average outage duration - rs =
,

I\s

(3.5).'

(3.6)

As � rs
System total a�,erage, outage time -,Us =

1 + i r
'

s' s

(3�7),

If the above ,components are c onn e c.t ad to form a two component

parallel system, the corresponding reliability,· indices, are as

follows:

System outage rate - Ap= 1, .A2·�r,+r2) (3.8),

r,.r2
.

System average outage duration - � = (3'.9)
P (r,+r2)

Ap.rpSystem total average outage time - U =_ "(3.10)
, p 1 + ). .r

, p p

approximated as

u = If i.e. Us = As·rs and ,Up = Ap'�p (3.11)
These formulas can be extended for the consideration of a'

large number of series or 'parallel components. These expressions

are' used in the f o rmu La t Lon of load point i'eliabili ty ,indices.

The adverse weather effect is not considered in this thesis but

can be easily included if desired.

3.5.1 Contribution to load point indices du� to each failure *ode

Iri this section, basic equations are formed for ,each failure
,

"

mode in order to evaluate average failure rate� a�erage outage,'

duration and average annual outage time at �ach load ',point.' The

total annual reliability indices are then evaluated by combining

all �he failure mode values. The indices due to eaeh failure mode
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are as follows:

Failure mode 1

Load point A

(i)
lUPl1= P4.11 + P�.11 - P4.PS.l1
rUpt:.1

= .Tsl

.(3.12)

(ii) �UTl1 = (P4 + Ps - P4.PS)11T
rUTL1 = 0

The tutal contribution. to the outage rate due to Permanent

(3.13)

and temporary failures of line 1 not cleared by its primary

protec�ion system is

lUll = .1UPll + lUTl1
-= (P4 + P5 - P4·PS)(11 + 11t) .(.3.14).

UUll = UUPl 1
. (PA P P4,PS)·Ts1·11 (3.15)= + .-

5

=
UULl 11

.Ts1 (3.16)rUl1 -=lUll 1, + l1T
Loa.d point B

Same as for· the load point A

Failure mode2

Similar to fa�lur� mode 1, the expressions ar� as shown below

lUl2 = (P6 + p]
UUl2 = (P6 + P7

P
6 . P7)( 12 + 12 T )

P
6 • P

7 ) • 12 . T
s 2

(3.17)

·.(3.18)

rUL2 =
12 • Ts2

12 + 12T (3.19)

For load point� A·�nd. B, the expressions are the same

Failure mode 3



(3.23)
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where (1-P6-P7+P6.P7) is the weighting factor that the fault on

line 2 is cleared by its primary protecti�n system.
r1 • r2

r12
=

r1+r2
where r12 is ca1cu1ated.as for a two component parallel system.

(ii) .121 = 12.11r2.(1-PC-PS+P4'PS) (3.21)
where (1-P4-PS+P4,PS) is the weighting factor- that the fault on

line 1 is isolated by its primary protection sys.tem.
rl . "z

r =

21 .

rl+r2·
The following expressions are obtained by combining the

expressions of (il and (ii)

1pL3 = 112 + 121
= 11.12.(rl.(1-P6-P7+P6'P7)+r2.(1-P4-PS+P4'PS». (3.22)
rl�r2=

rl+r2

The .contribution of this failure mode to the indices at

lo�d poi.nts A and B is the same.

Failure mode 4

(i) line 1 breaker 6

(a) Line 1 permanent outaqe is ov�rlapped by breaker 6 false

tripping:

1· =11· rPFl-6 l' ob6' 1 (3.24)

r,.r6·
rpF1-G

=

rl+r6 (3.2S)

(b) B�eaker 6 false tripping is overlapped by line 1 permanent

outage :.

1· =

. P F6-1 (3.26)
. rpF6 -1

=

rpFl-6



{3.31}

(3.27)

(ii) line l-breaker 7

(a) Line 1 permanent outage overl�pped by breaker 7.false

.

tripping:

ApFl-7 = Al·Aob7·rl
.

(3.28)

rl·r7 (3.29)rpFl-7
=

r,+r7· .

(b) Breaker 7 false tripping ove�l�pped by line 1 permanent

outage:

ApF7-, = Aob7·Al·r7·(l-P4-PS+P4·PS) (3.30)

The following expressions are obtained by combining the

expressions of .(1) and. (ii)
. .

ApF4 = Al·rl·(Aob6+Aob7)+Al·(l-P4�P5+P4·P5){Aob6·r6+Aob7·r7)
(3.32)

UpF4 = Up Fl -6 + UpFl-7 (3.33)

rpF4
UpF4 (3.34).=.-

ApF4
lhe contribution to ·the indices at load points A and B is

the same for this failure ·mode.

Failure'mode 5

. These expressions are si�ilar to the expressions obtained for

failure mo�e 4 and are .5 follows.

( i ) ApF2-4 = A2·Aob4·r2 (3.3S)

r =
r2·r4 (3.36 )PF2-4

..

r2+r4
ApF4-2 = Aob4·A2·r4·(l-P6-Pj+P6,P7) .. (3.37)

rpF4 ..2
=

rpF2-4
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(iii ApF2-S = A2·AobS�r2

r2· rS
=

. r2+rS
= AobS·A2·rS·(l-P6-P7+P6·P7)·

r
. PF2-S

(3.39)

.. ( 3 .40)

(3.41),

rpFS-2
=

rpF2-5

. UpF2•5• A2.AOb5.(r2+r5(1-P6-P7+P6.P7».����� ... (3.42)
.

. ..

The following expressions are obtained by combining the

expressions (i) and (ii)

= A r (A +A·)· (.. )( . )2 2 ob4 obS +A2 l-P6-P7+P6·P7 .

Aob4r4+10bSrS .

= UpF2-4 + UPF2�S
UpF5 .

=._

ApFS

(3.43)

(3.44)

(3.45)rpFS

The total contribution to the reljability indices due to

overlapping permanent outage of line i and the false tripping·

of breaker j is as follows.

ApFL = ApF4 + ApFS . (3.46)
.:

UpFL = UpF4 + UpFS (3.47)

rpFL =
UpFL

(3.48)r--PFL
The contribution to the indices at. the load points A

and B is tha same.

Failure mode 6

This. fat1ure mode contrib�tes to the indices at 16ad point.

B only.

( i ) ApL6 = A rpL6 = "r3 (3.49)3 ,

( i i ) ATL6 = A3T rTL6 0
. (3.50)=



switching time required to isolate

line 3 and reclose breakers 4 and 6 •.

(ii) Temporary·o�tage of line 3

. AUTL 3
= P

8
. A 3T (3.53.)
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Failure mode 7

This f�ilure mode. does not. affect the indices at load

po t n t A.·

AF3 = "ob8
·Failure·mode 8

This ·failure mode contributes. to the indices at load

r =
, .F3 ·(3.51)

point A only, as:for the load ponit B it is already considered

. in failure mode 6 •..

(i) Permanent outage of line 3

AUPL3 =. PS·A3
r . = Ts3 i . e .UPL3 ,

(3.52)

Ave yo age 0uta g e d u rat ion i nth i s cas e ; s t Ii e. d u rat ion 0 f

a temporary outage which .is only a few mjnutes and is ne9'e

cted as·the only term of concern in the temporary outage .is

its frequency not its duration.

The following expressions are obtained by combining' the·

expressibns
..

(i) and. (ii)·

AUL3 = P�.(A3 + A3T}
U UL 3

= P
8· x 3·

r
sa ..

(3.54)

. (3.55)

Failure mode 9

(i) Line 1 permanent outage - line 2 temp�rary oUtage

APT12 = A,.A2T·r,.(1-P6-P7+P6·P7)
The outage duration is neglected.

(ii) Line 2 permanent outage � Line 1 temporary outage

(3.56)

(3.57)
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"

"

"""

. A1T(1�P4-PS+P4P5)(Aob6�r6+Aob7·r7)·
Fa il ure· mode 11

(i) Maintenance outage period of line i overlapped· by a per-·

manent outage of line j.

(3.63)
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The contribution to the indices at load points. A and B

is the same fOr this failure mode and is as follows.
.

.

ApT = llA2Tr,(1-P6-P7+P6P7}+1211Tr2(1-P4-PS+P4PS} (3.SS)

Failure mode 10

(i) False tripping of breaker 4 or 5 is overlapped by a tem

porary outage of line 2.

lTF2-4 =.10b4·A2T·r4(1-P6-P7+P6P7}
liF2-S = 1�bS·12T·rS(1-P6-P7+P6·P7)

(3.59)

(3.60)

( i i) Fa i·set r tppin g 0 f b rea k e r 6 0 r 7 i 5 0 ve r 1 a p p e d by.ate m -

p6rary �utage of line 1.

XTFl-6 = 10b6·xlT·r6(1-P4-PS+P4·PS}
lTFl-7 = ·10b7·A1T·r7(1-P4-PS+P4·PS)

(3.6l)

(3.62.)

The 0�ta9. duration is neglected. The contribution to the

failure rates at load points A and B ·is the same. This can be

obtained from (i) and (ii) and is as follows.
.

.

. ATFL = ·12T{1-P6-P7+P6P1)(AOb4·r4+10bS·rS) +

II II

(a) AMLl-2 = Al·12·rl·(1-P6-P7+P6·P7) (3.64)
II·

rMLl-2 =
r, . "z (3.6S)Ii

rl+r2
" "

(b) AML2 -1 = A 2 • Xl' r2·' (1 - P
4
- P

5
+ P 4 . p S ) (3.66)

II·

rML2 -1 =
r2. r, (3.67) .

"

r2+r,
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The 'ollowing expressions are obtained by combining the

expressions {a} and (b).

(3.68)
II

ing of breaker 6

(a) AMFl -6 =

rMF1 -6
.=

(b) AMfl-7 =

II ·.11

A,·. Aob6 . rl
(3.i3)

II"
. r, . r2 " II

.

UML = A').2r'('-P6-P7+P6P7)� " + A2A,r2;
.

r,+r2 II

.. r2·r,
. (1-P4-PS+P4PS)· Ii

r2+r,
fii) Maintenance outage period. of line .1. overlapped by a

temporary out�ge Of line j. The outage duration is neglected

(3�69)

in this case.

II . II .

( a ) A
MT L 1 - 2

= A,. A 2T· r 2 . ( , � P6;" P 7+ P
6

. p 7 ) (3.70 r

(3.7')
" II

( b ) AMT L 2 -1
= A

2 .A, T . r 1 . ( 1 - P 4
- P

5
+ p 4 . P 5 ) .

The following expressions are obtained by combining the

expression� (a) and (b)
.. .. .

.

II· II .

.

.

. 11" ..

AMTL = A1A2Tr'('�P6-P7+P6P7)+).2A1T·r2(1-P4-P5+P4PS) (3.72)

Th. contribution to the indices at load points A and

B due to this failure. mode is the same.

Failure mode 12

(i) Line section' on mairite�ance overlapped by a fa1se tripp�

Or 7.

II

r, . r6
Ii

r,tr6
(3.74)

II
.

II

Al·Aob7·rl (3.75) .

II

r, . "r
rMfl-7

=
Ii

.

(3.76)
. r, +r7

(ii). Line section·2 on maintenance overlaDped by a false trip-

ping of breaker 4 or 5 .
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II II.

(a) A = A2·Aob4·r2MF2 ... 4
.11

rMF2-4 =
r2·r4
I'

r2+r4
" II

(b) AMF2-5 = A2·Aob5·r2
II

r =
r2·r.5

MF2-5·
r2+r5

(3.77)

(3.78)

Load point A
. AGS * A4+A5+A5+A7+A8

If there is no overlapping of other failure modes of

(3.·84 )

(3.79)

(3�80)

The following expressions are obtained by combining.

expressions (i) and (ii),
II II II II

AMFL = A1·r1(Aob6+Aob7)+A2·r2(Aob4+Aob5)

UMFL = AMF1�6·rMFl-6+AMFl-7·rMFl-7+1MF2-4·rMF2-4+
lMF2 -5' rMF2-5

(3.81)

.

. UMFL
rMFL =

AMFL
The contribution to the indices at load points A and

S due to this failure mode is the same ..

(3.82 )

(3.83 )

Failure. mode 13

ali n e sec t ion by g r 0 un d fa u 1 tson the b roe a k e r s 0 f a para 11 e 1

line, then the average outage duration t s the switching tfme

required td isolate the faulty breaker and to restore supply'
.

. ...

to the healthy breakers� Expressions for overlapping outages

are �iven cin the next series of failure modes;

The different nos s tb l e overlapping outages are as follows.

(i) Overlapping of. a permanent outa�e·.of line l_by an earth

fault on breaker 6 or 7.

( i i) 0 v·e r 1 a ppin 9 0 f a ma i n ten a nee 0 uta 9 e 0 f 1 i n e 1 by an

earth f'au l t on breaker 6 or 7.



, AGL4 = A4 -AOG4

AGLS = AS-AOGS

AGL6" =

,

AS-AOG6

AGL7= A7-AOG7'

(3.89)

(3.90)

(3.91)

(3.92)
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(iii) Overlapping of a permanent outage of line 2 by an .arth

fault on breaker 4 or 5.

(iv) Overlapping of a maintenance outage of line 2 by, an earth

fault on breaker 4 or S.,'

(v) Overlapping of the false tripping of breaker 4 o� S by an.

earth fault on breaker 6 or 7.

(vi) Dverlapping of the false trippin� of breaker 6 or 7 by an
, ,

, ,

e�rth fault on breaker 4 or,S.

Overlapping of an earth fault on two breakers is ne9l�cted.

The overlapping outage rate for each breaker is as follows.'
n II

AOG4 = A2oA4r2+l2·A4r2+AOb6·A4·r6+Aob7·l4·r7
u ..

= A4(A2r2+A2r�+Aob6r6+Aob7r7)
,II II

AOGS' = AS(A2r2+l2r2+Aob6r6+Aob7r7)
II ..

lOGo = A6(xlrl+A1Tl+Aob4r4+AobSrS'
n

AOG7 = A7(Alrl+Alrl+Aob4r4+AobSrS)

(3.8S)

(3.86)

(3.87)

(3.88)

Outage rate at load point A due to a qround fault on br

eaker i of average dtiration Tsi is as fol10wsr,'

Overlapping outage rates are taken into consideration

in failure modes 14, 15, 18,,19 and 21.

Load point B

The outage rate,and average outage duration indices at load

point, A are also contributions to the indices at load point B. The
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outage duration for breaker 8 is its repair time in this case.

Failure mode 14

(i) Repai r peri od of breaker 4 or 5 due to a ground fau l t

overlapped by a permanent outage of line 2.

·A
'

=
. GBP4-2 A4·A2r4(1-P6-·P7+P6P7) · (3.93)

rGBP4-2
·

(3.94)

(3.9S)

r2·rS
rGBPS-2 =

r2+rS
(ii) Permanent outage

·

(3.96)

of lina 2 is overlapped by a ground.

fault on breaker 4 or 5.

ApGB2-4 = A2·A4r2
r2·r4

rpGB2-4
=

r2+r4 .

(3.97)

.... (3.98)

ApGB2-S = A2·ASr2

r2·rS
rpGB2-S

=

r2+rS.
The contribution to the indices at load points A and B

due to this failur� mode is the same.

(3.99)

Fail u:re mode 15

(i) Repair period of breaker 6 or 7 due to a ground f�u1t

overlapped-by.a permanent outag� of line 1.

rGBP6-1
-

= A6·A1r6(1-P4�P5+P4PS)
= A7·Alr7(.1-P4�P5+P4P5)
rl·r6
r1+r6

. (3.101)

(3.102)

A
.

GBP6 -1

AGBP7-1

.. (3.103)

r =
r1·r7 (3�104)GBP7-l r1+r7·

(i1) Permanent outage of line 1 is overlapped by a gr�und



(ii) Repair period of breaker S due" to a ground fault over

lapped by a. temporary outage of line 2.

1GBTS-2 = lS·12TrS(1-P6-P7+P6P7} (3.112)
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fault on breaker 6 or 1.

1PGBl-6 (3.10S)

(3.106)

The following ekpressions are obtainad from the expressions

of failure modes 14 and 15 ..

1 GB P
= 12 ( 1 - P.

6
- P

7
+ P 6 P 7 ) ( 14 r 4+ 15 r 5 ) + 11 { 1 - P'4 - P S

+ P 4
P
5 } ( 16 r 6+ 1.] r 7 )

.' (3.107)·
UG&P = 1GBP4�2·rGBP4-2+1GBPS-2·rGBPS-2+1GBP6-1·rGB'6-1

(3.108)

1PGB =12r2(14+1S)+11r,(16+17)

UPGB =

(3.109)

1pGB2-4·rpGB2-4+1pGB2-S·rpGB2-S+1pGBl-6·rpGBl-6 +

1 P GB 1 - 7
. r P'G B 1 - 7 (3.110)

It is to b� noted that the contribution to the·indices at

load points' A and B due to failure mode 15 is the same.

Fai 1 ure' mod'e 16

(i) Repair period of breaker 4 due to a ground fault· overlapped

by a temporary outage of line 2.

(3.1l1)

The contributio� to the indices at load points A and B

due to this failure mode is the same. The average outage



duration is neglected in this case.

Failure mode 17

The repair period of breaker 6 or 7 due to a ground

fault overlapped by a temporary ootage of line 1.·

lGBT6-1.� �6·Al�r6(1-P4-P5+P4PS}.
AGBT7-1 = A7·A1Tr7(1-P4-PS+P4PS}
The contribution. to the indices at load points A an� B

is the. same. The average outage duration is neglected.

The following expressions are obtained from the expre�

ssions of failure modes 16 and 17.
.

..

. AG81 = �2T(A4r4+A5rS}(1�P6-P7+P6P7)+A1T(A6r6+A7r7)' .

. (1-P4-PS+P4PS) .:
(3.115)
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Failure mode 18

(i) Overlapping of � ground fault by a false tripping

(a) Repair priod �f breaker 4 due to a ground fault over�

lapped by a false tripping of brea�er 6 or 7�

AGBF4-6= A4·Aob6·r4
.AGBF4-1= A4·Aob7·t4

r6• r4·r· = _.;;..._

GBF4-6 r6+r4
r7,r4

rGBF4-7 =

r7+r4 .

(b) Repair period of breaker S due to a ground fault over

lapped by a false tripping of breaker 6 or 7.

AGBF5-6 = AS··Aob6·rS

ABGF5-7 = XS·Aob7rS
rS' r6
r5+r6
rS·r7
rS+r7

r =

BGFS-7

(ii) Overlapping of a false tripping by a ground fault

(3.113)

(3.114)

(3.116)

(3.117)

C3. 118)

(3.119)

(3.120)

(3.121)

(3.122)

. (3.123)
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(a) Repaii period of· breaker 6 due to· a fa1s� tripping over-·

lapped by a ground fault on breaker 4 or 5.

AFGB6-4 = Aob6·A4r6 (3.124)

AFGB6-S = Aob6·A5�r6 ... (3.125)

rFGB6 ... 4
=
r6·r4 (3.126)·
r6+r4

rFGB6-5
r6· "s (3. 127)-

r6+rS
(b) Repair period. of breaker 7 due to a false tripping over

..1apped by a ground·· fault on breaker 4 or�.

.

AFGB7-4 = Aob7·A4r7 (3.128) .

AFGB7-S = Aob7·ASr7 (3.129 )

rFGB7-4 =
r7·r4 (3.130 )r +r .:

7 4

rFGB7-S =

.. r7' rs {3.131).
r7+rS

The contribution to the indices at load points A and B .

due to th is fai 1 ure mode is the same.

Failure mode 19

(i) Overlapping of a ground fault by a false tripping

{a) Repair period of breaker 6.due to a ground fa�lt over

lapped by a false tripping of br�aker 4 or 5 ..

( 3 . 1 36 )

AGBF6-4 = A6·Aob4·r6

AGBF6-5 = A6·AobS·r6 .

(3.132)

(3.133)

rGBF6-4 =
"s r 4 (3. 134) .

r6+r4
r
GBF6-S

=
"s- "s (3.135)
r6+rS

(b). Rep�ir period of breaker 7 due to.a ground fault over

lapped by a false tripping of breaker 4 ot 5.
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AGBF7-S = "7'''obSr7
r7·r.4

rGBF7-4 =

r]+r4
.r7·rS

rGBF7-S =

r7+rS·
(ii). Ove�lapping of a false tripping by a ground fault

(a) Repair period of breaker 4 due to the false tripping

.(3.137)

(3.138)

( 3. 139)

overlapped by a ground fault on breaker 6 or 7 .

. AFGB4 ..6
.= Aob4·A6r4 (3.140)

A = .. Aob4' A7r4 (3.141.)
. FGB4-7

rFGB4-6
=
r4·r6 (3. 142)
r4+r6

rFGB4-7 =.
r4. "r (3.143)
r4+r7

(b)
.
Repair period of breaker 5 due to the false tripping

overlapped by·a ground fault on breaker 6 or. 7 .

AFGBS-6 = AobS .A6rS (3.144)

AFGBS-7 = AobS·A7rS (3.14S)

rFGBS -6
= rS·r6 (3. 146)
rS+r6

rFGBS -7 =
rS·r7 (3.147)
rS+r7

The contribution to the indices at .l o ad points A and B

due to this failure mode is the same.

+(AGBFS-6+AG8F6-S)·rGBFS-6+(AGBFS-7+AGBF7-S)·rGBF5-1
(3.149)
(3.1S0)

The following expressions are obtained from the expre

ssions of failure modes 18(1) and 19(i).

AGBF = (Aob6+Aob1)("4r4+ASrS)+(Aob4+AObS)(A6r6+A7r7) ·(3.148)

UGBF.=(AGBF4-6+AGBF6-4)·rGBF4-6+(AGBF4-7+AGBF7-4}·rGBF4-7
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The fo1.10wing expressions are obtained from the express

ions of failure mode� 18(ii) arid 19(i1).

lF�B = (l4+1S}(10b6r6+l0b7r7}+(16+17)(lob4r4+10bSrS)·· (3.1S1)

UFGB = (lFGB6-4+1FGB4-6)rFGB4-6+(lFGB7-4+1FGB4�7)rFGB4-7
+(lFGB6-5+1FGBS-6)rFGB5-6+(lFGB7-S+1FGB5�7)rFGBS-7· (3.152)

r F GB =

U F GB ( 3 . 1 S 3) .

AFGB
Failure mode 20 .

.
(i) Repair period of breaker 4 due to a fa1s� tripping is

over1a�ped by a false tripping of breaker 6 or 7.

AFF4-6 = Aob4·10b6r4 (3.1S4)

AFF4-7 = lob4�Aob7r4
r4' "s

r =

FF4-6 r4+r6
r4·r7

rFF4-7 =

r4+r7
(ii) R.pair period of

(3.1SS)

(3.1S6.)

lFF6-4 = lob6·10b4r·S
AFF6-S = 10b6·1dbSr6
rFF6-4 =

rFF4-6

(3.162)

(3.163)

(3.1S7)

breaker S due to a false tripping is

6ver1apped by a false tripping of breaker 6 or 7.

:AFF5_6 = :AobS·lob6rS
:AFfS-7 = :AobS·:Aob7rS

rS' r6
r.FFS-6 =

+"s "s .

rS·r7
rFFS-7 =

rS+r7
(iii} Repair period

(3.1S8)

(3.1S9)

(3.160)

(3.161)

of bre�ker 6 due to a false tripping is

overlapped by a fa1s� tripping of breaker 4 or S.

rFF6-S = rFf5-6



rMGBl-6 = (3.l7l)
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(i�) Repair period of breaker 7 due to a fa1sa tripping is

overlapped by a false tripping of breaker 4 or 5.

lFF7-4 = lob7·10b4r7
lFF7-S = 10b7·10bSr7
r F F 7 - 4

= r. F F4 - 7

(3.l64)

(3.165)

The following expressions �re obtained for this failure mode

fro m (i), (i i) , ( ; i i) an d (-i v) .

lFF = XOb4(10b6(r4+r6)+10b7(r4+r7»+xobS(10b6(rS+r6)+10b7(rS+r1»
(3.166)

= 10b4r4{xob6r6+10b7r7}+10bSrS(xOb6r6+10b7r7}
UFF

rFF
.

=.

lFF

.{ 3. 167}

(3.168)

The contribution to the indices at load points A and B

due to ·this failure mode is the same.

Fa i 1 u re mo d e 2 1

(i) Maintenance period of line section 1 is overlapped by a.

ground fault on breaker 6 or 7.
.

.. "

lMGBl-6 = 1116rl
.. u

lMGBl-7 = Al17r1

(3. 169)

( 3. 1 70 )
u

Ii

rl . "t
rMGBl-7= Ii (3.172)

rl+r7
(ii) Maintenance �eriod of line section 2 is overlapped by a

ground faul t on breaker 4 or 5 •

II ..

XMGB2-4 = A2·14r2 (3.173)
II .

II

lMGB2-S .= 12·15r2 (3.174)
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II

r :
r2' r4

MGB2-4
r2+r4
II

rMGB2-S'
=
r2' "s
Ii

r2+rS

(3.17S)

(3.176)

The following expressions are obtained from the express

i�ns (i) and (ii)
n II II II

.. AMGB = Alrl(A6+A7)+A2r2(A4+AS) .(3.177)
..

UMGB = AMGBl-6·rMGBl-6+AMGBl-7·rMGBl-7+AMGB2-4·rMGB2-4

. UMGB
r :._

MGB AMGB

(3.178)

( 3 . 179)

The contributid� to the indices �t load 90ints A and B

due to this failure mode is the same.

The contributions due to.the indices at.the load points due.·

to the different outage conditions can be obtained from the exp

ressions derived for each �onsidered failure mode. These are as

follows:

Load point A

Contribution due to

(A)
.

Permanen t outages or overl app.i ng permanen t outages

ApL = llA2(rl(1-P6-P7+P6P7)+r2(1-P4-PS+P,PS»A
(3. 1 80)

(3.181)

. (3. 182)

(B) Line temporary outages over1appin� line maintenance or

permanent outages.

The following expressions are obtained by considering failure
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modes 9 and l](ii) as series subsystems.
... .

... � II II
.

II II

lTL� =l2T(1�P6-P7+P6P7)(llr1+l1r1)+(l-P4-P5+P4P5)(l2r2+l2r2)lTT
(3.183)

. Average duration is n�glect�d in this caSe .

. (C) Line permanent outage overlapping a line section maint

enance outage period ..

Failure mode 11(1i) contributes to this outage condition;

(3.184)

(3.185 )

(3. 186)
.

(D.) Failure to c.l e a r a fault by the !Jr.imary.protection system·

of a line.

Failure modes 1, 2 �nd 8 contribute ,to this outage condition.

( P 4+P 5
- P

4
P
5 )( II + llT ) + (P 6

+ P
7
- P6 P 7) ( l2+ l2 T ) + P

8 ( l3+ l3T )

(3.187)
lUL =

A

UUL =

. A

"ui .

=

. A

(3. 188) ..llTs1(P4+PS-P4PS)+l2Ts2(P6+P7-PsP7)+Pal3Ts3
UUL A
lULA

(E) False tripping of breakers overlapping the false tripp-

(3. 189)

ing of breakers or overlapping of the false tripping of brea

kers by.other outages o�.overlappi�g of other outages .by the

false tripping o.f breakers (other out aqe s are maintenance,

·permanent and temporary outages and a ground fault on breakers).

Failure modes 4, 5, 10, 12, 18(i), 1.9(i) and 20 contribute

to this outage condition.



APSFLA
::

AUL +

AFLA·A

UpSFLA
= UUL + UFLA ·A

UpSFL A

rpSFLA
=

.

).PSFLA

(3.196)
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A FL
= APFL + x T FL

+ AMFL + AGBF + AFF
A

U = UpFL + U�FL + ·UGBF + UFFFLA
UFL

rFL
=

A
._

A AFL
.. A

(3.190)

(3.191)

(3.192)

(F) Ground fault on breakers or over1apptng of � ground fault

on breakers by other outages or overlapping of other o�tages by
a �round :fault on breakers (other out�ges. in this case are per

manent, temporar.v and ·mai ntanance· otitages of ·1 ;-nes and·· ·fal se .

tripping of breake�s) •

. Failure modes 13,.14,15,16,17, 18.{1i) , 19(1i) and 21

contribute t6 this condition�

·8· . .

.

2: AGL; +AGBP+ApGB+AGBT+A FGB+AMGB.·
·1 ...4·

= (3.193)

8

UGBLA
= i�4 (AGL;·Ts;) +UGBP+UPGB+UFGB+UMGB

UGBL .

=
A

rGBLA . AGBLA

(3.194)

(3�195)

It should be appreciated that the indices obtained for·

conditions (D) and (E) are due to the protection system fai1ur�

modes .. Fr.om (D) and (E), the following expressions are obtained

for the indices at load point A due to protection system failures�

. (3. 197)

(3.198)



UpL 8
. "PLB

=

ApL 8

(8) Failure mode 6(ii) , 9 and l1(i) contribute in this c.ase.

(3.203)
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Expressions for the reliability indices at load point A are

obtained by adding the indices of conditions (A), (8), (C), (0),

(E) and (F) as in a series system. Each condition is taken as a

·subsystem of a series system.

(3. 199)

. (3.200)

(3.201)

Load point 8

All the failure modes of load point A ar e also the failure

modes of load point 8.except f e t l.ure mode 8� In addtt t on , fai-·

lure modes 6 and 7 are also failure modes of load point B.

The conditions (A) to (F) are iricluded as in the analysis

of loa d po i n t A. :

(A) Failure modes 3 and 6(i) contribute to. this case.

ApL =A1A2(rl(1-P6"P7+P6P7)+r2(1.-P4-P5+P4PS»+A3·8
(3.202)

(3.205)



(2.2l3)

S4

Avera�e outage duration is neglected in this case.

( C ) S ame as for the i n d icesat loa d po i n t A

(0) Failure mode 8 is not contributing to the iridices at load

point B.

AUlB= (P4+PS-P4PS)(Al+A1T):(PS+P7-P6P7)(A2+A2T)
UUl = A1Tsl(P4+PS-P4PS)+A2Ts2(P6+P7-P6P7)"B

(3.206)

(3.207)

UUL
B

rUl' = _'

B AUl '

, B

(,3.208)

(E) In addition to all the failure modes which contribute to

the indices at load point A, failure mode 7 also contributes to

the indices at load point B.,

'(3.209)

(3.211)

(F) All the failure m�d�s which contribute to the irrdices at

load point A also contribute to the indices at load point B.

Failure mode 13 is to be reconsidered in this case.
8

AGBlB',
= .� AGl i +AGBP+APGB+AGBT+AFGB+,AMGB1=4

(2.212)

UGBl'
,

B

rGBLB= A
GBlB

(2.214)

The indices due to protection system failures are as

follows.
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(3.221)

A
PS FL

= AUl + A
FLB B B

UpSFLB= UULB + UFL B

rpSFl
=

UpSFlB
B APSFLB

(3.215)

(3.216)

(3.217)

As for load point A, all the indices at load point Bare

obtained in the s�me way as follows.

(3.218)

(3.219)

.. (3.220)

Reliability indices at load points A and B have the fol1ow

ing.relationship between them.

(3.222)



Outage rate of lines 0.5 f/yr 1.0 f/yr 3.0 f/yr
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Equations 3.12 to 3.22% can be used to provide a detailed

examination of the relative cont�ibutions to· the reliability

indices at load .points A and·B. Numer�ca1 reliability indices at

load points A and B a�e cal�ulated in. the n�xt sectio� using these

equations.

3.6· Syst�m Studies

The express�oris deriv�d in the previous ,section are used in

this se�tion to .valuate the reliability iridices for �he system

shown in Fi.gure 3.1. The· assumed outage data fo.r the system

components are . given in .Tab1e 3.1.:

Table 3.1· c.omponent outage data

Permanent
.

failure
Temporary
failure

Maintenance
outage· (only foi
lines 1 & 2) .

Average outage duration 1.5 hours 8.0 hours

Ground fault �at� fo� breakers - 0.005 f/yr
(including c.t. of its relay)

Average repair time for protection system outage - 24 hours

Switching tim� for each component - 1.5 hours

Assumptions

i) Lin.s 1,2 and 3 are id�ntical and have the �ame reliability

data.

ii) Only lines i,2 and 3 'have temporary failures.

iii) All the break��s �nd th.ir relays �re identical. having the
same data.

iv) J�itching time for all riomponents is equal.

The reliability indices have been calculated using the above

assumptions, for different values of unreadiness probability and



Set: Type Stuck False Average
no. Of Proba- tripping' failure

ind-. bility rate rate

Utes . (f/yr) (f/yr)

0.00 .

Average Annual Average
outage outage failure
durat. time rate .'

(hours) (hrs/yr) (f/yr)

Average Annual ..

.outage . outage
durat. time
(hours) (hrs/Yr)
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false trip�ing rate. Some of the cal�ulated results are tabulated

in Table 3.2. Figures 1.5 and 3.6 utiliZe a range of results to

show the effect of variat�on of the �nreadines� probabi1ity and

false· tripping rate on the failure rate and annual outage time of

load points A and B.

Table 3.2 Reliability indices at load points A and B

Load po.int A Load point B.

i 0.00
A
B
C
D
E

.F
E+F

Total

0.000428 3.750000 0.001605 0.500428 ·7.496792 3�751605
0.002683' 11.002683
0.000913 3.870968 0.00353510.000913 3.8709680.003535
0.025082 1.506042 0.037775;0.030082 8.984546 0.270275
O.OOOOOOO.OOOOOOO.ooooooio.ooooOO 0.000000 0.000000
0.000000 0.000000 0.00000010.000000 0.000000 0.000000
0.0000000.0000000.0000000.000000 0.0000000.000000

0.0291()6 1.47.4439 0.042915 1.534106 2�623948. 4.025415'
-_........-------- _.---.-----

2 0.001 0.001 ..

A 0.000427 3.750000 0.001602 0.500427 7.496799 3.751602'
B . 0.002677 11.002677C 0.000911 3.870968 0.003528,0.000911 3.870968 0.003528
D 0.025082 1.506078 0.03177610.030082· 8.984590 0.270216
·R 0.007497.0.500000 0.00374910�005997 0 ..500000 0.002999
F 0.000022 2.946229 0.00006510.002022 23.771935 0.048065 .

E+1 0.007519 0.507126 0.00381310.008019 6.367833 0.051063
-

---J-
m____ --

Total 0.036617 1.275880 0.046719 1.542117 2.643424 4.076469

3 0.005 0.001.

A 0.000424 3.750000 0.001589 0.000421 3.750000 3.751589
B· 0.002656 1.002656
C 0.000904 3.870968 0.003500 0.000904 3.810968'0.003500
D 0.025082 1.506042 0.037774 0.030082 8.984614 0.270274
E 0.037425 0�500000 0.018713 0.029925 0.500000 0.0149�3
F 0.000022 2.952501 0.000064 0.002022· 23.173353 0.048064.

E+F 0.037447 0.501426 0.0187.77 0.031947 1.9728690.Q63021
- ---------------------------

Total 0.066513 0.926748 0.061640 1.566013 2.610791 4.088390

4' 0.01 0.001

A 0.000420 3.750000 0.001:573 0.500420 7.496824 3.151589 .

.B 0.•002629 1.002629 .

C 0.000895 3.870968 0.003465 0.000895' 3.870986 0.003500
.

D 0.025082 1.505996 0.037713 0.030082 8.984643 0.270274
E 0.074700 0.500000 0.037350 0.059700 0.500000 0.014963
F 0.000022 2.960412 0.000064 0.002022 23.775118 0.048064
E+' 0.074722 0.500112 0.037414 0.061722 1.262345 .0.063027

------ ------------------

Total 0.103747 0.773274 0.080225 1.595147 2.610701 4.088390

Table 3.2 continues on the next page



0.000427 3.750000 0.001602iO.500427 7.496799 3.751602
0.002677 . I· 1.002677 ..

0.000911 3.870968 0,.003528,0.000911 3.870968 0.003528
0.025082·1.506491 0.037786iO.030082. 8.9849340.270332
0.007497 0.500000 0 •.00374910.005997 0.500000 0.002999
0.000221 3.027043·0.00066910.020221 23�770786 0.480669
0.007718 0.572359 0.00441710-e026218 18.447919 0.483667

I
.

.

_---------------;.---------_.

0·.036816 1.285679 0.047334' 1.560316 .2.889853 4.$09084
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Table 3.2 continued from the previous page

Load point A Load pC)int B

Set Type Stuc� False Average Average Annual Average Average Annual
no. Of Proba- tripping. failure outage. outage failure outage outage

ind- bility rate rate· . durst •. time rate .durat. time
ices (f/yr) .. (f Iyr) (hours) (hrs/yr) (f/yr) (hours) (hr�/yr)

5 0.05 0.001

A
B

C
D
E
F

E+F

Total

6 0.001 O.OOS

A
B
C
D
E
F

E+F

Total

7 0.001 0.01

A
B

C
D
E
F

E+F

Total

8 0.001 .0.05

A
B·
C

.D
E
F

E+F

Total

0.000386 3.7500000.0014490.500386 7.497105 34751449
0.002421 0.002421
0.000824 3.870968 0.003190 0.000824 3.870968 0.003190
·0.025080 1.505639 000377611°.030080. 8.984643 0.270261
0.367500 0.500000 0.183750 0.292500 0.500000 0.146250
0.000020 ·3.026641 O.00006210�002020 23.788926.0.048062

�:;;;;:: :::�:;:�-

:::::::�l' :��;;;;�-:�::;;:: ::�:;;::
0.000427,.750000 0'001602 0.500427 7.4••7•• 3.1;'602
0.002677 . 11.002671.

.

0.000911 3.810968 0.003528 0.000911
.

3.810968 0,003528
.

0.025082 1.506262·0.037780:0.030082 8.9847430.270280.
0.007497 0.500000 0.003749jO.005997 0.500000 0.002999
0.000110 2.982325 0.00032810.0IOUO 23.771424 0.240328
'0.007607 0.535879 0.004076:0.016107 15.106920 0.243326

0:O�67{)S ; .280120 O,�469;7t 1.;�6�65n;:;S3;;�"';:�;;;;

0.000427 3.750000 0.001602 0.500427 7.496799 3.751602
0.002677. 1.002677
0.000911 3.870968 0.003528 0.000911 3.870968 0.003528
0.025082 1.508326 0.037832iO.030082 8.986464 0.270332
0.007497 0.500000 0.003749!0.005997 0.500000 0.002999·

.

0.001149 3.369426 0.003871 i 0.020221 23.765685 2.403871

����:�����91°.:����:.:��::':����:
0.037744 1.340126 0.05058�.560316 2.889853 6.432332

Type of indices

A
B
C
D
E

F

Permanent failure indices
Temporary failure indices

.

��intenance outage indices
Breaker ground fault indices
P.ailure of primary protection system to clear fault
False tripping of breakers

.
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4. PROTECTION SYSTEM RELATED MULTIPLE QUTAGES IN THE RELIABILITl

ANALYSIS· OF A COMPOSITE GENERATION AND TRANSMISSION. ·SYSTEM

4.1 GENERAL

As noted earlier, the protection system plays· a vital role in

providing . electrical energy at �cceptable quality to con$umers by

recognizi�g and 1solating.any ab�ormal condition .in the· netw6rk

with minimum possible effect on the power. system. Substations and

switching stations are the points of energy transfer between

generating .. stations and different transmission and distribution

circuits. Difterent bus. and circuit breaker arrangements are used

to redu�e· the severity ·of component outages ort the rest ot the

healthy network.

Considerable attention has been devoted by power utilities in

recent years to the evaluation of the effectiveness of�their

systems from a reliabili ty viewpoint. This is· evident from. the·

published research work done in the last two decad�s(l-3].

The reliabiliti evaluation of a composite system 1s concerned

wfth the . problem of . assessing the adequacy. of· t he combined

generation. and transmission system with respect to the terminal�

stations {4.,161� Such an evaluation involves·the simulation and

load flow �nalysis of· .ach "credible" outage coridition in the

system in order to determine the capability of· the �y$tem to

supply individual.bus loads without voltage violations, line and

genera tor overloads. etc. and to quantitatively exp·ress the

deficiencies� if any, in terms of reliability indices.
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A composite generation and transmission system reliability

evaluation technique [17-20], which includes a system

representation of the form used in an a c load flow analysis, has

been developed at the University of Sakatchewan. An important

aspect of this technique is the calculation of individual load

point reliability indices and overall system indices. The program

s imul taneous outage combina t ions of genera t ing uni e s , t ranamLs s ion

lines and transformers. The contingency level to be considered

will be dependent upon the system size and the system

characteristics� Even for a moderately sized power system, the

computational cost to examine third, fourth and higher order

contingencies is prohibitive. Dandeno et. al. [23J have reported a

program for �ulk power electric system adequacy assessment which

�nes up to five independent simultaneous outages. This method

uses a fast and approiimate DC load flow technique to analyze 'each

selected system contingency. Such an analysis calculates the MW

flow over the lines but provides no information about bus

voltages. Reference 22 describes the basis of a digital computer

program fo� evaluating both the system and load point reliability

indices using an ac load flow.

The papers referenced earlier basically assume that the

outages of power system components are independent of each other

i.e. when one component fails it does not put any other healthy

component out of service. It was also assumed that ,simultaneous

or overlapping outages constituting a

independent. This assumption is

contingency

not true for

situation are

all outage
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situations. An additional set of outages has been defined and

designated as common-cause or common 'mode [39].· Thei.r effect on

the down state o·f·two or more lines and on bus and system indi�es

of a 'composite gener�tion and transmission system has been

. examined in References .40 and 20 respectively.' The outage. of two

or more current carrying components (lines and/or gen�rators)· can

also occur due to prote�tion system 'related single or double
. .

.

contingency outage situatioris.
. .

The probability of occurrence of an event consisting of· a se.t

of simultaneous independent vutages is the product of the

individual outage probabilities. Even if the. probabiLities of

.individual outages' are high, the product ca-n become quite small.

The probability of' a protection system related outage resulting in

a similar event can, however, be .any times larger. The effect of

such outages on reliability indices can be significant as compared

with second and higher order simultaneous independent outages. It

protection system re�ated outages before considering higher order

simultaneous independent outages.

Multiple outages of �urrent carrying components which result

from causes' such as a ground fault on a breaket, a stuck breaker
.

.. or relay condition, batt�ry supply failure efc. are referred to

in this chapter as proiection system related outages. Some of·:,

these outages were described in Reference 23'· as s t a t Lon originated

outages and some mod�ls were described for representing such

failures in composi�� reliability analysis. The outages examined

in this chapter �re.all protection system related and the.models
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described in Reference 23 are· modified to include ·these outages •.

The configuration� of two terminal stations from an actual system·

are used to examine these outages.

Notation

AF active failure
.

..

.

li' independent fai1uYe rate in failures per year of componertt i

Pi .independent repair rate in repairs p�r year of component i

lc common-cause failure rate in failures per year

Pc common-cause rapair rate. in repairs per year.

ls station originated failure· rate in failures per year.

Ps station originated repair rate in repairs per year·

Pb ptobabi1it� of.fai1ure of the dc supply at a switching
station in the case of a fault

isolation rate of' a switching station due to a stuck breaker
con.di tion or the failure of a relay scheme in the ease of a

fault

switching rate to reconnect the switching station to .the rest
of the healthy network

n total numbjr of components at a switching station.

outa�e rate of a switching station per year from the rest �f
the netwoyk due to the 1ai1ure of a component and the dc
supply at the same time.

L total load connected to the switching station' aqd assume this
load' is constant in the year or any duration of a period
considered.

S loss in. dollars per MWh loss of energy.

q
u probability of unreadiness of circuit breaker and its relay

scheme.
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4.2 Clasjif�cation of Outages

A power system normally contains a number of generating

units, transmission lines and trah�formers. These components are

referred to in this chapter as current carrying components �f the

power sy$tem� Most of the failures of th�se components can be

grouped into t�e following four categories

1. Independent ou tag e a .

.

2. Depend�nt outages

3. CommOn Mode outages

4. Terminal relat�d outages

4.2.1 Independent out�g�s

Independent .outages of two or more .components are referred to

as 6verlapping or simultaneous .independent outages. The outage of

.each component is c�used by an independent event. The �robability

of such an outage is th� pr6duet of the failure probabilities fo�

each of the components. The component model normally used i� the

�imple two state zepresentation in whi�h the component is either

�p or down. The state space diagram of �Figure 4.1 shows all

possible states for a· two component configuration considering

independent outages.

Most of the presently available techniques for composite

sy�tem reliability evaluation assume ·that the.outages constituting

a contingency situation are indeperident.
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I-Up
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I-Down

2

2-Down
4

Figure 4.1 The .basic simultaneous independent outage model

4�2.2 Dependent outages

. As the name implies, thes� ,outages are dependent upon. the

occurrence. of one or more· .other outages. .An example is the

r�moval ftom service of the second line of a double circuit line

due to overload which resulted from an independent outage of the

firsi line of the double �ircuit configuration� These outages are

..
not normally included i.n the reliability evaluation of c oerp o s Lt e

systems.

4.2.3 Co�mcin mode outages'

As stated �arlier; the probability of occurrence of an event
.' .

consisting of two'or more simultaneous independent outages 1"s the

probabilities of indi.vidual outages are low, the product can

become quite small •. The probability of a common mode outage

resulting in a similar event can, however, be many times larger.
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The effect of common-cause outages on reliability indices. can be

significant as compared with the effect of second and higher order.

outages.' A c ommo-n 'mode outage ts an. event having an external

cause with multiple failure effects wher� the. effects are not

consequences of each other.

The Task Forc'e on' Common Mode Outages of Bulk Power Supply

Facilities of the IEEE Subcom.mittee· on the Application of

Probability Methods �� the Power Engineering. Society suggested 'a

c cmacn mode outage· model .for two transmission lines on the. same

right-of-way or �n the same transmission tower. This model ,is sh-

own in Figur� 4.2. It is similar' to the model of Figure 4.1 exc�

ept for the direct. transition rate of AC from state 1 to state 4.

1.11

A .

1

2-Up.·

1-Down.

1-Up'

2-Up
1

2-Down
3

A
.

C

·I-Down·

2-Down
4

Figure 4.2 A common mode outage model - The IEEE model.

This model assumes b�sically the same reStoraticin process for all

failures incl�ding common mode failures. Vario�s other possible

common mode ou tag e models are described' in Reference 20 which also
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examined the effect of common mode. ou tag e s
'

on reliability indices

of a practical system.

4.2.4 Termin�l.related outages

The outage of two or more
.
current cartyirtg components can

arise due to termi�al related causesw

categorized into two pa�ts �

These· outages can be

i) station originated

ii) line originated

. The outage of two or more transmission lines (not necessarily

on the s�me .right-of-way) and/or generating units can arise due to

station or.iginated c aue e s, The cause of these ou ta ge s c ouLd . be a

ground fault on a break�r, a bus fault, a st�ck breaker coridition

etc. or a combinati�n of these events. The outage eff�cts of

terminal station components are normally reflected in reliability

calculations by combining these outages with independent.· outage

rates of lines and/or generators affected by the failure· of the

.station component. .This. approach is accurate only when one

component of the system is out because of th� failu�e of a

independence� between those system component outages which are

a�tually caused by a single or double contingency in the terminal

station. The correct approach· is to regard these outages as

separ_te events. The effect of these·out.ges on composit� system

reliability have n�t been extensivelY an�lysed artd can have an
. .

.

. appreciable effect on th� load point reliability. indices.
Line originated.ml,lltiple outages can occur due to a fault on

a line when the primary p ro t e c t Lo'n of the faulty line fails to·
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isol.te it from the. rest .of the he�lthy system. In such a.

situation, th� back up protection operates which .results in a

multiple outage. of current carrying comp�nents. The outage

effects of such incidents: are not normally included in composite

system reliability analysis. These outages should be corisidered

in combination with the independent failure events by �eightin�

the independent failure rates 6f th� line with the probability 'of

successful operation of the associated.· primary protection to

isolate th�t.line •

.
It is important to realize . that common mode

.'

transmiss.ion

out�ges normally involve transmission lines on' the . same

right-of-way, whereas, the terminal telated outages can involve
. .

system components (which need not be on the same right-of-way)

such as generating units and �ransmission lines. The '. effect of

certain terminal related :outages cah, therefore, be more
. .. .

pronounced tha� common cause outages. The average duration" of

terminal. related outage� will, how�ver, be considerably less than

common cause outages.

Station origin.ted outages. have bean discussed in a 'recent

paper [23].· and some of these outages i.e. a ground fault on

breakers and the .stuck breaker condition are termed in this

chapter as protection system related outages because these outages

originated multiple. outages are all protection system related.

F�ur fundamentally different types of outages which can occur

in a power system have been described in this section. Protection

system related outages are considered in detail in· the next

section.
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4.3 Protection System Related Outages

All multiple' outages which occur due to the' failure of

protecti�n system'components i.e. a ground fault on � breaker, a

stuck breaker condition, the failute of a t.lay scheme t� detect �

fault, th� failure of ,tha dc $upply,�tc. are termed,as protection

system related outages.

The origin and effects of station origina�ed outages which

occur because of a g r ound faul t on, a breaker and the stuck breaker

iondition, ha�e been �escribed and lllu�trated in' Reference 23�

Practical system configuration. and selected models were presented

to investigate the combined e f f ec t s of independent, common-cause,

and station originated outages ,on a two component system. The,

models and discussion presented in Reference 23 .. did no t include
, "

the line 'originated outages and the effects of these outages are

de,scribed in this section using the configurations of two terminal,
.

. .
.

.
.

stations fro. the Saskatchewan Power Corporation (SPC) system.

The switching station �onfigurations analy�ed are those of

the Regina South ,station and the Squaw Rapids station. The Regina

South switching station has a 1} breaker configuration and that

of Squaw "Rapids is a ring bus configuration. ,At both stations,

there is only �ne dc bat�ery set which supplie. the dc, requirement

of the "station. The single line diagram of the dc supply at the

switching stations is as in Figu%e 4.3� In these studies, ' active

failures on lines in combination ,with a stuck breaker or stuck,

relay schem.e, and active failure on all system' components ,in

combination with failure,'of the dc supply are considered. It is

assumed that breakers, proteeting the same line at a'station have a
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Figure 4.3 Single line diagram of dc supply at Regina
South switching station of SPC

.

common relay scheme for their operation in the case of a fault on

that line.

4.3.1 Regina South switching station

The single line diagram of the Regina South switching station

(RSS) is given in Figure 4.4. RSS supplies power to the city of

R2C RIP R2P R4C

230 KV
'_�";;'_---f--II� .B2 R

� �817 ti901

�
__, 811_,'-....A--��806..__..___..1/ ,1

138 KV ,tr 230 KV
",

, i"'''��,R� SPC line designation

.B3R

Figure 4.4 Single line diagram of Regina. South
switching station of SPC
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Regina and the adjacent area and �s a vital eransmission junction

between· the Boundary Dam generating plant and the rest.of the SPC

network. About 40% of the pow�r requirement of the SPC system is

. generated at �oundary Dam. and fault free operation of RSS is

essential to supply power .to Regina and adjacent area· with high.

. reliability. Tab1e·4.l lists the line originated events �hich

result in an outage of two ar more than two trans�ission lines.

T�b1e 4.1 Line .originated �u1tip1e outages � Regina South

Case Description Effect

AF on R4C or B3R & 9:01 ·stuck R4C and B3R out

AF on R4C or B2R & 902. stuck R4C and B2R out

AF on R4C& relay scheme of R4C, B2R, B3R, R2P., RlP &R2C out

901 and 902 fails

AF on R2P or B2R & 816 st·uck R2P and B2R out

AF on R2P or B3R & 817· stuck R2p· and B3R out

AF on R2P & relay. scheme of R4C, B2R, B3R, R2P, RlP &R2C out
816 and . 817 fails

AF on RIP or R2C & 808 stuck RIP and R2C out

AF on RIP or B.2R & 809 stuck RIP and B2R out

AF on RlP & relay scheme of RIP, R2C and B2R out

808 and 809 fails

AF on R2C or B3R & 806 stuck R2C and B3R out

AF on R2C & relay scheme of RIP, R2C and B3R out

806 and 808 fails

Failure of the dc supply is not con�idered in Tab1� 4.1 •.

Failure of the dc supp1y.cou1d remove all th� protection system at.·

RSS. In such a situation, an active failure CAF} on any line

connected to RSS or AF on any ·of the breakers at RSS, which



74

require the protection system at RSS to operate to isolate· the

faulty conditton, could isolate. RSS from the rest of the SPC

network by the operation of back up p�otection ·at the switchirtg

.stations �onnected to RSS.

Table 4.1 shows a large nbmber of line originated events

which c�use an outage of. two.or more than two li�es of the syst�m.

The· probability associated with the·se events· may be .
small . but.

their total effect on bus and system reliability can be

significant •. The duration of these multi-outages will be eqtial to

the switching time required to isolate the faulted line and·

protection system components and to put the healthy lines back

into service •. These durations will. ·be dependent upon th�

operating practices �f the individual stations and whether the.

switching· 'is complet�d manually or automatically.

4.3.2 Squaw Rapids. station

The single line diagram. of the Squaw Rapids �tation is
. given

in Figure·.4.5. This station· has a ring bus configuration and

feeds the SPC system thro�gh two tr�nsmission lines SIB· and S2B.

There are si� 33.5 MW generating units �nd two 39.0 MW generating.

units at the station. Two generating units are connected to one

step up transformer whlch is connected to the ring bus. Tab·le 4.2

lists the line originated �vents which result in an outag� of two
.

.
.

or �ore than t�6 �rans�ission·lines, and/or generatin� units. All

the ev�nts' listed in Table 2 [23] and Table 4.2 a�e protection

system related. An examination of these tables shows that.there

are a large number of si�gle and double contingency events which
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Figure 4.5 'Single line diagram of. the Squaw Rapids itation.

,

cause, outage of mo.r e than,' two current carrying components, and

could have a significant effect on load point and system

reliability indices.

Table, 4.2 Line originated mUltiple outage's .;_ 'Squaw Rapids

Case Description Effect

AF on SIB & 902 stuck SIB, G5 and G6 out

AF on SIB & 903 st'uck SIB, G3 and G4 out

AF on SIB & relay scheme of SIB, G3, G4,G5 and G6 out

,902 and 903 fails

AF on ,S2B & 906 stuck S2B, Gl and G2. out

AF on S2B & 907 stuck ,S2B, G7 and G8 out

AF on S2! & relay scheme ,of S2B, cr , G2, 'G7 and G8 out,

906 and 907 fails

Failure of the',dc battery �et at Squaw Ra�ids, could have

similar effects as in the case of RSS.
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Multiple outages due to protection system components are

described and illustrated in this section with reference to two

terminal station configurations in a practical system. The

numerical

using the

cannot be

evaluation of each of these events can be accomplished

equations described in Chapter 3. These equations

used as such in the reliability evaluation of a

composite system. A suita�le model is needed to take into

consideration the outages due to protection system components in

the evaluation of the load point and system reliability indices of

a composite system. A series of models were proposed in Reference

23 to include independent, common-cause and station originated

outages for two current carrying components. In Reference 23,

different reduced models were suggested to combine the event data

resulting from the failure modes and effect analysis detailed in

Tables 1 and 2 [23]. Model 3[23] is modified in the next section

to include line originated events and those events which cause the

isolation of the switching station. It is important to realize

that the development of a single model suitable for all practical

situations is not possible and models in Reference 23 and in this

chapter can be modified or new models can be created to suit the

given data.

4.4 Models for Protection System Related Outages

switching station and the Squaw Rapids station. The inclusion 9f
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these outages in the reliability evaluation of a composite

generation and transmission system requires: the development of one

or more sUitable model�. As noted earlier, s�le�ted possible

models were presented and analyzed in Reference 23. In this

s e ct Lon , one possible model is described for studying the effects

of protection system related·outages but a more :general �pproach,

to include protection system failure. modes in c.omposite. system

reliability analysis, will be des�ribed in the next chapter.

Mod�l 3{2�1 in Figure 4 .• 6 is modified as in.Figure 4.7. This

model can be used to include the outages affecting two lines on

the same right-of-way and sharing a common breaker at the

terminating .
station. It can be extended to more than two current

carrying components. In this model. two additional states are

c r e.a ted. State 7·· r.epresents the situation· when·. both lines are

down due to the failure of the common breaker to isolate the

faulty li.ne and state 8 represen.ts the event when the switching

model has been used in this chapter· for sys tem studie·s to show the

impact of protection syst·em related outages. upon the down state ·of· .

two lines. and of switching station isolation. Other models ian be

created to suit the data and needs of a particular situation.

The model shown in Figure 4.7 has �een solved fo� the steady

state probability. Pi of. each state. by applying the frequency

balance approach.· States 2 and 3 are merged as the assumption has

been made that lines 1 and 2 have identical fad Lu r-e and repair

rates. The sta�e equatiohs are listed on the next page.
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State 1 (2A+A +A +A )P1-PP2-P P6-p P5-p P8 = 0 (4. 1 )c s ss . s C 5S

State 2 2A(1-qu-Pb)P1-(A+p)P2+2p�4+YP7+PssP8 = 0 . (4.2)

State 4
. AP2-2lJP4 = 0 (4.3)

State 5 Ac(1-Pb)Pl�PcP5+lJssP8 .= 0 (4.4)

State 6 .' As(1-Pb}P1�PsP6 = 0 (4.5)

State 7 2quAP1-yP7 = 0 (4·. 6)

State 8 (Pb(2A+Ac+As)+Ass)Pl-3lJssP8 - 0 (4.7)

In addition to equations 4. 1 to 4.7 ..

�1+P2+P4+P5+P6+P7+P8 = 1 (4.8)

From (4.5) Ps =
As (l-Pb)··

P1 (4.9) .

". lJs

From (4.6) ·(4.10)

P =
Pb(2A+Ac+As)+Ass P

.

8 �lJss . 1

From (4.4) and (4.11)

From (4.7) (4.1.1)

(4.12)

'.(4.13)

'. The fo11owin9 expressions are obtained for state

probabilities from the equations 4.8 to 4.14
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where

P1
1

-.

1)

P2 =
A12
0-.

P4
A14

-

IJ

Ps
A1S

=

.0-.

p& =
A16
0-

P7 =
A17
0.-.

P =.
A18

8 ,--

.0. = 1+A12+A14+A1S+A16+A17+A18

61+Pb(l +1 -41)+1
.

A12 =
c s ss

311

612+1P�(1 +1 -41)+11
.

A14 =
. c s ss

611

Pb(21+1 +). )+1
A

. c s ss
.

18
=

31-1ss
Probability of both lines down = P4+P5+�6+P7

= 6·(A14+A15+A16+A17)
A

Probability of switching s.tation down = P8 = -¥

(4.15)

(4.16)

(4.17)

(4.18)

(4 .• 19)

(4.20)

(4.21)

(4.22)

. (4.23)

(4.24)

I4.25}

(4.26)

(4.27)

(4.28)

(4.29)
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space diagram •. The probabilities of both lines or the station

The probability of b�th lines or the switching .tation being

out of service is a complex function of all the rates in the state

. being ou t of service calcuLated for the model of Figure 4.7 are

listed in Table 4.3. The probabilitie� hav� been calcuiated- by

varying the station outage rate (�SS), stuck. probability of �he

common breaker (q ) and probability of battery failure (p ).
u ..

.

. b

table indicates that .. there

This

is a significant increase in the·

probabilities with the increase in the considered parameters� The

following data have been used to calculate the probabilities.

Failure rate (�) = 2.57 f/yr,
Switching time. = 1.5 hours,
Switching time to put isolated

Repair time
�on mode repair time
station into service

= 8.0 hours
- 12.0 hours
,. 2 ..5 hours

Table 4.3 Variation of two lines down and station down
state probabilities with the station outage.
rate (� ), stuck probability of the common

breakerss(q ) arid probability of battery fa-··
ilure (Pb)

u

0.00
o�oooo
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.1500
0.1500
0.1500

.

0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1.500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500
0.1500 .

0.1500
0.1500
0.1500

"SIl.

0.00
.

0.00
0.1000

.

0.0010
.0.1500· 0.0010
0.1000

.

0.0050
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.• 1000 O.OOJO
0.1000 0.0100
0.1000 0.0010
0.1000 O�0050
0.1000 0.0075
0.1000 0.0100
0.1000 0.0200·
O.lOOO· 0.0500
0.1000 0.0750
0.1000 0.0010
0.1000

.

0.0010
0.1000 0.0010
0.1000·. .0.0010
0.1000 .. 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 ·0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010
0.1000 0.0010

0.00
0.0100
0.0100
0.0100
0.0500
0.0750.
0.0100
0.0100.
0.1000
0.0100
0.0100
0.0100
0.01-00
0.0100
0.0100
0.0100
O.OlOe·
0.0200
0.0300
0.0400
0.0500
0.0600
0.0750
0.0900
0.1000
0.2000
0.5000
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100

0.00
0.0010
0.0010
0.0010
0.0010
0.0010
0.0500
0.1000
0.0010
0.0010
(}.OOIO
0�0010
.0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010

.

0.0010
·0.0010
0.0010
0.0010
0.0020
0.0040
0.0060
0.0080
0.0100
0.0200
0.0400
0.0600
0.0800
0.1000

l'robabUlty
of b,)·th
lines down

0.00000548
0.00005799

·

0.00007987
0.00005300
0.00009303
0.00011493
0.0000556&
0.00005332
0.00013682
0.00005800
0.00058583
0.00058764
0.00058878
0.00058991

· 0.00059445
0.00060808
0.00061943
0.00059458
0.00060333
.0.00061208

· (1.00062083
0.00062958
0.00064270· .

0.00065582
0.00066457
0.00(l75205
0.00101439
0.00058788
0.00059199

· 0.00059610
0.00060021
0.00060432
0.00062486
0.00066594
0.00070i03
0.00074811
0.00078920

Prob:lbility
of station.

being down

0;00
0.00000061
o .OOC00062 .

o .00000()98 .

o • OOOOI)OIi I .

0.000(01)61
0.00002565
0.0(1005121·
0.00000061
0.00000146
0.00000064
0.00000102
0.00000126
0.00000149
.0.00000244
0.000C0528
0.0000076/,
0.0:1000064
0.IjC00006"
0.0'0000064
0.00000064
0.00000064
0.00000064
0.00000064
0.00000064
0.00000064
0.00000064
0.00000119
0.00000228
0.00000338
0.00000447
0.00000557
.0.00001104
0.009021\18
0.00003293
0.000()43S7
0.00005482



n

Expected loss of energy = l.Usw = l.{Pb.L:Ai).rSW MWH/yr
,i = 1

(4.33)

"
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n

Expected loss in dollars = X = l.(Pb.E?<i).rSw'S dollars/yr (4.34)
i = I'

If Y dollars is the cost to provide an extra dc battery set

or any other alternate source of dc supply, the selection between

different alternatives �hould be ·based on the comparison of X and

Y. In this way, it is pos sible to evaluate dif feren t schemes and

to make decisions not only on the basis of lowest cost but also on

an evaluation of worth.

If after conducting a reliability cost-reliability worth

analysis,
.

it is decided that an extra battery set is needed, the

probability of loss of both battery sets at the same time �ill' be
.

.'

.

p2:b· This assumes independent failures of the dc supply. Care

should be taken to {nsure that_the probability of a common mode

failure is virtually negligible. The probability of failure of

one battery set is relatively' low, and therefore the chance

associated with both battery sets failing at the same time will be

very small and therefore the expected loss of energy will be

negligible.

In this chapter, the cause and effect of protection system

related outages have been described and illustrated using the

configuration� of two practical switching stations. A possible

model is examined for considering these outages in the reliability

evaluation of composite generation and transmission systems and a

more general approach will be discussed in the next chapter. The

selection of the right model in any particular case is dependent
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entirely on the data for the situation. A simple method to

campare the· different protection system configurationa suitable

for a particular situ.tion is also described.

The studies presented in this chapter do riot pr�vide any

general conclusions. They do, however, illustrate the importance

of recognizing the effect of protection system faIlures, and

suggest a.need to include protection system related outages in the

reliability evaluation of composite generation and transmission

systems. The effect of protectiori system related outages is,

therefore, examined in the next chapter us�ng 5-bua test system.



will be dic�ated by the. probabilities of· element outage
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5 COMPOSITE· GENERATION AND TRANSMISSION SYSTEM RELIABILITY
. .

EVALUATION INCLUDING PROTECTION SYSTEM FAILURE MODES

5.1 General

A primary question arising in the reliability an·alysis of a

composit. generation and transmission syst�m is the contingency

leveL whi�h must be considered for an adequate assessment of load

point reliability. Selection of an appropriate contingency level

situations,. the severity associated �ith specific outages and the

criteria used for system success or failure. The approaches used

at . present ar�e· based on f Lxed criteria such. as single and/or

double conti�gen�ies· arid variable ·critjria s uch as : thos.e

contingencies which have a �easonable probability of occurrence oi

be of a certain system severity. In general, the ·selection of �

contingency level based on system element ou t.ag e statistics

appears to be· �n acceptable approach.

Composite system reliability evaluation techniques at the

present time use a representation of the system in which lines

simply terminate at· a bus �ithout extensive representation of the
. .

bus switching and breaker config.uration. As discussed in Chapter

4, these techniq�es consider independent overlapping outage�� and

common-cause outages. Th� outa�es relating. to terminal station

components are normally included by Lnc r e a s Lng the failure· rate of

the . transmission .lines by some· fixe.d amoun·t. This is a valid

addition for those terminal related failures which impact only on
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the transmission element concerned. Such a treatment, however,

does not recognize the multiple outage events described in· Chapter

4 and does not simulate such a situation.

Data collected by Commonwealth Edison Company [41] on their

system performance have demonstrated that almost 40% of their

outages were terminal related. The studies in Chapter 4 and

Reference 23 have shown a large number of possible single and

double contingencies relating to protection systems which cause

outage of two or more than two lines and/or generators. The

effect of su�h outages can be significant on the reliability

indices of a composite system. This situation is examined in this

chapter using the 5-bus Test System shown in Figure 5.1. The

terminating points at.each bus are represented as in a practical

system with bus switching and circuit breaker configurations.

The selection of a particular protection system related

outage model is entirely dependent upon the configuration and data

of the system under cons1de�ation. The computer model .selected

must behave in the same way as the actual system or the results

will not be appropriate. Models described in Reference 23 and

.
.

Chapter 4 require the combination of the event data resulting from

involves extensive manipulation and data collection which is not

available at this time. The models used in this chapter are based

upon the approach described in Reference 42 and are discussed in

the next section. The digital computer program described in

Reference 43 has been modified to accept an additional level of

element outage data relating· to protection system components.
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Load

Figure 5.1 Single line diagram of the 5-bus test system

The failure mode and effect analysis technique is used to include

the effect of stuck probabilities and ground faults in the

protection system. Battery failures are not considered but can

be easily included if the relevant data is available.

Reliability assessment in distribution systems is concerned

with system performance at the customer end i.e. at the load

points. In this chapter, the reliability indices at the customer

load point are also evaluated by representing the distribution
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network from the switching station to the customer load ·point and

consideririg the load poini reliability indi�es calculated for the

composite generation a�d transmission syst�m as the indic�s of the;

power supply at the supply point of the primari m.in feeder. Th�\
\

relative contribution of the indices at the load points due to the I

main component segments can therefore be seen.

5.2 Power System Comporient Models

protection system components have been discussed in the previous

chapters. A general approach for modelling a power system for

reliability studies·including. protection system failure modes was

�escribed in � recent paper· [42). The concept used is quite
. . .

general and can be modified according to the study desired and

data available. Some assumptions have to be made, ho�ever� in

each case.

Notation

failure rate of the comporient

Pi ptobability of breaker i failing to open in response to a

fault in. its primary· protection zone. The ceus e may be a

stuck breaker or a failur� of its relay scheme to detect a

fault.

y switching rate. This is assumed to be the same in all �a.es
where a switching procedure is required.

p repair rate of the component when the protection system
performs its function.

repair rate from the after switching. state. when breaker i
fails to trip.

probability of state i

current carrying component i

circuit breaker i



Figure 5.2 Single line diagram of a section of a �ower system

91

Figure 5.2 is the single line diagram of a secti9n of a power

system. In Figure 5.2, AI.is the current carrying component

(transmission line) and B1 and B2 represent its primary protection

at its both ends. I and II are the terminal stations of Al where

other components are connected with proper bus switching and

circuit breaker arrangement.

A
.

4
B·
8

11- -

V

IV I

If B1 and B2 are 100% reliable, Al can be represented by a

Markov Model as iIi Figure 5.3 i.e. � up (in service) or Al down

(out for corrective maintenance). If B1 and B2 are not 100%

reliable, Al cannot be represented a.s- in F.igure 5.3.

-

�

__ .
- . � ..

A Al
- Down

- Up1
_ll

1 � 2

Figure 5.3 Marko� Model of component Al .

B1 and B can fail in a number of possible ways as discussed
- 2

earlier i.e. (i) they can fail to ground (ii)they can fail to trip

(iii) they can false trip. A modelling approach was discussed in

Reference 42 in order to include the failure modes of AI' Bland
B2• As the detailed data required in the models in Ref�rence 42
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are not available at this time, therefore, some ,-assumptions must

be made� The modified models can then be used in a, composite

generation and transmission system reliability evaluation for the

p�wer system of Figur� 5.1.

Assumptions Made

(a) All breakers and relays in, the protection zone, of a

component are identical,.

(b) Failure to tri� of" two and more breakers of the

protec�ion zone at the same time' is neg1igib1e�

(c) No switching is required when a protection ,system works
properly in the case of,a fault �n the primary,protection zone (in
case of lines and generators only).

(d) 'DC supply at 'a switching station is 100% reliable.'

(e) The ,protection ZGne of a component is assumed to extend
to all the,nearest breakers around the componen�.

By considering the above assumptions, models in Reference 42

can be simplified and u s ed in practical applications.

5.2.1 'Multistate model of a current carrying component

Figure,5.4 shows a state transition diagram for a current

catrying compo�ent Al in Figure 5.2. In this diagram, the

probability of successful op�ration of the protection system

"(B1 and Bi ), is taken into consideration. States 0 and 1 are

'states are due to the failure of the breakers of the protection

zone to trip in the case of a fault on AI. 'Thel:!e states are

categorized into two stages., Stage 1 repr��ents the states of, the

system before switching (aftar the back up protection clears the

fault) • Stage 2 represents, the states of the system in which
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State 11

State - 12

State 21

State 22
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llZ_ PQA_
- �

III --

0
J,l-

1
-_ �

- �

� ,Pl A PZA

'o-

Il 12-

-

, ,y By

21 22

Stage 1

Stage Z

.. ....

Basic two state component mod�l includ�ng the prob�
ability of successful operation- of the primary
protection zone breakers.

Breaker B1 fails to open when Al fails to ground.
Components out of service are AI' A2 and Ar

_

Breaker B2 fails to open when A1 fails to gtoun�.
Components out �f service are Al Bnd A4�

A1 and al under repai� after the switching operat
ion during:which A2 �nd A3 are restored to service.

A1 and B2 under repair after the switching operat
ion during which A4 is restored to service_.

Figure 5.4 Multi-state model of component Al
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faulty components are under repair (after the healthy components

are restored to service). States of stage 1, represent the

components that are isolated if breaker i fails to trip i.e. for

the system shown in Figure 5.2, if Bl fails to trip in the case of

an active fault on AI' the current carrying components which will

be isolated are AI' A and A. The states of stages 1 and 2 are
. 2 3

represented by two numbers, the first indicates the stage and the

second the state number. State i in stage 1 or 2 indicate that

breaker i failed to trip.

Using the frequency balance approach, the probability of each

state is calculated as follows:
.--

. "

= Pl· P
= P2i •l1i

APi
=

Y Po
=

APi
P

l1i 0

Po + P1 + t (P1i + P2i). = 1
;

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

1
Po =

G
(5.7)

where
POA n

G = 1 + - + A. �
11 i

(5.S)

As it is assumed that all breakers and relays of a protection.

zone are. identical, �herefore, all � and l1i are equal.

n

Po
= 1 .. � Pi (5.9)

1

G 1
1 1

_ 1) A (5.10)= + nAp.(,,_ + +
. 1 Y l1i 11 11



=

(5.14)
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where n is the number of breakers a$sociated. with the

protection zone.

If lli
= ].1,

G = 1 + l +
nXP1

].1 Y

lJY + YA + nP1AlJ
:. ---------------- (5.11)

.lJY

lJY
P

.

= --.--------------
. 0 . lJY + Xy + nP1A].1

(5.12)

(5.13)

·As the repair time is. assumed to. be the same in all. the

failure cases, state 1 and all the states of stage 2 are the down

states of the compotient where only the faulted
..

.

.
component is ·out

for corrective maintenance.

Probability of down state

n

- P1 + �.. P2i
i

POX
n

D.
:. .Po + xP

.. 1: (..l.)
lJ 0 .. lJii

XPi
Probability of state i of stage 1 _.-y- Po ·(5.15)

Similarly �odels for other current carrying components can be

deri.ved and. solved to obtain. the se e e e probabili ties.
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5.2.2 Multistate model of a circuit breaker

Figure 5.5 is the state transition diagram for the circuit

breaker Br(in Figure 5.2). 1ft this diagram, ·the probability o£.

successful operation of �he breakers of th�' .protection zone 1s

considered .togeth�r with a ground fault and a false tripping of

Bl• States 0, land 2 are the same as in the three state model·

of a breaker [36]. The rem�in1ng st�te8 are categorized into two

.

.. .
.

stages. These states are due to the failure of the break�rs of

the protection zone to trip i�' the case of an �ctive fault on Bl •

Stage 1 r.epresents the s t a t es" of the system before switching

operation when breaker i fails to trip in the case of a ground.

fault on B1(after.the back up protection·clears 'the fault).' Stage

2 represents the states of the system in which faulty breakers are

state in Figure 5.5, represents ihe current carrying components

that are isolated due to. the failed breakers except state 0 which

.1s the up state of the breaker Bl• The detailed description of

the states is given in the diagram. In Figure 5.5, it is assumed

that the' time
.

to repair' a. breaker is the sam-e. for all failure

modes •.

The state probabilities can be obtained by solving the model

in Flgure 5.5. usi.ng the' frequency balance approach.

"ill
Probability of the up state - PO� llY + 1ll + (A+lo)y

y{lO+POA)
PZ= llY +.All + {1+10}Y

POl
P1= Y Po

:(5.16)

(5.17)

(5.18)
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--------------,-----...

,
. I

... �_'O�i""----J·I . Yl�]
-----..:._ "

..
'

',' �
13' 14 I

I
Stage 112

y y

Stage 222 23 24

States 0,1,2 Basic three state �odel of the circuit breaker.
o - Norl'lal !scate of the bre·aker 111.
1 - Breaker Bl fsil� to ground an� i� this case the

probability of the successful operation of all the
breakers of the· protection zone is taken into
conside�ation.

. .

Component a down are Al ' A2. an( A3•
2 - Breaker B under repair due to a ground fault
(after SWitching) or due to a f�lse tripping.
Component down is only' AI.
Breaker B2 fail� to trip when BI fails �o Iro�nd.
Back. up protection operate. and isolates �4 in.addition .to AI' AZ·and A3•

State 12

State 13

State 14

State 22

Stat.e 23

'State 24

Breaker B3fails to trip when B1fal1s to gro�nd.
Components isolated in this case will be AI' AZ'
A3 and posaibly o�hers depending upon· the system
c:onfiR·uration.

Breaker B4's'Us to trip when Bl falls ·to Ilround.
Other c:ollponenc& may be isolated in addition to A1,
AZand' "3·
Breakers Bland R2are under r�pair.
Component down is only AI.
Breakers. BlAnd B1are under repair.

Component� down are Aland A2•
Breakers Bland R4are under repair.
Components down are Al�nd A3•

Figure 5.5 11ultistate model of breaker Bf



· Probability of state i of stage 1 -
Uy + 1u +(1+10}y (5.19)
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Probability of state i of stage 2 -

.u' + Uy .+ {'+' J'1\ 1\ 1\0 y.

'0 AY·1 (5.20).

where Po = 1 -

n

I:
i

o·
. 1 .

(5.21)

n = number of breakers of the protection zone

10 � false tripping rate of a breaker

Similar models for other circuit bteakers can be solved to

obtain .the required state probabilities.

5.3 System Model

The individual current carrying component mOdels and ci�cuit

breaker models can be combined to 6btain a system model. A

practical syste�. has a large number of components, therefore, to

solve the complete Markov model for t he sta te probabili ties will

be computationally exp�nsive. This problem .can be solved by

assuming independent component failures. The probability of any

system state can then he derived from th� appropriate component

state probabilities by. simple mul�iplication. There. will be,

however, some approximations and impossible states which actuallY

cannot occur. as discussed in Reference 42. The results obtained'
by solving th� Markov model and assuming component· independence

were comparec;l for a specific case. The res.ults were found to be

very close.

The �esults are compared in this thapter for. the system 'shown

in FiguTe 5.6. There are three lines and two circuit breakers in

this configuration'. The power flow is in the directions sh own ,
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Figure 5.7 is the state space transition diagram for the system

shown in Figure 5.6.

I

4

3

5

2

Figure 5.6 Example system illustrating effect of

independence assumption

In Figure 5.7, a bar under a component number indicates a

before switching state and a bar above a component number

indicates an after switching state of'the component. State proba-

bilities obtained from the transition diagram compared with those

obtained assuming component independence have been found to be

very close. One set of these results is sho�n in Table 5.1 and

indicates a close agreement.

In Figure 5.7, only the line faults and ground faults on

breakers are considered. False tripping and the probability, of

considered, however, they can be easily included. The Markov

model shown in Figure 5.7 considers only upto two contingencies.

The following data were utilized to calculate the results shown in

Table 5.1

11 = 1a = 13 = 2.0 failures/year, r1
=

r2 = r3
= 12 Hours

14 = 15 = 0.01 failures/year, r4
=

rS = 20 Hours
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as shown in Figures 5.8 to. 5.11 and· are based on t.he·
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Switching time = 1.5 Hours

11 i
= � i' y =

Swit c h Jn 9
.

time

Table 5.1 State probabilities of Figtire 5.&

State No.
.

Markov Model Independence Assumption

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

0.99177713D+00
0.27171976D-02
0.27171976D-02
0.27171976D-02
0.16982485D-05
0.22643313D-04
O' .16982485.D-05
0.22643313D-04
0.74443770D-05.

.

O. 7 4443770D-05
0·.74443770D-05
0.46527355D-08
0.62036473D-07
0.62036473D-07
0.38772795D-10
0.51697059D-09

. 0.38772795D-l 0
0.62036473D-07
0.6.2036473D-07 .

o .465·2.7355D-08

o .991 776'86D+O 0 .

0.27171968D-02
0.2717196·8D-02
0.27171968D-02
0.16982481D-05
0.22643307D-04
0.16982481D-05
o .22643307D-04·
0.74443743D-05
o .744437 43D-05 .

0.74443743D-05
0.46527343D-08
0.62036453D;"07
0.62036453D-07
0 .• 38772786D-I0
o .51697045D-09.·
0.38772786D-10
0.62036453D-07
0.62036453D�07
0.465273431)-08

5.4 Sy�t�m Study

'Compo�ite gene�ation and transmission .. sy�tem �eliability

evaluation including pr�tection system failure modes is illustr�

ated.in this section·for the test system shown in Figure 5.1.

F1.gure 5.1 is the single line . representa tion of the p'ower

syst�m as used in a basic ac load flow analysis. The dotted lines

indicate new additions to the system. In order' to include the I
!

effects of the protection system failure modes, .bus. $witchln� and
I

j
circuit breaker configurations at each terminating station hav.e

been included. Single line· diagrams of the s'witching stations are

configurations of a practical system.
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.6HJj .....
.......

.�-

7

6

Figure 5.8 Configuration at Bus 1 of the test system
.
shown in Figure 5.1



1.03

Figure 5.9
. Configuration at Bus 2 o� the test system

shown in Figure 5.1
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1(2)

(23)� 18

4
(4) , . ..

(24)� 19

(21)�
22

..
..

.

... rLoad
(2�)� 21

.

(25)
I

20

5
(8)

6(7)
.�
.

I

Figure 5.10 Configuration at Bus 3 (4) of. the test system
shown in Figure 5.1

5

8

Figure 5�11 Configuration at Bus 5 of the test system
shown in Figure 5.1
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The line data, generator data, load data and outage data are

available in Reference _!l and are also given in Appendix B ,

together with the circuit breaker data.

The models described in the previous se�tions have been

utilized in the digital computer program illustrated in References

�and .!.4. In order to include the effects of the protection.,

system, the computer program has been modified to accept an

protection system. The failure mode and effect analysis technique

si tua tion to determine which current_;: car:_-rying components were out
: �.

has been utilized for each protection system related outage

of service in that particular system state. This hs"s then been-'

utilized as input data to the program.

A set of annualized bus and system indices is defined in

• Reference 19 • This set of indices has been evaluated for the -

6-line and 8-line systems shown in Figure 5.1 and are given in

Tabl�s 5.2 to 5.9. The reliability indices calculated with and

without considering protection system .failures are included in

these tables for �omparison purposes.

The annualized bus indices are listed in Tables 5.2 and 5.3.

Table 5.2 shows the effect of protection system failures on the

bus failure probabilities and frequencies. For the 6-line system, !

single independent outages do not have any effect at bu� 2,

however, there is a significant contribution to the indices when

·._:::�:nngle outages of protection systems (ground faults) are included.
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The contribution to the indices at bus 2 r.emains the same due to

protection system failures even when double contingency situations

are considered. This is because the major contribution in this

case is from the load point breakers (15 and 16, Figure 5.9). The

indices at buses 3, 4 and 5 are dominated by single outages,

however, the indices do change significantly in all the cases when

protection system failures are included in the· analysis. The

effect on the failure frequency is more noticeable in all the

cases listed in Table 5.2.

For the 8-line system, the single independent outages of

current carrying components do not �av�.any impact on the syste�
.. ::..�-

performance. When protection system related singl� or double-

contingency levels are included, the indices at all the buses

increase. The contribution to the failure probabilities at busses 3, 4 and 5

due to protection system failures is .more significant in this case and
1'.__

is 12%, 37% and 16% r e s pe c t Lve Ly , When a double contingency level

is �onsidered together with the failures of protection systems,

the failure frequencies at buses 3, 4 and 5 are l.33, 3 and 1.6

times the indices when protection system failures are not

included.

An examination of Table 5.3 shows that the annualized number

of load curtailments increase at al� the buses due to protection

system failures. The indices at buses 3 and 5 are dominated by

single outages in the case of the 6-line system and those at buses
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2 and 4 are dominated by protection system failures. For t�e

8-line system, the major· contribution is due to the �utages

relating tb protection aystems. The annualized load curtailment,

ener·gy curtailed and dura t Lo n- of c·urtailment indices Lnc r e a se

signific�ntly at all buse� f�r the 6-line system, however, fo� the'

8-line system the indices at all buses are domiriated by protection

syst�m failures. The ·annualized riumber of v�lt.ge viol.tions.

increases mode��tely at .all buses in the case of the 6-line system

and th�r� ·is a significant increase in the case of· the 8-line

system.

The maximum bus indices i.e. maximum load curtailed, maximum

�nergy c�rtailed and maximum duration of load curtailment a�e

listed in Tables 5�4, 5·�5 and 5.6 r�spectively. In the case of

the 6-line system, the maximum indices at buses 2 and 4 are

dominat�d by the pro�ection. system failures. At btises 3 and .5,

the majo.r effect is due to single. outages . and .. independent

overlapping outages, however, the maximum load curtailed at .bus .3

due to single outage situations changes with protection system

failures. For the 8�line system; the maximum load curtailed and

energy curtailed ch�nge significantly in the case of buses 2 and 3

�ith the consideration of protection system failur�s·. The same

iridices at buses 4 ind 5 change in the sing1e outage situ�tion.

The maximum duiation of load· curtailment changes for single

contingen�y cases fo� the 8-line system and the contribution is

due to the load point breakers.



Th� an�ualized bus averages obtained with and w.ithout
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protection system failures are compared in' Table 5.7. The

duration of the multiple outage relating to· .protection ' system

failures is �f the ord�r of 9ne and one half hours, therefvre. th�

average energy not supplied' and duration of curtailmen·t increases

in some cases and decreases in others with the inclusion of

protection' system fail�res. The av�rage load curtail�d' increases.

at all the buses.

The general increase in all' bus indices by considerin�

protection system .failur�s can be see� in both. the 6-line and

8-line systems. The increase is most significant in the case of

the' 8-line system as the single line outag�s having relatively

high probability do not have any. effect on the s.ystem. performance.

The annualized system indices obtained with and without protection

system failures are compa�ed in Ta�les 5.8 and 5.9. These tables

show a significarit increase in most of the system indices with the.

inclusion of protection system failures.



Table. 5.2 Load Point Failure Probability and Frequency
for the system shown in Figure 5.1

Case Description
6-line SysteiA

Bus 2
Probability· FrequenCy

Bus 3
Probability Freque��

Bus 4·.
Probability Frequency

Bus 5·.
Probability Frequency

1
2
3
4
5

Sin:Jle Outages I 0.00000000 0.00000000 0�00796343 7.15040588 0.00497.714 4.46247101 0.00597257 ·5.35394728
Sgl out with GF 0.00000298 0.01750194 .. 0.007977584 7.25271797 0.00498117 4.50454330 0.00597592 5.40068007
591 out with PF. 0.00000302 0.01779118 0.00802567 7.54275608 0.00500388 4�63631058 0.00599639 5.51914549
Double OUtages 0.00000255

. 0.00453407 0.00898056 8.19758320· 0.00562033 5.12946749 . 0.00671280 · 6.10382032
Dbi out with PF 0�OOOO0557 0.02223290 0.00904215 8�58948511 0.00564665 5.30302286 0.00673614 6.26370573

....

8-line System 0
\0

Sin:Jle Outages 0.00000000 0.00000000 . 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000·
Sgl out with GF 0.00000296 0.01740032 0.00000296 0.01740032 0.00000296 0.01740032 '0.00000296 0.01740032
591 out with PF ! 0.00000300 0.01759543 0.00000772 ·0.04528866 0.00001789· 0�10497621 0.00000602 0.03536223
Doul)1e OUtuges i 0.00000000 0.00000000 0.00006452 0.11465392· 0.00003071 0.05452624 0.000031e4 · 0.05653557
Dbl out with PF 0.00000300 0.01759548 0.00007219 0.1598643f 0.00004858 0.15946524 0.00003784 · 0.09185916·

Sgl. out = Single vutage.
Dbl. out "" DCllble outage .

GF ; Ground fault on circuit break6rs
PF = Protection System failure modes·

1
2
3
4
5

\
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Table 5.3 Annualiz.ed Load Point Indices for the

system shown in Figure 5.1

No. of Curtailments Load Curtailed Energy Curtailed . Duration of·

I
Voltage Violati�n8

(M'.J) (MWH) Curtailment (Urs.)
Bus 11:>- Bus no. .Bus no· Bus no Bus no.

2 . 3 4 5 2 3 4 5 2 3 4 5 2 3 I, 5 2 3 ·4 5

0.))0 2.69 0.00 0·90 0.00 38.76 .0.00 8.96 0.00 377.21 0.00 87.20 0·00 26.16 0·00 8.72l0.00 ··4.46 4.46 5.36

C.02 2.77 0·03 0·92 0:35 41.15 1.OS 9.22 0.52 380.54 1·5'1 87·53. 0.03 26.27 0.04 8.75 0.02 4.!J0 4.50 5.40

0.02 2.98 0·.07 0·95 0.35 45.50 2.81 9 .• 54 0.53 381.06 4.20 88.00 0.03 26.58 0.11 &.80

I
0.02 1,.61 1i.6li '·52

O.CO 3.14 0.04 1;05 0.01 49.13 0.60 10.43 0.07 448.61 2.95 99.08 0.02 19.78 0.22· 9.96 0·00 5.07 SolO 6.10

O.O:! 3.43 0'}2 1.11 I). 37 55.81 3·41 11.00 0·60 458.1,1 7·15 99.87 0.05 30.19 0;33 10.04 0.02 s.n . 5.27 6.26

CG.�.�!\�..

�-ii:teSynem
1

0.00 0.(10 0.00 0-00 � O�OO O�OO 0.00 0.00 0.00 0-00 0.00 0.00 0.00 0.00 0·00· 0.00 I 9·00 0-00 0·00 0.00

0.02 O.O:! 0.02 0.02 0.35 1.48 0.70 0.11 0.52 2.21 1-04 0.26 0.03 0.03 0.03 0.03 0.02 0.02 O.O:! 0.0:

0.02 0.05 0.10

0.041°.35
3.76 .. 4.20 0.35 0.53 5.61 6.27 0.53 0.03 0.07 0.16 .0.05 r 0.02

0.04 0.10 O.C ..

. O.OJ. 0.06 0.00 0.00 0·00 0.82 0-12 0.02 0.00 4.06 - 0.58 0.10 0.00
.

0.32 0.02 0·01 0.00 0.05 0.05 0.06

0.02 0.11 0.11 0.04 1).35 4�58 4�32 0.37 0.53 ·9.67 6.85 0.63 0.'>3 0.39 0.18 0.06 0.02 0.10 0.16 0.09

';;;'9�no- D .....cription

&1.n0;1o:: Out;;!:,,>!
:! Singl" (Julag"s "itn ground f:ault on ProcectiQn System
:, ·:;i:_�le VU;"bes vith Protection :;YSt81l1 teilure IiIOdes

.

" v""bl" OatalWs
5 j)c.ubl" O::t4GU witn l'rotection System faUl!re IIIOdcs



Table 5.4
'

�ximum Load Curtailed for the

system shown in Figure 5.1

lIus no· 2 lIus no. 3 lIus no. 4 1'>U$ no· S
Case: no· l4LC Out.lge Probability MLC Outage 'Probability ULe, Outage Probability MLC Cutas .. l'r.:>bability

MW Condition MW Condition �IW Condition tlW' Condition

i.-line Sys tem
0.000 f14�4193 Ll Ouc1 0.000 ;.. 0.00149.31 0.000 - 0.000 10.00 LS Put O.00099�4

2 20.000 BlS CJ! O·OOOOOIS 85.000 1121 OJ! i). 0000015 40.00 1127 OF 0.0000015 10.00 L5 Out 0.OOQ994i
3 20.000 US OF 0:0000015 85.000 Ll Out" j).OOOO022 40·90 L2 Out " 0.0000075 10.00 L,5 vut 0.uOO9946

!l22'Stuck 11,26 Stuck
4 3.2258 Ll,Lb Out 0.0000926 &5.000 Ll.L2 Qut 0.90000&5 40.00 L2.L4 Out 0,0000057 10.00 L5 Ou't 0.0011152
5 20.000 ii15 OF 0.0000015 85.000 Ll.L2 Out 0.0000085 40.00 L2 Out " 0.0000075 10.00 L5 Out (l.O(illl!'''

1),26 Stuck

8-:1ioo'System,
1

.

0.000
2 20.000
3 20.000

4 0.000
5 20.:000

BlS CF
tl15 OF

,0.000 0.000 - 0.000 0.00 - 0.00 0·00, - 0.000
0.0000015 85.000 !l21 GF 0.0000015 40.00 826 OF' 0.0000015 10.00 828 GF 0.0000015 ....

(1.0000015 as.ooo L2 Out " 0.0000022 40.00 L2 O'ut & 0.0000074 10.00 LS Ou t & O.OOOOCB
....

B'22 Stuck B26 Stuck 829 Stue"
....

\J.OOO 13.5284 Ll.L2 Oue 0·0000085 25.9279 , Ll.L6 Out 0.0000025 10.00 L5.L8 Out, 0.0000011
0.0000015 85.000 L lOut Iii 0.0000022 40.000 L2 Out " 0.0000074 10.00 LS Ou t s 0.0000015

822 Stuck 826 Stuck 1129 Stuck'
815 GF

Cas .. n.:>. Description

J

Stngle Cutages
Sihgle OUC���M vith groun4 fault Qn Protecti�n Syst�m
Single Uut"il�S with ¥rotectioQ Syslum failure modes
Doubl� Oucag�s

'

�ouble Outages with Protection System fai�ure modes

2

�
5

CF
I:

Ground Fault on Protection System
�r<:..lkE:r

l.. i..i.ne



Table 5.5 Maximum Energy CUrtailed for the

system shown in Figure 5.1

Bus QO. 2 �ua RO· 3 Bus QO' ·4 II ..... RO· S

miC
.

Outage P,"obability MEe Outage P,"obability MEe Ouea¥e rrobabiliey I1EC Outage Probabi.lity
C..seno.

llWH Condition IiWli ConclitioQ HWIi ConditionHioIli Condition

6-line.System
0.000 0.0001 0.000 - ·140.3335 Ll Out 0.0014931 O.�OOO - 97.2692 LS Out 0.00()'j\l54

2 29.8738 B15 GF o � 0000 iH 5 140.3335 L1 Out 0.0014931 59.7476 827· GF 0.0000015 97.2390 LS Out C}.(;OO99H
3 29.8741

.

B15 CF G.OOOOOlS 140.2976 Ll Out. 0.0014922 59.7990 L2 Oue & 0.0000075 97.2444 L5 Out 0.0009948
B2b Stuck

" 15.9130 Ll,Lb Out 0.0000026 420.1354 Ll,L2 Out 0.0000085 197.6550 L2,L4 Oue 0.0000057 97.2859 L5 Out .. 0.0011152
5 29.8741 B15 OF. 0.0000015 420�OS08 Ll:L2 Out 0·0000085 197.6294 L2.L4 Oue 0.0000057 I 97.2616 L3 Out 0.00)11144

8-lineSyueem
1 0·000
229.8432
329.8432

4 0.000
5 29· 34.32

B15 CIi'
SIS cr

0,0000 0.000 - 0.000 0.000 - 0.000 0·000 - 0.000
0.0000015 126.8337 B21 'Cli' 0.0000015 59.6864 826 CF 0.0000015 14.9216 828 CF 0.000u015
0.0000015 126.8659 Ll Oue & 0.0000022 59.7372 L2 Out & 0.0000074 14.9241 L8 Out &' 0.0000015 ....822 Stuck B26 Stuck B29 Suck

....
0.000 66.6420 Ll,L2 Out 0.0000085 127.4724 Ll,L6 ou� 0.0000025 49.1366 L5,LS Out 0.0000011 N
0.0000015 126.8659 Ll Out & 0·0000022 127.4$16 Ll.L6 Out 0�00OO025 49.1286 L�,18 Out 0.000e011815 G�'

Casenu. Description

1
2
3
4
5

Sin�iQ Outl:t�t!s
Single Outages with ground fault on Prot�ction System
Sin�lc Outn&"s with Protection System failure modes
r)o\lb1" Outage:>
D�ubi" uutas's wi,h Protection System failure modes

1.

Gr�u"d Fault on PeQLection Syste�
Brc�ker

.

Line

\;&
b



Ca""no·

Table 5.6 Maximum Duration of Load Curtailment.
for the system shown in Figure 5.1

aus �o 2 Bus no 3 Ius no· 4 Bus no· 5

IK�LC
D�tagu probabilitYI�ULC Outagm ?rOb4bllltYIUDLC Outage probabilltYI�DLC DULage Prob�bility

Hour� condition Huurs Cubditi�n llours.Condition Hours Conditi�n
.

.
.

<,-linoSyste::l
1 O.OvO - 0.1)00 �. 732 Ll Qut 0·0014931 0.000 - 0·000

19.727
1.5 Out 0.0009954

1 1,494 tIS GF 0·0000015 9.729 L1 Out 0.0(114921 1.494 1127 e.' 0·0000015 9·7;,(4 LS Out {I.0009947
3 1.494 815 CF 0.0(100015 9.730 Ll Out 0.0014922 1·492 L2 Oui: " 0.0000075 9.724 L5 Out 0.0009948

B26 Stuck
" 4.933 Ll,L6 O�t 0.0000ij26 9·634 Ll Out 0.0016727 4.943 Ll L2 Out 0.0000085 19.629.L5 Out 0·0011152
5 4.932 LIAL6 Out.0.OOOO026 9.631 1.1 Out 0.0016717 4.942 Ll,L2 �ut b.oooooSS 9.626 L5 Out 0.001114 ..

8-UneSyst ..m
1

10,(1002 1.492 Sl5 G�
3 1.492 a15 CF

0.000
1.492 B15 CF

4

5

Cas..no.

I
2
3
4
5

cr
B

L

0.000 0.000 - 0.000 0.000 � 0.000 0.000 - 0.000
0.0000015 1.492 1121 GF o 0000015 1.4921126 GF 0.0000015 1.492 B28 GF 0.0000015 -
0.0000015 1.493 Li Out" 0.0000022 1.293 L2 Out" 0.0000074 1.492 L8 Out" 0.0000015 -

1122 Stuck B2b Stuck B29 Stuck W
0.000 4·926 Ll,L2 Out 0.0000085 �.916 Ll,L6 Out 0.0000025 4,914 L5,L8 Ou� 0.0000011
0.0000015 4.925 Ll,L2 Out 0.0000084 4.916 Ll.L6 6u� �.OOOO025 4.913 L5 L8 Out 0.0000011

Description

Sin{;,l� Ou�ag·e&
S1.ngle (iutasas with ground fault on Prot!ilc�ion .>Ystem
Sintl� O�=ag�ti with Protection System failure modes
Doub Le OUt3f,I.lS
Dc-uble· Out.:ges w,i�h Protec�lon System ia·ilu·re lIlodes

Crou�d Faul; on Protection. System
Dc.::ak,,;
Lir,(:



Cas..ao-

6-lineSyt>tela
1
.2
3
4
5

8-lineSYlitam
I

.2
3
4

5

Cas\:no·

2
3
4
5

Table 5.7 Bus Indices Average..; for the system
shown in Figure 5.1

Bus no • .2 Bus no· 3 Bus no.4 So:> rio). 5

., Lc:.&d
. Enl:rtiY not Duration of Load tnergy not Duration of I.oad En"rllY not Duration at ,LoDd Ene.:�y not· lluratil)o of

, Ciutailec1· Supplied Curtailmen Curtailed Supl'.lied Curtailment Curtlliled Supplie.i CI:rtailm.:nt "Cilnaile.:t Sup�lied . Curta.1llllent

I
Nl< }n.Ilf Mours �lW MWIt lIours t:w tIl,'!! }lO'H',. NW HW!I Hour$

0.000 0.000 0.000 14.419 140.333 9.732 0.000 0.000 0·000 10.000 97.269 9.727

izo.oco ,.29.814 1.494 14.831 i37.160 9.248 140•0;)0 59.748 1.4S4 10·000 9".S97 9·490

120'0;)0
29.S74 1 494 15.284 130.015 8.507

140.000,
59.781 1.495 10.000 92.291 9.:;29

3.2�6 'lS.9l3 4.933 15.660 143.004 9.132 13.324 65.837 4.941 9.900 94.064 9.5(12

It.·SSI 27.028 1.630 16.307 13;3.807 8.206 29.628 62·132 2.097 9.905 89.952 9·082

I

10.(;00 I ....

0.000 0.0U<I 0·000 '0.000 0.000 0.000 0·000 0.000 0.000 0.000 0.000 ....

i,2!).(IO() 29.il43 1.4!J2 ,85.000 121>.834 1.492 40.000 59·686 1·492 10·0\)1) 14·922 1.492 �

j2v.OUO 2�.843 1.492

r3•025
123.906 1.492 40.000 59·729 1.:'!l3 10.000 14·923 1.4i12

10.000 0,000 0·000 12.752 62.223 4·926 25·928 127.472 4.916 10.000 49·137 4.914

!20.(l00, 29.843 1.49:t 4l.714 81.990 2.109 39.420 62.521 1.586 10.000 16.761 1.676

['escrip,t10n

Single Out ..g"$
5in,;le OUtoigllli ....s til ground fault on Protection System
Si�&l& Outag�s with Protection Syst�m fail�re codes

D':'l.Ibj,e OutD8""
D�tible Outage. wi�h P.:otection System ,failure modes



I:ldices

"1.:H:Po�:erSupply
�i:;tur':a.ncee

�i�dices

Table 5.8 System Indices for the system shown in Figure 5.1

1

).,58441

(i)";?ul�Pc•.:erIntcrn;.ption
Zt·.�·n;(:.:·;;/:,;�·:-Year)

(:.1)�ul!t�?\':erEr.errs •.
2.99617

C'.ir1:a�_:t!!�tIndex (,,, nj'l:ear)

\iii);:ulkP"....t:l·Su!'ply A-.rcrnGe
j.:'.;Cur�ai1:::eritI:-:dex

.

(�::·;/i.;isturbaI:ce)

(iv)l.:cdifiedEulkPower
Enerf,YCurtail�ent Index

t·;)�t�'.."�"!."'i�.y!,j,l,;ox
(::::(.1-:(':7.-:.:1:1,::;es)

�·:s't:':-.�nc.i::�5Av�rar;d

(1)A'!'.1r:l,e:.ofl·":ldCurtail
::.entsi'lcadFoint/l'c:ar
I,.t)
,--..��i���.:l.�a�f!���;.�;r-�a�iol-
(iii);.nr:lf,a(,of":i:urs of :;:'Cl'.d 8.71995
�wr;:lil�;<?:1-:-l':/:,C::;.:! Foil:t/Yr. (hours)

11.9307)(i'/),h'erSir�LeadCUJ:'t3!.lEiu/
"-ca.;!?oint/Year(�:;�)

(.,.:"",,��.-�:;·r(!�,-'C"-tailed/
�.�;i·"r.�:;t/)·�3.r(!�::.:::) .

0.30789

l).)1If02

2

).73182

0..)340.2

).0..)))1

1).67)23

6-l1ne System
J

3.98695

.

0·)7551

).09544

14.,59862

Case n,wber as desoribed under the table

4

._ 4.18171

0.)8816

3.55294

14·36757

5

4 • .5840.,5

'0.45575

).6518;

15.41012

1

0.000

0."00

0.000

181.998

0.9)514

3·60463

8.77277

12.94310.

117.54060

18;.727

1.00464

3.69560

8.8770.1

14.550.99

119·94843

.21).116

1.168)8

4.06504

219·111

1.16838

4.18966

9.99494" . 10.1;118

.

17.660.1815.04138

f.::l:i.!t:�sc�toti("!1

1:'1.61625

0.000.

0.009j420)
.
0.000)4627 0.00035336 o, 000.40.5.59 O� 00041688 I 0.000

179·770

0.69610

'·57097

116.10169

1
2
.3
4
5

::i:'!5:1e out"ge
Single outage with �round fault on Pro�eotion System
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Caseno.
Maximum Load· Curtailed (MLC)

l.fLC Outage . Probability
(MW) Condition

Maximum Energy Curtailed (MEC)
MEC Outage Probability
(MWH) Co�dition

Table 5.9 System Indices. Maximums for t he

system shown in Figure 5.1

6-1ineSystem
1 14.42 Ll Out 0.00149314 140.33 Ll Out 0.00149314

2 85.00 B21 GF 0.00000149 140.29 Ll Out 0.00149211

3 95.00 B21 GF & B26 Stuck 0.00000001 141.90 B21 GF & B20 Stuck 0.00000001

4 90.47 Ll & L2 Out 0.00000851 441.15 Ll & L2 Out 0.00000851

5 95.00 B21 GF & B20 Stuck .O.OOOOQOOI 441.09 Ll & L2 Out 0.00000851

8-lineSystem
1 0.00 -

. 0.000 0.00 0.000

2 '85.00
.

:821 GF 0.000001'48 126.83 B2. GF 0.00000148

3 85.00 Ll Out & B22 Stuck
.

0.00000223 126.81 Ll Out & B22 Stuck 0.00000223

4 29.16 Ll & L6 Out 0.00000254 143.38 Ll & L6 Out' 0.00000254

5 85.00 Ll Out & B22 Stuck 0.00000223 143.35 Ll'& L6 Out 0.00000253

....

....

0\

Caseno· .Description

1
2
3
4
5

Single Outages
Single Outages with groubd fault on breakers

Single Outages with Protection System failure modes

Double Outages
Double Outages with Protection System tailure modes

GF
B

L

= Ground Fault on Protection System
Breaker

Line

-

-



common performance indices are: System Average Interruption
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5.5 Rell�bility Indices at Customer Load Points

The basic indices normally used to predict the reliability at

the customer load point are Load Point Failure Rate, Average

Load Point Outage Duration and Annual Load Point Outage Time.

Utilities also calculate service performance indices and the most

Duration Index (SAIDI), System Average Interruption Frequency Index

(SAIFI), Customer Average Interruption Duration Index (CAIDI) and

Average Service Availability Index (ASAI). A recent paper [45]

reviewed some of the basic techniques for the evaluation of load

point reliability indices and performance indices and provided

example calculations on a radial distribu�ion system ••

It was assumed in Reference 45 that power ,supply up to the�

feeder breaker was 100% reliable, however, this is not the case as�
illustrated in the previous section. In this section, customer \

1

I
load point reliability indices are calculated including the bulk"

,

supply effects. This is accomplished by taking into consideration 1
,

the probability and frequency of failure at the feeder point (load \
point of a composite system) of s*itching stations 2 an� 3 of �

Figure 5.1 and representing the distribution system as shown in

Fi8ure 5.12. Identical radial �ircuits are used to represent t�e

d�stribution configurations connected to the switching stations 2

and 3. In a practical network, the distribution facilities may be

much more complex than those shown in Figure 5.12. The

configurations utilized does permit, however, ' a relative

comparison of the contributions to the customer indices from t�e

eomposite system and the dist�ibution network.
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Probability of successful isolation of a primary
lateral fault - 0.9
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Figure 5.12 Radial distribution system·

The data for the system shown in Figure 5.12 is given in

Reference 45 and is shown below.·

Prima:r:y Main 0.10 failures/circuit mile/year
.3.0 hours average repair time

0.25 failur�/circuit mile/year
1.0 hours average .repair time

Primary Lateral

. .

.

Manual sectionalizing time for any switching action - 0.50 hours

The analysis for both switching stations is given .in Tables

5 • lOt 0 5 •.1 3 • Only·�ontinuity of supply is considered and load

curtailment is �onsidered as load isolation.
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5.5.1 Reliability indices of customers connected to

SWitching Station 2

(i) 6-line system

Failure rate and average outage duration of power supply to

the distribution feeders are as follows':

Failure rate (Table 5.3, # of curtailments) = 0..0.2 f/yr
Average outage time(Table 5.7 ,Duration of curtailment) = 1.63 hrs

Table 5.10. Reliability indices for customers connected to

Station 2 of the 6-line system

Load Point A Load Point B Load Point C

Component A r Ar x r Ar ). r Ar

f/yr hrs hrs/yr f/yr hrs hrs/yr f/yr hrs hrs/yr

Feeder power 0..0.2 1.63 0..0.34 0..0.2 1.63 0..0.34 0..0.2 1.63 0..0.34
supply
Primary main

-

_. '.

2 section 0..20. 3.0. 0..60. 0..20. 3.0.0.,0..60. 0..20. 3.0. 0. .60. ,

-

m

3 m section 0..30. 0..50. 0..15 0..30. 3.0. 0..90. 0..30. 3.0. 0..90.
1 m section 0..10. 0..50. 0..0.5 0..10. 0..50. 0..0.5 0..10. 3.0. 0..30.

Primary la teral
3 m section 0..75 1.0. 0..75 0..0.75 0..50. 0..0.38 0..0.75 0..0.5 0..0.38
2 m section 0..0.5 0..50. 0..0.25 0..50. 1.0. 0..50. 0..0.5 0..50. 0..0.25
1 m section 0..0.25 0..50. 0..0.13 ,0..0.25 0..50. 0..0.13 0. .25 1.0. 0..25

----- ----- ----- ------ ----- -----

Total 1.445 1.12 1.622 1.22 1.75 2.135 0..995 2.16 2.147

(ii) 8-line system

Failure rate (Table 5.3, # of cu�tailments) = 0.�02 f/yr
Average outage time(Table 5.7,Duration of curtailment) -= 1.49 hrs

Table 5.11 Reliability indices for customers connected to

Station 2 of the 8-line system

Load Point A Load Point 'I Load Point C

Component .). r ).r A r . ).r A r Ar

f/yr hrs hrs/yr f/yr hrs hrs'lyr f/yr hrs hrs/yr

Feeder power 0..0.2 1.49 0..0.3 0..0.2 1.49 0..0.3 0..0.2 1.49 0..0.3
.:.!,,� s up pLy

Primary main 0..60. 1.33 0..80. 0..60. 2.58 1.55 0..60. 3.0. 1.80.

Primary 0..825 0..96 0..788 0..60. 0..92 0..551 0..375 0. .83 0..313
Laterals

----- ----- ----- ----- ----_ -----

Total 1.445 1 .12 1.618 1.22 1.75 2.131 0..995 2.15 2.143



Primar.y
laterals

0.825 0.96 0.788 0.60 0.92 O�55 0.375 0.83 0�313

....----
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5.5.2
.

Reliability indices of customers connected to

Switching Station 3

(i) 6�line �ystem

Failu�e rate and average outage duration of power supply to

the distribution feeders are as follows:
.

.. .. ..
.

F�ilure rate (Table 5.3, # of curtailments)
Average outage time(Table 5.7,Duration of
hrs.

.
.

• 3.43 flyr
curtailment). - 8.206

Table 5.12 Reliability indices for customers eonnected to

Station 3 of the 6-1ine system

, Load P�int A Load Point B Load' Point C
1 'r �r � r' lr l r Ar

f/yr hrs hrs/yr £/yr brs hrs/yr f/yr hrs hrs/yr

Feed�r po*er 3.43 8�21 28�15 3.43 8.�1 28.15 3'.43 8.21 28.15
supply
Primary main 0.60 1.33 0.80 0.60 2.58 1.55 0.60 3.0 1.80

Component

----- ---� ----- -�--- ----- -_ ..._-

Total 4.855 &;12 29.73 4.63 6�53 30.25 4.405 6.87 30.26

(ii) 8-line system

Failure rate and averag� outage duration of power supply to

.' .
. .

the di�tribution feedeis are as follows:

Failure rate (Table 5.3, # �f curtailments) - 0.11 f/yr
Average outage time( Table 5.7, Dur a t Lon of curtailment) - 2.11 hrs'

Table 5.13 Reliability indices for customers connected to

Station 3 of the B-line system'

Load Point A Loaa Point B Load Point C

l r lr l r �r A r Ar
f/yr, hrs hrs/yr f/�r hrs hrs/yr f/yr" hra hrs/yr

Component,

1.3,3 0.80 0.60 2.58 1.55 0.60 3.0 1.80

Feeder power 0.11

supply
Primary main 0.60

2.11 0.232 0.11 2.11 0,.232 0.11 2�11 0.232

Primary
laterals

0.825 0.95 0.788 0.60 0.92,0.55 .O�375 0.83 0.313

-----

Total 1.535 1.19 1.82 1.31 1.78 2.332 1.085 2�16 2.345



is only 7% in the case of the. 8�line .system (Table 5.13)� This
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The relative contributions to the reliabilit1 indices for

customers connected to. Station 2 in the 6-line and 8-line systems

are shown in Tables 5.10 and 5.11 respectively. These tables show

that the contribution due to b�lk power supply is relatively very

small in comparison to the contribution by the distribution

network. This. is becaus� the distribution feeder ia directly

connect�d to the generating station and
.

the transmission system

d�es not have much effect in this case. The reliability indices

of customers connected to Station 3 are .listed in Tables 5.12 and

5.13 for the 6-line and 8�line syste�s respect�vely. Table 5_12

shows that the contribu�ion due to bulk power supply for customers

at load point A.is 68% of the total indices calculated where as it

abrupt. change in the contribution· is due to the inadequate

transmission facilities in the case of the 6-line system. Simila·r

effects are for customers at ·load point Band C. With the

increase in transmission facilities i.e. by installing lines .7·

and 8 in the system of Figure 5.1, the contribution due to the

composite system decreases· significan.tly. T·he results shown. in.

Table 5.14 are for comparison· purposes. The indices for the

.customers connected to Station 2 are the same in both the. ·6-line

arid 8�llne systems. In the cas� of Station 3, there is a big

change in the inqices from the 6-line system to the 8-line system

cases for the reasons .described earli�r •.



indices in particular. For the 8-line system, the main
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A sumnary of the results is shown in Table 5.14.

Table 5.14 Reliability indices for customers connected to

stations 2 and 3 of the 6-line and 8-line systems

Load Point A Load Point B Load Point C

Case

d e s c r+:

iption

Fail. Ave. Annual Fail. Ave. Annual Fail. Ave. Annual

U A r

hrs/yr f/yr hrs

out. outage rate

duro time

A r

f/yr hrs
U A r U

hrs/yr f/yr hrs hrs/yr

out. outage
duro time

rate out. outage rate

duro time

6-Line
System

S tat i on 2 1,. 44 5 1. 1 2 1. 6 20 1. 22 1. 7 5 2. 1 3 2 6 O. 99 5 2. 16 2. 14 5

Station 3 4.855 6.12 29.73 4.63 6.53 30.25 4.405 6.87 30.26

8-Line
System

Station 2 1.445 1.12 1.617 1.22 1.746 2.131 0.995 2.15 2.143

Station 3 1.535 1.19 1.82 1.31 1.78 2.332 1.085 2.16 2.345

The effect of protection system related �utages on bus and

system indices has been illustrated in this chapter using � 5-bus

hypothetical test system. The reliability indices of a 6-line

system are dominated by independent overlapping outages, however,

the results show that the protection system failure modes have a

significant impact on all the indices and on the maximum bus

contribution to the reliability indices is due to protection

system related outages as single line outages do not have any

effect on the system performance. The results demonstrate that

before considering second and higher order independent events,



to the composite system decreases significantly with an
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multiple outagas due to protection system failures should be taken

into c6nsideration in order to provide a realistic appr.isal.

The analisis
.

of customer l�ad· point� teliabillty indices

illu.trates the effect. �f composite generation and tran�missi6n

system reliability indices on customet load·point. predictions. It·

also illustrates that the contribution .to the customer indices due

i�provement in the transmission f�cilities of the bulk po�er

supply. .The rel�ability indices. for customers· connected to

switching stations, wh.re there� .ls no generation, have higher

values than those customers connected directly to a generating

source. This is due to the impact of transmission system outages,

how.ver, this effect diminishes with an incr�ase ia
.

the

transmission facilities. The results calculat�d by considering

generation, t�ansmission and distribution systems together give a

more practical a�prai�al of the system than considering either

composite or dis�ribution faciliti�s singly.

The approach described in this chapter is. quite· general and

can be extended to a wide range of practical �yste�s depending

upon the data available.



protection systems are assumed to be perfectly reliable •. Some.
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.

6. CONCLUSIONS

This.thesis has illustrated the different failure modes which

exist within a proteet10n system and has considered. thei� effects

o� load point reliability indices. In most of the presently

available techniques for composite system reliability evaluation,
"

aspects of the problem particulirly in the composite system.

analysis, are so complex that 'an
.

accurate model may sometimes

become computationally expensive. Realistic models should

therefcire adequateli represent the true system performance und�r

all system. conditions· and at the same time be computationally

manageable •. This may require makin'g some. simpllfing 'but

reasonable' assumptions. The selection of the best possible model-

to describe a' practical situation is possible only
.

with

comprehensive data coll.ction.

A protection system has m.any failure i.e. a stuck

breaker or relay ..
condition, a false tiipping, failure of the de

supply etc. in addition to ground faults •. Each failure mode has .a

different impact on the �y�tem. To e�timate the parameters of the

protection system failuie modes, �eliability performance data is

required for each component of the system. Unfortunately,

detiiled data on proteetton system components are not �enerally

available at this time. A consistent effort in this area is

required. from the utility companies. The models developed in this

thesis and their utilization in composite system. reliability



In this thesis, transmission and distribution systems
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evaluation. should prove useful in deciding which data .should be

collected and in justifyin·g the cost associated with col·l·ecting
these data.

The failu�e modes and effect. analysis methtid is s" very

powerful rellabilitt. technique and has been applied to determine

the various load point failure modes within the transmission

system .: .This
.

requires a detailed knowledg� of the behaviour of

the system and all the inherent system processes that lead .to a ..

l.oad point failure. The contribution to the load point

r�liability indices du� to �arious failure modes can be evaltiated.

using the equ�tions described in this thesis.

..
.

r�liability perf�rmance has been measured in terms of frequ�ncy of

failure, average outage duration and total annual outage time.

All three indices are important in o�der to make a meaningful
.

.

comparison of various system configurations. .The reliability

indices· have been obtained at different load points of the system.

This. approach is very useful bec�use � general le��l of system

reliability does not indicate .. how the different continuity

requirements of the customers are being satisfied.

Composite ·generation and transmission system reliability·

evaluation techniques
.

at the

.
.

. .

present time consider· only

independent overlapping outages, arid common-cause outages aa

defined i� Refe�enc�. 39. The outages relating to terminal-

stations and protection systems have in some cases been accotirtte·d·
for by increasing the failure rate of· the associated transmission

lines and generators by some fixed amount. This treatment is



I t appears obvious. that. composite system relisbili ty -
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valid only if one component is out .due to a t e rmLna L related

failure. This approach, however, does not recognize that multiple

outages of' current carrying components can occur due ·to a

protection system related cause and do e s . not simulate such a

situation.

This thesis has described and illustrated the cause and

effect of terminal related outages using. the configurations. of two

practi�al subst�tions. The basic approach to c�nsider these

outages. in reliability evaluation of a composite generation and

transmission system'ha� been described based on the approach

-_.
-.�. *-',. . .. _ ...•._----:-

The 10ad point and bus indices haveutilized in Referenc. 43.

been calculated for as-bus .test system' in�luding protection

system failures. The reliability indices of th� 6-line system are

dominated by single line outages� however, the. results show a

significa:nt increase with the inclusion of·' protection system

r�lated events. F�r the 8�line system, proteciion system related

outages have a larger contribution t6 the.lo�d p�int and system

indices than independent overlapping outages. It is .suggested

ther�fore that protection system related outages which involve two

or more current carrying comporients should be considered in· the

reliability analysis of a c omp o s I t e generation and tr.ansmission

system -.

evaluation leading to indi.idual lo.d point and global system

indices involves much more than the creation and. examination of 'a

large number of system outage condl.t·ions generated by independent

removal of generation and
.
transmi,a.sion elements. The desire to



The importance of data c611ection with the objective of
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examine high order independent events has dlctated the need for

approximate solution techniques for' the network and for ,the

selection of system and load point failure crit�ria. Recognition

and classificatioQ of dep.ndent e�ents such as common �ode

failures and terminal related outages �ay, however, obviate the

need to examine high .o rd e r independent o u t age events, and also lead

to a more realistic a�praisal of practical aystems. Th�se events�

however, require detailed analysis and data before they can be'l
'I
I

consigned as input to a system appraisal program. They cannot be I

I
included by simple, addi tion to the independent failure rates of

the cuirent carrying components, but should be included as
\,

an)

additional level of component outage data.

Customer reliability indices calc�lated cortsidering only',:

outages in the distribution syst�m will give optimistic %estilts \
, I

because out�g� effects of the composite generation and

transmission system are not reflected in that evaluation. In ,this \

thesi�, customer reliability indices have be en . calculated)

consid�ring the resulting indices of the composite' system' as
"

I
appraisal

J
starting values and 'these indices give a more practical

of the power system as a whole.

It must be noted that the �pplication of the techniqu�s

described in this thesis, depend upon having collected suffi�ient

information regarding, component failure rates, the as�ociated

expected outage durations and the criteria of load point failure'.

reliability evaluation of' various design alternatives should be

realized by utility personnel ,and eff6rt expended to consistently

collect the required data.
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APPENDICES

Appendix A

Definitions' of Outage Te��s

A.l Outage Definitions [53]

Outage

An.outage describes the state of a component wnen it is not

available to p.erform iots intended function due to .some .event

dir�ctly associated with that component.

Outage CategDries

1. Forced Outage

A forced outage is an outage that results from emergency

condition� directly a�sociated .with·� component requiring that it

be taken out of servic� immedi�tely� either automatically· or as'

.
.

.

soon as switching operation can be performed, or ari outag. caused

by improper operation of equipment or human error.

�. Scheduled Outage

. A scheduled outage ·is. an outage that results �hen a component

is deliberately taken out of service at a selected time, usually

. for th.e purpose of' construction, preventive maintenance or repair.

Forced Outage Categories

1 •. Transient Forced Outage

A transient or temporary forced outage is an outage whose

cause i� self-clearing so that the affected component can be

restored to service either automatically or as soon as a switch or



A permanent or sustained forced outage is an outage whose

134

circuit breaker can be reclosed or a fuse replaced. An example of

a temporary forced outage is a lighting flashover which does not

permanently disable the flashed component.

2. Permanent Forced Outage

cause is not self-clearing, but must be corrected by eliminating

the hazard or by repairing or replacing the. component before it

can be returned to service. An example of a sustained forced

outage is a wire burndown.

Exposure Time:

.-.

Exposure time is the time dU-ring which a
'

component :is-:r

performing its intended function and is subject to outage.

Switching Time:

Switching time is the period from the time a switching

operation is required due to a forced outage until that switching

oper�tion is performed. For example, switching operations include

reclosing a circuit breaker after a trip out, opening or closing a

sectionalizing switch or circuit breaker, or replacing a fuse

link.

A.2 Definitions of Customer and System Oriented Reliability

indices [54]

1. System Average Interruption Frequency Index

This index is defined as the av�rage number of interruptions

per customer served per time unit. It is determined by dividing

the number of customer interruptions in a year by the number of



customer served.. This irtdex may be applied

temporary interruptions, and this sh�uld

index.

2.System Average Inte�ruption Duration Index

This index ia defined as the average interruption duration

for customers served: during a specified tim6 period. It is

determined by dividing the sum of all customer interruption

durations during the �pecified period by the number of customers

served during that period.

to sustained and/or

be designated in ·the

135

3. Customer Average Interruption Frequency Index

This index is defined as the average number of interruptions

per customer interrupted per time unit. It i. d�termined �y

dividing the number of customer interruptions o�served in a year

by the number· �f customers affect�d. Count customers .ffected

only once regardless of number of· interruptions that may be

.. experienced.

4.
.

Customer Average Interruption Duration Index

This index is defined as .the average interruption duration

for customers interrupted during a specified ti·me period. It is

determined by dividing the sum of all customer interruption

.durations during the specified period bt the number of s�stained.

customer interruptions during that period.
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Appendix B'

Data of the S-Bus Test System

Table Bli' Transmissiori line data

Line. Data

Lines. are assu�ed to be 79S ACSR S4/7.

Current carrying capability c' 174amps� - 0.71 p.u.
Failure rate � O.OS failures/year/mile
Expected repair duration = 10 hours

1,6
2,7
3

4,S,8

Length Impedance P.U. Susceptance Failure . Probability.
miles (b/2) rate of failure

30 0.0342+jO.1800 '0.0106 1.S .0.001713.
100 0.1140+jO.6000 0.0352 5.0 0.005710
80 . o .:Q912+jO .4800 0.0282 4.0 0.004.568 .

20 O.0228+jO.1200 ·0.0071 1.0 0.001142

Line

Table B2. Generation and. load data

Base MVA -100, Base KV -110

Bus No.
'

.. Capacity Total Type Failure Repair Probability
no. Of Of bus of rate

.
rate .. of

units each unit capacity units outage
p. unit p •. uni t

MW MW f/yr
-.

r/yr

1 4 20 80 Thermal 1.1 73 0.015

2 7 S 130 Hydro 0.5 100 0.005
1. 15 Hydro 0.5

.

100 O.OOS
4 20 Hydro O.S 100 O.OOS·

Swing Bus 1

(If bus 1 is isolated from the network due. to an outage

condition, Bus 2 is selected as the swing bus.)
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Peak load is considered constaht through'out the year •

Bus . Peak Power Generation . VAR Voltage Limits
load factor allotted under Limits Maximum Minimum

Peak Load
MW MW MVAR ·P.U.

0 Swing Bus -20 to +20 1.05 0.97
20 1.0 110 -30 to +40 1.05 0.97
.85 1.0 ----- 1.05 0.97
40 1.0 ----- 1.05 0.97
10 1.0 �--� .. Los 0.97
---

ISS

1
2
3
4
5

Table B3. Circuit Break�r Data

Ground fault raie per unit = 0.01 failure/year
Unreadiness probability - 0.01

·Average repair time .. = 20 hours·

Average switching time • 1.5 hours
False tripping rate is neglected
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