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ABSTRACT

Power transmission systems are becoming increasingly complex
as the demand for electric energy increases. The protection
system plays an impeortant role in achieving high reliability by
recognizing and isolating any abnormal condition in the network
within minimum possible time and with a minimum effect on the
healthy system. The protection system itself is, however, also a

potential source of failure. This thesis describes the different

failure modes within the protection system and their effect on
load point reliability indices. : ‘ '

A number. of techniques are available for reliability
evaluation of power systems.  Protection systems are generally
assumed to be perfectly reliable 1in most of these techniques.
Simple equations are developed in this thesis to include
protection system failures in transmission system vreliability
evaluation. - These equations can be used in conjunction with the
cut set approach to evaluate the .outage frequency and duration
indices at different points in g transmission systenm.

Terminal related outages resulting in the removal of 1line
and/or generating units can occur in a power system because of
faults on the protection system i.e. ground fault on a breaker, a
stuck breaker or  relay condition, battery failure etc. These
failures are normally of short duration but can result inm multiple
outages of current carrying components. The effect of such
outages on 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

' _composite  generation and transmission system are also described.

1
{

The results of the composite system are calculated including.
protection system fallures wusing a S-bus ‘test systenm. The

resulting indices are then wused 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

_‘ Elec;rical energy 1is ‘an ‘essential -ingredient . ip _'the
devélopment of a moderpfaoéiety. _In'o:defrto maintain-an‘adéquate
supply of eléctricity to the public and 1industry, sta;e.fﬁnd
provincial - bodies have inaéted laws giving government and private
utilities and‘corﬁorétidns the:monoply to generate, transait ‘and,~
distribute eLectrical-.eﬁergy within given geographical‘areﬁs. -
Electric power compaﬁies'havé invested a subétantiall.émount' of"
capitai ~ in géuerating stations, transmission A linesu :and
distribution networks :tb, provide - - an gccepfable quélify of
'.electricél energy .to their consumers. . iit is not feas;ble
econdmically and technically to attempt to design a poﬁer system
with_one'hundred percent feliability.. Power system engineers have
always attempted to achieve the highest-pqséible reliabilitj #t an
éfford#bie cost. The past practices of expressing consumér loﬁd '
point reiiability in-qﬁalitative‘terms ére being slowly . rgplaced
by qqantitative indiéesrwhich are oﬁtained througﬁ the dévelopmeﬁt
and use of ﬁrobabi1isti¢ meﬁhods of evaluating system feliabiiity.
One objection‘ often raised to ﬁhe ‘utilization of proBability
| techniques.is_the absence of accurate compphent data. ‘It;.should_
be appreciated, héwever, thaﬁ tﬁe results.obtained are‘simply
estimateé based upon the avai;ab1e inforﬁétién; As such, even in
the absénce. of accurate data; they can.be'extremély valuablerin.j
consistently-comparing.alterpate configurations and the relatife-”

benefits of configuration changes.



The research work oﬁ réliability studies o: power rsystems
-basically_. falls int§;' three - broad categories, namely 'thg
‘investigaticen "of the reliability properties ' pf,' genérétiﬁd
- systems, transmisSiﬁn éﬁd. distributiqﬁ= éyétéms, and compoéite-
-genératioﬁ‘andrtrﬁnsmission'systéms.- A coﬁsidgrahle amount 'of
reseafch';has Beeu feported& 1ﬁ, the firsc_éwo system categories
[l—h]‘bﬁt a lesé adequate treatment has been given to 'the'.laétr'
aréa' due to _the' inhérent-diff1c§ities’in#dlved in treating the -
c‘q;npqsi‘.tle _prbbl_eﬁ. ) | | ” |
The prfmar? .pﬁrplose of . generé-ting, - cé#aéity- .feliabillit}-r
evéluation ris-to determine the.adéqﬁacy of available and proposeﬂ
generapion fécilifies.tqls#tisfy the_system load requiremenfé.r In
this case _fhe- pfovision‘df'an‘adgquate.transmission facility is
géneraily assdﬁed. Méthodg of evaluating the 'r¢1i§bi1ity -of -a
-geheratin33 sysﬁem' are weli established [1,4] and acceﬁtéd by thé .
'power-indﬁstrf. - o o |
| Reliability evaluation-.of"transﬁissian and distrihuti§n :
: systems-‘f1,2]  general1y' gssﬁmes' the: pf6v1sion of  sufficient
geﬁefation‘céﬁééityzgr complete_avaiiabilitylaf generating uﬁité.
‘A jgonsi&erable amoﬁnt of ﬁofk‘has been done in the e§tébli$ﬁmen£
of conéié;ent techﬁiqnes! since a 1964  publication (5] whiﬁh
propose& a ééries, of: pféc;ital _equations: fﬁr*the reliability
caLCulation,df'fransmission'syétems; The_resulté'obtained b& tﬁisf'
. technique- ﬁéte compare& _with_ results obtained'by.using:Markov
Processes [6] in Reference 7 and :ché “original exﬁressisns- were
modified [7-9] to obtain a more accurate appraisal of the system.

The effects of specific component fallures on the remainder of the



system were.included by considering a three state representation
of the system, namely operéting, before switching and after
switching. This aspect was described 1In Reference 10 and
subsequently used in techniques [11-15) for the reliabilicy
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 sSystem 1in regard
tov 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 genefatibn and
transmission systems. Mo;t composite generation and transmission
system reliability evaluation techniques available at the ﬁresent
time use the representation of the system in which 1l1lines simply
terminate at a bus, without extensive representation of the bus
switchiﬁg and circuit breaker configurations.

In most of the previously mentioned approaches wused to-
calcﬁlate'reliability indices, the protection system is considered
to be one hundred percent reliable. This is obviously impossible
to attain, no matter how much time, effort and money is spent.
When a component of a power systém faile, it is assﬁmed that the
faulted component is isolated by the associated protection system.
The protection system itself is, hoﬁever, a potential source of
failure which 1s 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



those previously developed for systems in which the protection
systems are assumed to be completely reliable.

The outage effects of protection system elements are
normally reflected in composite s&stem reliability calculations by
simply adding a protection system factor to the failure and
repair rates of lines and/or generators affect;d by the failure of
the protection system element . This approach is accurate when
only one component of the system 1is wunavailable because of a
protection system malfunction. However, when | two or
more components of the system are unaﬁailable, the approach
assumes an unrealistic 1ndependénce between the system component .
outages which are actually caused by the failure of a single

protection system element. The correct approach 1is 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 felated outages
are deScribed and illustrated in this thesis wusing the
‘ponfigurations of two terminal stations from the Saskatchewan-
Power Corperation (SPC) system. This provides an extention of

the work donme by Billinton and Medicherla [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 systen
components.

This thesis also examines the effects of failures of
protectioﬁ system components on the individual 1load point'
reliability indices and system indices in composite system

reliability evaluation. This is accomplished by representing the



terminating points at the busses in a 5-bus hypothetical power-
system by actual practical bus switching and circuit breaker °
_ configurations. The relifability indices at customer load points%
are examined by representing the distribution network from the;
sﬁitching station to the customer load points. g
A piincipal 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 counsidering hypothetical system
examples based upon actual practical coﬁfigurations. The concepts

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

of power system applications.



2. PROTECTION SYSTEM FAILURE MODES

2.1 General
Protection systems play an important role in protecting
_expehsive equipment and also in ensuring the supply of electricai
energy to‘consumers at high reliability. There are very 1arge
quantities of eﬁergy in a2 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 din healthy
portions of the network. |
Protective equipment are installed at appropriate places in a
network to limit the damaging effects of faults and other abnormal
conditions that maonccur. Some of the basic equipment used in a
power system network are as follows: o
| 1. Fuses
2. Reclosers
3. Breakers and relays
4., Automatic and manual isolating switches
Protecgive devices are-used to detect the presence of faults
(short circuit and other‘ abnormal conditions) and isolate the
faulty component so that the faultrwill not damage the eqﬁipﬁent
or otherwise Iinterfere with the normal_operatipﬁ 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



e;ectrical contacts and that energizes an auxiliarj relay
necessary to operate 'thé circuitlbteaker to isolate the faulty
component. A'feliable.dg suﬁply is required for the dperatibn: of
_breakéré, in ﬁhe'presence of fadlts..-It.is obﬁious ﬁheréfore that_‘
reliability is of paramount impoftént'in a pfotecti;e rélay; f.Aét
defingd in-Reference 24 "The main purpoée of a protectivé‘relay.is
to_clo&e:itslédntacts effectively and'co:rect;y_évén'unde::adVersg
cond;tions. and‘in the event of'inadequafé'ma;ntenancé hévingrbeen‘
carried out". The same type of. duty“is exﬁected ffqm\ aii
compoﬁents of the.proﬁecﬁion systgm.in-casg of ﬁ.faulﬁm_‘The very
ﬁature of thé protection .sysfem makes fhis ,difficult;  as the -
.ﬁormal.fstate pf tﬁe protection_syéfém i1is passive since féu1fs are 5
relatively fare. -The'proteétion system is therefore ‘expected to

stand on 'gﬁardland'ﬁo operate‘onl; in-the case of a fguiﬁlin'its

proéection zZone. rThg‘system may be 1ﬁactive 'for_,yeara ‘andA its -
lcontécts may détetiorage due to-time'or;adverse conditidns whicﬁ
'méy‘finélly prevent the protectidnrsystem from 6péé§ting cdrreétly

when a fault does occur.

2.2 . Réuabﬂity of Protection. Systems

| 'Protecfion systenm reliabilitfhcaﬁ be considered froﬁ the 3tw6
aspects . of dependahility and security [24]. Dépendabiiity is the
certainty of correcf operation 6f the protec#ion sysfem in;‘
résponse to abnorm#i conditioﬁs»i#-theraystem, whi;e éecuritﬁ is
the ability of the_profecﬁion system to avoid operating when noiz
"actually fequired to operate. Unfortunately these two asﬁécts of

reliability tend to oppose one another and 'fof relays this is




discussed in References 25-27. 1In.general a compromise has to be
made between security and dependability. Protection systeus
operate by sensing electrical quantities i.e. voltages, currents,
phase angles ete. which enable the protection system to
distinguish a fault from the normal condition on a particular
component. The performance of the protection sjstem dependé upon
the ability of the system to detect the electrical quantities
correctly.

Protection system performance can be classifiedl as (1)
correct operation, (2) incorrect operation. Incorrect opefation
may be failure to operate when required and false tripping. The
caugses of dincorrect 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 chaunnels, station
batteries or cables and wiring. From data collected by utilities,
human error is the most contributing f;ctof in the incorrect

operation of a protection system.

2.3 Zones of Protection

A power system is pormallyldivided into protection zones to
minimize the effect o¢f a component falilure on the rest of the
system. -Figure 2.1 shows a single line diagram of a section of a
power system. The square boxes reéresenﬁ circuit dbreakers,

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

représent busses and the thin lines indicate transmission lines.



The dashed 1lines surround the section of the systém to be
~ protected and in&icaté' ghe "Primary protection zone" for relays
and their respective circuit breakers 6n either end of the. liae.
Since _failﬁres do_occur;_hbwevgr,'some form-of back ﬁp protection -
18 p;ovided to trip out the édjaéent breakers 1f tﬁe firsfrline 0£ 

protection fails. The protection in each zone is'dﬁeflapped‘to

- avoid the possibility of unprotected areas.

|
‘ I
. i i L._....I
-------- _T--- -;_DT -l 1 :
| LR L 1R |

! . M
l_._......_-.._-l I, .:

Figure 2.1 Single line diagram of a hypothetical power systeﬁ.

,I§ thg éase of a‘fauit in the primary protectioh‘lzone,_‘ﬁhe
rel#y and circﬁit breaker 'protecfing‘ the primary zone éhoulﬁw
isolate the fault ffgm the rest of the healthy system. If -the‘
érimary zone proﬁécpion syé;em,féils to operaté, the first back up
pfqteétion sy;teﬁ shouid opefate and isolate the faqlty component
tﬁgeﬁher with. séme? of the additional healthy petwork. If thé
" first back up prqtecﬁion also fails, the second back‘gp p:ofectioﬁ
isr réquired ‘to 1§olate-the favlt. In this case, the portion of.
heaithy system which is femoved to 4isolate the fault can bg.-

relatively large.




10

2.4 Failure Modes of Relays and Circuit Breakers

The relay and the c¢ircuit ©breaker are two differeat
components of the protection system. The relay detects the
abnormal condition in its protection zone. Its operation is

dependent on recelving a correct current or voitage signal from
the appropriate current Qr‘voltage-transformers-and in some cases
on the phase augle associated with these guantities. The
operation of a circuit breaker is dependent upon the ability of
its relay to operate correctly inm the case of a fault and on the
.-availability of the de supply. The failure of associated relays,
instrument transformers and other auxilliary equipment rare
qo:mally assigned to the circuit breaker. A breaker as such can
fail in é number-of possible ways e.g. 1t fails to operate in_the
cagse 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 whicﬁ the ¢omponent is performing its function
and the down state or failed state when the ;omponent is unable to
perform 1its function. In the case of a protection system there
are three basic failure modes i.e. failure to operate, false
tripping and failuvre to ground which will reqﬁire 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 wupon
to function, or when it 1is proof checked. The second type of

failure is false tripping, which is detected as soon as it occurs.
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.and the downrstate‘or.failed state nhen the conponent is unable to

'perforn its function.' In the case of'a proteotion systen there
' arelthreetbasic‘failure-nodes i.e. fatlure to ‘operate, .false
tripping and failure to ground whicn will'require other-protection
systems to operate.

Protection spstems spend.mostrof their life in _anr-on :guard}
passive state and consequent1p~ re prone to unrevealed random
faults which only become apparent when the: system is .called upon .
to function,' or  when it is proof checkedw_ The second type of

failure is false tripping, which 1s detected as soon as it occurs.
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These two failure types can'he.descfibed as Unrevealed Vfailures
and Revealed failﬁres' respectively. 'The'third type of failure,

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

_2;4.1 Unreﬁealed'failufes,
| These ﬁype:'-of fatlure are those .which bccdr' when the_'
protection ‘system '15 in a passive state and cause the system to '
failltoleperaee wheh called upon in the case of - a fault., These
failures are not. directly revealed and remain undetected until the.
next proof check ‘5f until the next. fault pccurs_ within the
protection'.zone.‘ The protection system then‘faiie to per£0rm its e

function.

2.4.2 Revealed failures

Feiluree_ef_the pretection eystem may'cadse false_trieping of
circuit breakerseand fhese'failufes are difehtly reveeied aerthey
6ccur by oeeeing eifcuit.b;eakefs.-rfhis could be due'to' a felse.

signel from the relay to its breakef or due‘tofthe:faiiute of the

 breaker itself. 'False7;fipping could be in reeponse _to: external

faults or sponteneoue in the absence of a fault.

2.4.3 Grouﬁd'faul;f'
A ground fault on the protectien system. can ocenr‘dee to the‘
insulation failure'of the circuit-breaker. current transforﬁer or
other components; These effects can be grouped andrcategorized as.
a ground fault on the circuit breaker.: When a ground fault on the,
breaker ocecurs, all related breakers are normally tripped. _Thie

failure mode is basically the same  as the failure mode for a
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current carrying compoﬁent (line or generator). In this-pase, the
effect bnr the syétem is more sevére due to the mﬁiti-Ouﬁage of
lines and/or generators. The:dﬁtation of this=event,will- be the
switéhing time rgquifed to. isolate the faulty cOmponeﬁt and to
restore healtﬁy components and normally is of the‘brder af one aﬁd-

héif hours.

2.5 TFailure of the DC Supply

An adequ#teljdc supply is fequired at“subsfa;ions and
sﬁitchiﬁg stéfioné-,ﬁo_ eneigize the trip coil of the circuit
breaker whén the relay-closes its contacts in the preaencé of a
fault. If there 1is nd- de éupply at asubs;afion or switching .
station,_fhe.protectionrsystgm ié idle énd' éﬁn§ot perform rits
inten&éd function. rIn.thé case of a faultlﬁn any compqnént which
reqﬁires the prbﬁection system to operéte at tﬁe‘affecte&,statioﬁ,
tﬁatisubstafion will be isélated from‘the'rést of the'power system
| bf the operation of the'baék up protection ét the other connected
gphgtations; The failﬁre of tﬁe dé supply could be due to:

(a) Dead batterfes. | | |
tb) Groﬁﬁd faulf{on cabléé.
(cj Open circuit of cables.

There ‘are. no data available on fhe perforﬁance ‘of de
bétteries 1and_ It.'is difficﬁltl to calculéte their reliability
pafameters without ptac;icalgfield data. Although it 1s believed
by power companiesrand;battery manufacturers‘thaflthé probabilicey
- of failure of dc'baﬁter} sets is negligible, there 1is stillr the

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 syétem performance. It is not possible to know
the exact time of occurrence of wunrevealed failures unless the
protection system 1is <continuously checked as in the case of
computer operated relays. By proof checking the protection system
at scheduled 1inspections, 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 failedl
componénts are taken out for repair and the protection sjstem is
down during the repair -of the faulty components. Even 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 hot
functioning during the testing period. Due to the inherent nature
of these wunrevealed fau;fs, it 1is not possiblel to directly
estimate the rate and mean duration of these failures. One method
.to eétimate the unavailability or the mean fractional dead time
for unrevealed faults 1is described 1in Reference 29 and the

expression in short is given below.

The mean fractional dead time (D) of a single component with
proof checks at time interval t. is given by '

1 t"t: . :
cYD ’
t
where P(t) = L fF(t).dt . (2.2)

and £(t) 1s the failure density function for the oceurrence

of events in time dowmain t for the component.
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The foliowing'aseumntione are mede.in the'derination of the
expressien for the mean.fnactionel‘dead time. |

.1. "The testing of the protection system takeerzero time.

2. Tes;ing isriOOZ'reliable i.e. all syefen faults are
detected during.‘neening .and’ the system is back in- "minn“

' cendition.‘

3. If there is a fault during testing, the 'fepair of fthe |

system is done 1in a very short time so that it 1s negligihle as

compared to the testing interval.

4, _FailureS'a:e independent and random. -

5. No conneneeting failnfee i,e. this is the essumnnien
tnat two wrongs .don'tvmake:a rignt or, thaﬁ ;norfeilureseennnot
cancel each other out‘so aslto pneeent an-epparent'pietnre of the
equipment norking normally. |

Theredare'three_main weys.in which failufe_rate data for the
protection .system-ican ﬁe obteined-in'order to calculaﬁe'the nean
fraet;onal dead time of the system by the above formula.-

V_a)_ Field experience
b). Sample testing

e) -Pfedietion'

' The.data'needed tn'obtain the failure density funetion nf(t)-

- is not. usually available for protection system components. One

other method to estimate this failure mode 4is discussed in

Reference 30 by estimating the unreadiness probability which is

stated as "the limiting ratio of the number of failures to 1solate._

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

fault". The data required for evaluation by this method is also
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‘quite complex and_har& to obtain. The bqncepts of unreadineés‘.
probability Vis' used in References '28,31,32.et;‘_al,.B;t_ofhgr

names are used to .describe it. Rai et. al._fBSj ‘presented a  .
relatively simple approach to evalﬁate the three failure‘modgs of
a protecti§n system.froﬁ the reliability perforﬁance data of the
system rcdmponents. | If :is‘ﬁbt normaily pdssibie_t6 evaluate_the

parameters by this apprb#ch due to the lack of relevant data.

2.6.1 Estimaiion'from field data

An alternative approach for levéluation  of the reliabilitj
parameters 0£ ; protection systeﬁ is frdm field data.

The probabilitf 6fjunreadinéss-of the protection systenm can’
be uestimated from the stuck ﬁrobabilities-of the breaké?’ahd'its
relay. The probability of a stuck bfeakgr and the prob.abili'tyl. of
its. relay_-not ‘detecting a faulr i1in its pfoteqtion zone when
‘required to'db éo.can be copsidered‘two in@eﬁeﬁdent evéﬁfs;

| If Pbi’ Stuck probability of breakér‘i;and‘its tripping coil.

Prei' The probability that the relay of breaker % fails to
' detect the fault when required to do so.

"P.= The probability of the protection system not operat-
ing when required in the <case of a fault im 1its
primary protection zone.: :

By tak:lng‘l?b_i and Prei'as - two ~ stochastic independent

events,APican be wri:tén in terms of Pbi‘and.Pr as shown

ei

Pi = Pot * Prei = PoiPres - (2.3)
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Pbiand Prei can be estimated as the limiting values of the
respective relations.

Number of times the relay 1 fails to detect a fault in
its protection zone when required to do so

rei Total number of faults in the primary pfotection zone
of relay 1 ,

Number of times breaker 1 fails to respond when required

bi Total number of trip commands given by relay 1

Tetal number of trip commands given to breaker 1 by relay 1
is not equal to the tetal number of faults in the protection zone
of breakef i, however, as the reliability of relays 1n a power
systen ié relatively high, these'two vaiues-w111 be:v;fy'close.

False tripping or revealed faults become immediatelf known by
the opening of the relevant circuit breakers. The rate and mean
duration can be -directlyl estimated from the past perfbrmance of the
protection system.

Total number of false trippings

False tripping rate =
In service time in time units

Mean duration = Average repair time to put the protection
system back in service.

A éround fault on the ©protection system also becomes
immediately known as.it creates an abnormal condition in the power
system. The rate and mean duration can be calculated in a manner
gsimilar to thaf used for revealed faults.

The different basic failure modes of a protection system have
been discussed 1in this chapter. These systems have two failure

modes i.e. failure to trip and false tripping in additiom to the
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basic one involving gfound faults. Consistent data to estimate-
reliability-‘parametefs of the failure to trip and falée:tripping
failure modes ére not-normally available for protection 9ysfem-'
: coﬁponeﬁts. The beét- approdch iz to e;timaté these bafémeters
from field d#ta. These parameters'aré used in the ‘power‘ system

reliability calculations detailed in the following chapters.
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3. RELIABILITY EVALUATION OF TRANSMISSION AND DISTRIBUTION -

SYSTEMS INCLUDING PROTECTION.  SYSTEM FAILURE MODES. .

51‘3-1 General

| During the 1sst two decades; considerablelresearch ,workrpnas;
‘been _ reported - ap' -reliability _studies- of ;transmissionpuand
‘distribution schemes [1 3]¢ One of:the'main_concerns nas been‘ther.
i development ,of_ accurate -and -eonsistent"models to_prepresent'
'component and system behaviour._ A:two"state ‘veather modelr vas
;-developed to include‘renvironmental ‘effects in the reliabilityf—

"spredictionslof overhead transmission and distribution systems [5].
fzn regard 1top the' inclusion of circuit breakers and protective
}'elements in the-transmiesion and distribution system analysis, ,a_A
'Athree state component, model was described [10 11] which gives an;-
_more realistic representation for. certain applications then thatiﬁ

'ﬁ,given. by ne previous"two state component model.— According to-

"this model, when a component fails,l_the 'system protection :mayf'

. isolate a numberu'of. unfaulted components;ﬁ Following which,;i'

o through appropriate switching operations, all bnt othe;'minimum_:zr

rnumber of components that must‘ be kept out of service for thei

-ieolation of the failed component are restored to service as .soon

'pas_ possiblea'ﬁ Ihus -a system component has three possible states.;“'

namelv, operating;-before -switching- and ﬂafter ;switching.'.:fhef:'
‘threeftstate*rcomponent-'modelanwasr then-iused'inAstudies‘[12-15]p]:
E -together‘with'a.mnltivstate 7circuitaloreakerrimodeli (36, 37]

freliaoilitylevaluntion of;snostations and svitchinglstetions.' All:f

‘these computer*techniques-nsed the minimal cut set approachr'based
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on the method of Nelson et. al. [38].
In this chapter, reliability indices at the 1load points of

the hypothetical power system shown in Figure 3.1 are evaluated.

. Load A

4 5 ——- Load B
1 —

s [ { . 3

6 ‘ 7

2
—{ {
I 13 111

Figufe 3.1 Single iigé diagram of a hypothetic#l,
power system
The simple equations shown in References 8 and 9 are used and the
consideration of the protéction system failure modes is included.
One assumption made is that the times to fajilure and the times to
repair for all components are exponentially distributed. This is
quite commonly used in many power system reliability studies.
Results are presenéed in order fo obtain a physical feeling for
the manner 3in which protection sfstem failures affectr the
reliability indices. The cut éet technique together with the
derived equations can be used to calculate the reliability indices-

for a éystem having a large number of components.

3.2 Failure Modes of a Component
Power system components can be classified into two categories
according to their intended function. The first category includes

current carrying components such as transmission lines,
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transformers, generators, reactors, buses ect.. These components
can be in any of the following states: |
(1) Operating
(1ii) Permanent outage
(iii) Temporary outége
(iv) Out for repair or preventive maintenance
{v) Overload outage.
Definitions of vainus failure modes are given in Appendix A.
The second category includes components of the protection
system such as circuit breakers, relays, reclosers, disconnect
switches, carrier equipment, station batteries ect;; Due. to the
failuré of these components, the protection system can be in any
one of following states:
(1) Operating
(ii) Faulted
(i1i) Stuck when called upon to operate or not closing when
‘Eéalled 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 modei‘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
descridbed 4in Chapter.Z. 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
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failure modes of Y. Instead of two states in Figure 3.3, there
are eight atates 1in 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.

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

X- Up . X - Down

A= fajlure rate of X in failures/year

H= repair rate of X in repairélyear

Figure 3.3 State transition diagraﬁ of the system

shown in Figure 3.2
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X and some other components are out of service'

Pigure 3.4 state transition diagram of x and Y.
. e shown in Figure 3

. . b T
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3.3 Faillure Modes of a Load Point

Component outages may or may not lead to a load point outage
depending uponr the syétem configuration and the number of
contingencies‘coﬁsidered. The various basic events, which lead to
load point failure by taking into consideration the different
outage modes of componentq and the protection system. failure

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

It is assumed that each line is capéble of carrying the total load

requirement.

Load point failure modes .

1.(i) Permanent outage of line 1 and the outage not isolated 5y
the primary protection of line 1 (Breaker 4 or 5 or their
.xeiays) causing an interruption of supply at load points A
and B.

(1i) Temporary outage of line 1 and tﬁe outage not isolated by
the primary protection of line 1 cgusing an interruption of
supply at load points A and B.

2.(15 Permanent outage of line 2 and the outage not isolated by
the 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 i1solated bdy
the primary protection of line 2 causing an interruption of
sﬁpply 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 .

ht load points A and B.
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Permanent outage of line 1 overlapping the false tripping
of breaker 6 or 7 or false tripping of - breaker 6 or 7

overlapping the permenent- outage of line 1 causing

‘interruption of supply at load points A and B.

Same as (4) oot for line 2 and breaker 4 or 5.

.Permanent or temporary outage of line 3 causing an interru-
ption at load point B..

False'tripping‘of_breaker 8 causing an interruption of sub-

ply‘at load'point_B.r

- The. permanent X:3 temporary outage of line 3 and the outage‘

‘not’ 1solated by the primary protection of line 3 (breaker 8

and  its relay) causing an interruption of supply to,load

~point A, (?or load point-B'it is already ‘c0neidered in

failure mode 6).

The permanent outage of line 1 is overlapped by a temporary

routage of line. 2 or the ,permenent outage of 'line"Z“,is‘

overlapped‘ by a temporary 'outege: of . line l-causing-an
ioterruption]of sepply‘at_}oad'pointe Araed B. | |
Falseltriopieg of breaker 4 or 5 1is overlappeo'by a temoor-_ :
ary outage of line 2 or false ‘tripping of breaker 6 or 7 is

overlapped by a temporary outage of. line 1 eausing an

interruption of eupply at load points A'end B

The maintenance'outage period-of line 1 (including mainten— .

ance of its protection system) is overlapped by a permanent.
or temporary outage of line 2 or the. maintenance outage
period of line 2 (including maintenance-‘of its primary

protection system) is overlapped by a permanent oOr a
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temporary outage of line 1 resulting in the 1nterruption.of
supply at the load points‘A‘and B,
The maintenance'outage period. of line 1 (including.mainten—

ance of its primary protection) is overlapped by a - false

- tripping of breaker 6 or. 7 cor the maintenance outage period

13.

14.

of line 2 (including maintenance of its primary protection

system) 18 overlapped by a false tripping of breaker 4 or 5

- resulting in the interruption of snpply'at the;load'-pointe

‘A and B. .

Ground - fault on breaker 4 or 5 or 6 or 7 or 8 causing an
interruption‘of'supply at load points A and B.
Repeair period of breaker. 4 or 5 due to a ground fault (af-

ter switching action) is overlapped by a permanent outage

of 1ine,2 or the repair period of line 2 due to a permanent
‘outage is overlapped by the repair period of breaker 4 or 5

_duer to a'ground fault causing an interruption of supply at :

_load.points A and B.

15.
16.

17 Y
18.(1)

Same as (14) but for breaker 6 or 7 and line 1._

Repair period of breaker 4 or 5 due to a ground fault (af—_

ter'switching action) is‘overlapped by a temporary outage
of line Zrcausing an interruption of supply at lead points

A and B.

Same as (16) but for breaker 6 or 7'and line i.
Repair period of breaker 4 or 5 due to a ground fault (af-"

ter ewitching action) is overlapped by a false’ tripping of

-breaker .6 or 7 causing an interruptibn of supply at the

load points A and B.
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(1ii) Repair period of breaker 6 or 7 due to a false  tripping 1is
overlapped by a ground fault on breaker 4 or 5 causiﬁg 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 poinmts A and B as considered
~in failure mode-(13). The dufation of an interruption in
case of (13) is the switching time required to isolate
faulty breaker and restoring supply to the heélthy line,
however, the duration of an interruption in case of 18(ii)
is the overlapping of repair periods of breakers. Same 1is
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 breakeré 4 and 5
are interchanged with breakers 6 and 7.

20, Repair period of breaker 4 or 5 due to a false  tripping 1is
bverlapped by a'falge'tripping of breaker 6.6r' 7 or :vice
versa causing an interruption of supply at load points A
and B.

2]. Maintenance period of line section i is overlapped by a gr-
ound fault on breaker j of the parallel 1line causing an
interruption of supply at load points A and B. The outage
duration as explained in 18{11); |

The faillure 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 system failures.

The probability of an event in which 1line temporary outages
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Qverlap is vefy gmall as the duration of a -temporary outége_ i;
small (less  than. 5 m;nutés) and, therefore, éuch an event is
neglected, :Iher_probability of :component overload du:ipg .the
outage of anbﬁher. parallel 1line component is also neglected as
each line is consiﬁéred.to bg cafable of carrying the total load
requingment. The tempor#ry. outages . of breakefs,'are ,alsor
neglected. _ |

| In addition to ;he‘;oad ﬁoint failure modes described 'Abofe,
there are 'some. other modes of 'systemu=operation which can be
coﬁsidered'as failqres'to"mget ‘the 'ac:eptable-.stéﬁdards.'- Ihe
‘violatioﬁ‘ may be _duéi to 'frequengy, folfag? level, tr#nsient

stability etc.. These criteria"can‘be considered if’require&.

3.4 Dur‘z-ltion‘ of the Failu‘xr'le‘Modes

" The 'butage '&u;atidn due to eéch faiiﬁre mode wiii be_
differént, &epending upon the components involved in the fgilu:e
mode. The duration_of an outagé due .to overlgpping “of cémpbnent
témporéry outageslis‘disregarded as-the-only concern in,tﬁis‘caéél
is tﬁe‘freduencqufﬂthis temporarf outage and not its durafiqh. |

' ﬁuratioﬁ-of a pérmanent out#ge of a line is affected by 1ts
primary proteétion sysﬁem. .If the primary prqtection of'a line
fecoénizes the fault éﬁd iéplatéé it from the rest of tﬁg heaithy
" system, the dﬁration of fﬁe outage- is oﬁly-the time taken to
repair the line. If,hdwéver, the primary érptection system  does
~not. recognize the fauit on i:he l'iﬁé and the _f'ault is _cle--ared by

the second zoneé of protection, the duration of the outage 1is  .the
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time taken to repair the line and the faulty primary protection
system.

If rl1 = Average time to repair line i

Typg = Average time to repair line i and fits faulty
P primary protection system.

P = The probability that the primary protection
1 system detect the fault and clear it.

qQ = The probability that the primary protection
i 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)
Ty T F14°Py T Ta1p1°9y

where r, = 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

ag given below

- b+ . (3.2)
Ty T TPy T Tty

If P4 and PS are the probabilities of breakers 4 and 5
- (including their relays) respectively, of not clearing a fault 1in

their primary protection zone, 12 and ql can be written as follows

p, =1 -F, - P & P.P (3.3)

q. =P + P - P, .P (3.4)
13 4 s 4°°s
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: eaae"of
reference) ‘ ' ' -

GBFi -]
AGBL
reBL

AGBP

AGBPi -j

= Overlapping outage rate‘of‘false.;ripping-of'breakera.,

=.0§erlapping outage rate of false tripping_of-_breaker"i
by false tripping of-breaker,j of a parallel line. S

=‘Contribution"to .Ioad' ﬁoint foutage " rate due ' -to
overlapping of false tripping of breakers by a ground
fault on breakers of a parallel line. ' L

= Qverlapping outage rate of false tripping of breaker i
by a ground fault on breaker o : ‘ '

= False tripping rate of all breakera of line section i.-'

= Contribution to the load point outage rate due to false

~ tripping ofr,breakers or overlapping false tripping of

breakars.

- Overlapping outage rate of false trippings of breakers 1
and j. ‘

= Outage rate at the load ‘point due to a ground fault. on

breakers.

o Contribution to 1load point . outage  rate due  to .
. overlapping of ground faults on breakers by false tripping

of breakers of a. parallel line. .

= Overlapping outage rate of ground faults on breaker i by
false tripping of breaker j

= Contribution to load point eutage'rate due to a -ground
fault on breakers or overlapping of a ground fault by .-
other outagea and vice versa. :

= Average outage duration at load point due to- aa ground
fault on breakers or overlapping of a ground fault by
other outages and vice versa. :

- Contribution.to the load point outage rate due to
overlapping of ground fault outages of breakers by
permanent outages of lines. '

=.0verlapping-eutage rate of a repair period of breaker 1
due to a ground fault by a permanent outage of line j.
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= Contribution to load point outage rate due to overlappi-
ng of ground fault outages on breakers by temporary
outages of lines. :

= Overlapping outage rate of a repair period of breaker {1

-due to ground-faults by a temporary outage of line j.

- Outage rate of breaker i 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 ground fault rate' of
breaker. i. :

= Expected repair time of cOmponent i.

= Maintenance outage rate of line i including ite"primary'

_protection system.

= Probabilit?'of breaker 1 and its relay not isolating a.

faulty component in the primary protection zone..

- Overlapping outage rate of components i and cj due to

permanent outage. .

- Overlapping outage duration of components i and j due to
permanent outages. - . .

- Temporary outage rate of line i.

= Overlapping outage rate of a maintenance period of linei
1 and false tripping of breaker j. ‘

= ContributiOn to load point ontage rate due to a
maintenance period of a line section overlapped by false
tripping of the breakers on a parallel line.

= Contribution to load point ontage rate due to
overlapping of maintenance pericd of lines by a ground
fault on breakers of a parallel line.

- Overlapping outage rate of a maintenance period of line
i by a ground fault on breaker j. :

= Contribution to the load point outage rate due to line
permanent outages overlapping line section maintenance.
outages. : : : ' '

= Load point average.outage duration due to line permanent"
outages overlapping parallel line section maintenance .

" outages.

AMLY -3

- Overlnpping outage rate of a maintenance period of line
i by a permanent outage of line j.
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= Contribution to the 1load point' outage rate due to

A
MY :
L overlapping of a meintenance period of a 1line by a
temporary outage of a healthy line, -
lﬁTLi-J = (Overlapping outage rate of a maintenance period of line
i by a temporary outage of line j. : ~ '
‘AObi" -‘False tripping rate of breake; 1.
Aogi = Overlapping outage rate of other outages- of patallel
‘components by a ground fault on breaker i of a parallel
linee . ’ ’ .
APF? = Contributionrto the 1load point outege _rete-'due_ to .
- protection system false tripping overlapping a line
permanent outage or vice versa Iin failure wode 1. T
lei-j = Overlapping outage rate of'permanent'outage  of‘ line i
and false tripping of breaker J and vice versa.
kPFL- = Contridbutienr to the load- noint outage rete due - to
. permanent outage of 1lines overlapping false tripping of
breakers and vice versa.
| rPFL = Load point average outage duration due to permanent
. outage . of 1lines overlapping breakers false tripping and
vice versa. . ‘ o
APGB = Contribution “to load fpoint‘ outage rate due - to
overlapping of permanent outages of 1ines by a ground -
fault on the breakers of a parallel line." '
XPGBi-J = Overlapping outage rate of a permanent outage of line i~
by a ground fault on breaker j. ,
A@L = Contribution to the load point outage rate dne to line
g .permanent outagee. ' ‘
rPL "= Load point average outage duration due to line permanent
‘ or overlapping permanent outages. .
APLi = Contribution to the load point  outage ‘rate due to
. permanent outages or overlapping permanent outages in
failure mode 1. R
APSFL = Contribution to the load point‘outege rate due to all
. ‘ failure modes associated with proteotion'syetem-failures.
YPSFL = Loa& point average outage duration due. to all failure-
modes associated with protection system failures.
Apt = Contribution to the load point outage rate due to

overlapping of a permanent outage of a line by a temporary
outage of a parallel line. :
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= Contribution to the 1load point outage rate due to

PTi-j. overlapping of a permanent outage of: line 1 by a temporary
outage of line j.

Tsi}' = Switching time of component i.

A Eioi = Overlapping outage rate of false tripping of breaker J
TF1-] . and temporary outage of line {i. ‘ ' '
iTFL pa'Contribution tb the  1oad point . outage rate-:due to

overlapping of false tripping of breakers by temporary
outages of lines. : o I - :

= Contribution to the load point outage rate due ;to .Iine

TL temporary outages  overlapping component maintenance or

permanent outages. R ' R

A . = Total contribution to the load point-outége rate due to

ut permanent and temporary outages of lines and the lines not -

isolated by the primary protection system.

AUL'.V‘ = Contribution to the load point‘ ‘outage rate due to

1 permanent and temporary outages of line { and the outage
not isolated by its primary protection system.

AUPLi = Contribution to the 1oad point -outage_ rate due to

permanent - outage of line.i and the outage not isolated by
its primary protection system. :

AUTLi .= Contribution'po the load 'point pu;age rate dﬁg- to

- temporary -outage of line i and the outage not isolated by

its primary protection system. - '

r and U denote average‘Outage duration ‘énd“average annual
outage timé, The suffizes are those which'corréspond.to the
respéctive pupage'fate.'; | | |

It 1gs assumed that the average repair.fime'for a 'brgaker is
the same for all the different failure modes. | |

' -T#e~most coﬁpon-reliability indices considéred.iat thé' load
point are frequency of én.outage{ average durgtion_of anroptage
éﬁd average annpai'outage timg.

| A syétep' of two -qdpponents _in series with  outage
rapes A] and iz'and repair' dprationa f] and rz respectively has

the following reliability indices:
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System'outagg rate-u_xs.é“;] + 2y o (3.5):
Aqp.Tq t A, T ,
System average outage duration =re = ! X]' 2 2 (3.6)
: ‘ : s ,
System total average outage time = UY_ = S._§ _ (3.7)

If the above components are connected to form a two component .
parallel systém, the corresponding reliability;,indices are as
follows:

:‘System qutagg rateiw Ap= A],Aé.(r1+r2) - (3.8)

_Systém éverage outage duration = rp= T?T;FETf S - (3~9)

) o | A.r
System total average outage time = UD= TE¢—%——F --(3,19)
_ ' ‘ T S Tptp .

If Ar <£1 the sjstem uaverage annual outage time‘  is

approximated as : ‘
U= rri.e. U, = 2r_.r_ - and u

s s''s Yo T ApeTp o (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 formulation of 1load peint .reliability “indices.

" The adverse weather effect is not considered in this ;hesié but

can be easily included 1if desired.

3.5.1 Contribution to load point indices.dﬁe to each failure mﬁde"
In this-section, basic:équatioﬁs are fofmed for each failére
mode in -ordéf to evaluate average failure réte; gferage outage 
duration and average annuai outage time at éach load _point." The .
total annual reliability indices are then evaluated by combining‘

all the failure modg values. The indices due to each failure mode
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are as follows: -
nglure mode 1
Load point A

(1)

-AUPL1=JP4’A! * Pgudy - P4'P5j11; - - ERL
Crypnr T Ter

T My (Pg + Pg P4-P5)‘?T - B - (3.13)

Yyt = 0 | i

The total'contribution.tb‘tﬁe outage rate due _to bermanent.
‘and témporary‘ failures of 1line 1 not cleared'by ita‘priméry‘

protection éystem is

RTINS BT T ST} (N

= (P4'_+ P5 - P4.P5)('A] + "1"1') , .(73;.14)‘,_
Uon = Uy e o j _ I oy N
uLl UPLI,— (P4 + P5 - P4.P5).Ts1.}1 _ 7 (3.15)
: U B A : - L
_oouL ] | S
*uL1 T - (3.16)

TR LT L
Load point B ‘

Same as for the load point A

Failure modeZ'

Similar to failure mode 1, the expressions aré as shown below

Ajpg = (Pg + P?_f Pe-Py)(2y + Ayr) o (3.17)
Yoz = (P *+ Py = PguPy)np. Ty,  (3.18)
LM L L
i T %, g s - PR S

For loa&'points A and B, the expressions-are'thg saﬁe_

' Failuté mode 3

(1) Ay = A e (1=Pg=P o+, .Py) (3.20)
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where (1-P6-P7+P6 P') is the weighting factor that the fault on
Tine 2. is cleared by its’ Drimary protection system
| ' 12

r T e t—t—

12 r1+r2
where ri2 is calculated as for a two component para11e1 system.

(11)_“12] = 12 A r2 (1- PE-P5+P P ) ' - (3.21)

where (I-P4-P5+P .Pg) is the weighting factor that the fault on

11ne 1 is isolated by its primary protection system.
ri.r
r . 1.2
21 r}+r2
The foI]ow1ng express1ons are obta1ned by comb1n1ng the
expressions of (1).and (ii)

R TE R PR TE - .
Lo A A (1-Pg PP P,)+r2.(]-P4-PS+P4.95))t(3522)
- TpL3 ;1&;&

_ 1772

"”PLs *MpL3Tez . o (3 23)
The contr1but1on of th1s fai]ure mode to the 1nd1ces at

load points A and B is the same.

Failure mode 4 |

(i) 1ine 1 - breaker 6

(a) L1ne 1 permanent outage is over?apped by breaker 6 false

tr1pp1ng ‘
YpF1-6 = *1robeet1 o (3.24)
.y . . . ,
rPF‘I-G B ritre ' (3.25)
(b) Breaker 6 false tripp1ng is over]anped by Tine 1 permanent
outage: R - _ '
A = A A -P. - ' ' | :
“pr6-1 = Tob6-"1-Tg- (1-P4-P5*Py . Pg) (3.26)

"Tpr6-1 " TPFI-6
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| - T']-r's
Uppy-g = X1-Pobg-(rytrg-(1- P4'P5+P4 Ps)) 7 v (3.27)
(i1) line 1-breaker 7 -

(a)_L1nerl permanent outage overlapped by breaker 7 false

“tripping: o
pF1-7 = M1top7eT1 | ) (3.28)
*PF1.7 T ;%&;3. T a . (3.29)
(b) Breaker 7 false tripping overlapped by line 1 permanent
outage: . | E e   ' L
App7.q = 10b7.x].f7.(1-P4-P5+P4.P5)' B .- o (3.30)

CTPE7-1 % TPET-1

Y'].I"7_

.7 C(3.31)
rtry

Upr1-7 = Xop7- R (ry*ry(1-P4-P5+Py-Pgl).
The following expressions are obtained by combining the
expressions of (i) and (ii)

Appg. = Apery (*obe+*ob7)**1 (1-P4-P5+P, P Yop6-"6*Xob777)

| (3.32)
. UPF4 5 Upr1-6 * YpF1- 7 - - (3.33)
v ‘ -
Uprg |
L. (3.34)
PF& = Xppg

The contr1but1on to the 1nd1ces at 1oad po1nts A and B is
the same for this failure mode. -

Failure mode §

These expressions are similar to the expressions obtained for

failure mode 4 and are as follows

(0 Mprz-g = P2 %oba™2 | (3.35)
: r | (P o
_Tery | \ |
YT : o : (3.36)
PF2-4 ry¥r, - | ‘
"PF4-2  "PF2-4
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' ' Py

- ( "2:Ta
Upr2-4 = Y2-Ropa-(ra*ry-(1-Pg-Py#Pg.P7)) oo (3.38)
*pF2-5 = *2:2op5:T2 o " ©(3.39)
o ro.r : 3

_ 2’5 ‘ . _ ‘ )
'PF2-5 T,F;:Fg L ‘ (3.40)
*pF5-2 = Mobs-P2-"5- [(1-Pg=P7#P6.y) - (8.41)
PPF5-2 ="’Plr;z-s |

o - - : _ o ro.Tg - ‘

UPFZ‘SN- Az.lobs-(r2+r5(]‘P ‘P7+P6.P ))w—z——g (3.42)

'The fo110w1ng express1ons are obta1ned by comb1ning the

express1ons (i} and (ii)

A = Aaro A, tA ) | 5
PFS 2 2 Oba- 0b5)+12(]'Pefp7+P6}P7)(A0b4r4+lob5r5) (3}43)
Uprs = Ypr2-4 * Upra.s | : o (3.48)

T . T | . R |
PFS . ! -
rnpe = ———— _ ‘ ' , o - {3.45%)
PFS  Xpps - - : : T R

-.Thé total contribntfon to the reliability indices due;to

' over]apping permanent outage of 11ne i and the fa1se tr1pp1ng

of breaker j is as follows.

TPRL

ApEL = ApEa * Aprs (3.46)
UppL = Uppa * Upps I o (3.47)
- PFL o - (3.48)

- AprL |
The contribution to the indices at the load points A

and B is the same.

Failure mode 6

This failure mode contributes to tng indices at Tload point

B only.
(1) ApLg < M3 s Yo * T3 (3.49)
(11) Aqp = A3y s TT6 =0 | © (3.50)
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Failure mode 7

This fa11ure mode does not. affect the 1nd1ces at load
point A. | .
.Failure mode 8

'This'failure mode contributes to the indices at Toad
point A only, as for the 1oad oonit B 1t is. alreadv cons1dered
-in failure mode 6. | |
(i) Permanent outage of line 3 | o
\gpLs = Pgers r o ‘_: - . 5 3 o (3.52)
: rUPL3a=-Ts3 » T.e. switching time required to isolate
line 3 and reclose'breakers 4 and 6.
(11) Temporary outage of I1ne 3 o _
AyrLs ‘-Pa A3 "'; o : N (3. 53)
' Average outaqe duration in this case is the durat1on of
a temporary outage wh1ch 1s on]y a few m1nutes and 1s neg]e--
-_cted as - the only term of concern in the temoorary outage is-
its freqoency‘not,1ts duration. '
o The fol]oming expressions are obtained by combinind'the-
expressians (i) and.(ii); | | | o
J\UL3'= P'-a.’(‘:\3 +-x3"T) o C (3.54)

= Po.ry.T

Yoz = PertrsrTs3. o o (3.55)

- Failure mode 9

(i) Line 1 permanent'outage'— Line 2 temporary outage
The outage duration is neglected.
(4i) Line 2 permanent outage - Line 1 temporary outage

ApT2.1 = Ag-Aqyperp (1-P4-Pg+P,.Py) (3.57)
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The contribution to the indites_at load points A and B

is the same for this-fai1ure mode and is as follows.

Failure mode 10 _
(i) Fa]se-tripping of breaker 4 or 5 is qver1apped'by a tem-
porary outége of line 2.
 ME2-4 T Popa-ter-ra(1-PgPytPeP7) o (3.59)
(1i) False tripping of breaker 6 or 7 is overlapped by a tem-
porary outage of line 1. _ |
MF1-7 = Aob7-27-T7(1-P4-PgPy Pg) - (3.62)
" The outagé ddration is neglected. The_éontribution to the
failure rates at load points A and B ‘is thefsame, This can be
| obtained_from (i) and (ii) and is as follows.
ArEL =VXZT(1'P6'P7fPSP7)(10b4‘r4fkob5'r5)‘+
Failure mode 11 . : , '
{i) Maintenance outage period of line i overlapped by a per-
manent outage of line j. |
' ' ry-ro ,
r, T ‘ : (3-55)
MLT1-2 : ‘
_ r.+r o .
S .
. . r.!l'.r‘ '- ’ -
Wy - - (3.67)
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The following expressions are obtained by combining the

expressions {a) and {(b}.

AML'a l]l2r1(1-PGfP7+P6P7)+l211r2(]-P4-P5+94?5) o (3.68)
. _ ' - r'-l rz " 1
Uy, = A1"2 1(] “Pg-Py*Ps 7) Tt AT
- 1772 " o
Pyl S _
(1-P -P +P . ——— (3.59)
4Ps | .
(ii) Maintenance outage period of tine 1 over]apped by a
temporary outage of line j. The outagerdurat1on is neglected
~in this case. . S | _ | | '
(a) *MTLI-Z = x].AZT;rZ.(];P ;P7+P6;P7) | - (3.70)
(6) Ayrpzat = AzAyye r} (- P4 5*Pg-P5). -3

The fo110w1ng express1ons are obtained by comb1n1ng the

.expre551ons {a) and (b)

AMTL = 2, AZT ](1 ~Pg-P +P6P7)+A2 17 r2(1 P4-P5+P4P5) (3.

~ The contributron‘to the indices at load points A and
B due to this failure mode is the same. -

-Fai1ure mode 12

(1) Line section 1 on maintenance overlapped by a faise tripp-

ing of breaker 6 or 7.

R . . " o n . - | ' _ E - ) (3.
(3) pp1-6 = M-2ob6 T . | |
‘ Pyl
, 1'T6 o -
MF1-6 r:+r6‘ _ ‘ :
| (b)  AMET1-7 = AI‘Aob7'ril | o ‘  ' : | (3.
rq.r . .
. | - o
*MF1-7 T T : | ._ (3.

(11) Line section 2 on maintenance overlanped by a false trip-

ping of breaker 4 or 5 .

W7y

7?i.

73)
74)
75)

76)
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() Aypoog = 22-20bg T2 - : (3.
Po. .y ' ‘ S
r = -%—#i : o ' (3.
MF2-4 7 T _ ,
' . 2" . . o
() Agppog = Az-RopsT2 | I €
ro.m | | B o |
r = 23 : _ (3.
MF2-5 _ . ‘
ro¥re :

The f611owing expreésions are,obtained‘by;combinfng_

express1ons (i) and (11)

L T M ”1(‘ob6+*ob7)**2 2(A0b4+lob5) - (3.8
UnrL © 1MFh&*”MH-s*"MH-7'?‘MF1-7*"MF2-4"‘M52-4+ |
- \MF2-5"TMF2-5 (3.82)
_ U ' _ ,
n MFL L
ro = MEL - (3.83)
MFL = Ty, o | | ,
' The contribution to the indices at load points A and
B due to this failure mode is the same. |
Failure mode 13
toad point A - B N -
Agp = Mgtrgtigtiztig (3‘84)

If there is no overlapping of other failure modes of

- a 11ne‘section_by5ground‘faults on the breakeés of a parallel

77)

78i
79)

80)

1iﬁe,.tﬁen the average oufage'duration is the switching time _'

required to isolate the faulty breaker and to restore supply
to the healthy breakers. Expressions for overlappfng outages‘-

~are given .in the next series of failure modes.

. The different possible overlapping outages are as follows"

(i) Overlapping of a permanent outage of line I.by';n-earth
fault on breakerrﬁ or 7. _
(i1) Overlapping of a maintenance outage-of 1ine 1 by an

earth fault on breaker 6 or 7.
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(ii1) Overlapping of a permanent outage of line 2 by‘an earth
fault on breaker 4 or 5.

(1v) Overlapplng of a maintenance outage of line 2 by an earth
fault on breaker 4 or 5, o | _ |

(v) 0ver1aop1ng of the false trioo1ng of breaker 4 or 5 by an
earth fault on breaker 6 or 7.

(v1) Overlapping of the false tr1p01nq of breaker 6 or 7 by an
'earth fault on breaker 4 or 5. '

Overlapping of an earth fau]t on two breakers is neg1ectedr"

The over]app1ng outage rate for each breaker is- as fol]ows

Aogs = Ap-rgT 2**2 Jl4‘”2*"ob5 Ag-Tetoby-AgTy |
-;-A4(A2r2+lgr;+lob6r6+lob7r7) | | | ,-: (3.85)
%og5 © 5(“zr2**; 243 ob6s on777) o (3.88)
roes © l6(Jl r1+*;r;+*ob4ra+*ob5 rg) S (3.87)
A0G7_= A7(11r]+x] 1#30baT 4 A obs" ) : 'e - (3E88)

Oufage rate at load point A due to a around fault on br-

eaker i of average duration T_, is-as follows.

DR L VI VYO - | X o (3.89)
_-*ete =."5‘-"0(;5- o o (3.90)
AeLé“,*s‘_"oes L | | (3.91)
*eL7 A7'1067. B ,' ” g - (3.92)

0ver1app1ng outage rates are taken 1nto consideration
in failure modes 14, 15, 18, 19 and 21.
Load point B |
The ohtage rate and averege eutage duratien indices at‘load

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

 Fa11ure mode 14

(i) Repa1r per1od of breaker 4 or 5 due to a ground fault
overlapped by a permanent outage of 11ne 2
Aegpd-2 = Ag-2pra(1-Pg-Ps+PGPy)

r_ - r20r4 .
763?4-2_ rytry

Mggp5-2 = A5-2prs(1-Pg-PytPgPy)

‘r‘ o -rzars
8BP5-2 T T, T

(ii) Pefmanent outége of 1ineJZ is overlapped by a ground

fault on breaker'4 or 5.
*pgB2-4 = *2:raT2

‘peg2-5 = *2-rsT2

; r2-’s
YpgB2-5 © rotre

The contribution to the indices at load points A and B
due to this failure mode is the same

Fa11ure mode 15

(3

(3
i(.3

(3.

(3.
G
(3.

(3

(1) Repair period of breaker 6 or 7 due to a qround fau]t

overlapped- by a permanent outage of line 1.
AegPE-1 = ls.l]rs(l—P -P5+P4P5)

. , r'-i .rs
TeBP6-1 T FoFT,

. S ]

(ii) Permanent outage of line 1 is overlapped by a ground

(3.
"

(3.

(3

.93)
.94j.

.95)

96)

97)

.98)

99)

.100)

101)

.102)

.104)
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fault on breaker 6 or 7.

*peB1-6 = *1-%6"1 . . (3.105)

*pGBI-6 ~ "GBP6-1

-APGB1-7:= *1;£7f1 N i ' | . (3.106)
TpgB1-7 ='*GBP7-1 | R R

The following express1ons are obtained from the 9x0r°ss1ons

of failure modes 14 and 15.

Aggp Ag(1-P -P7+P6P7)(A ra*rgrg)trg (1- P4-P5+P 5)(A6r6f37r7)

| | | | (3.107)

Usp * *GBP4~2-?6394-2+AGBP5,2-resps-zflssge-1'”3395-1 | o
' : - +2A r o

Ve | | 6BP7-1."GBP7-1 (3.108)
‘pes =A2r2(x4+x5)f11r}(}6fx7) o - o (3.109)
Upas = *paB2-4-"paB2-4"1pGB2-5 "PGB2-5" PGB -6 "PEBI-6 + |
C Upgg S \peB1-7°TPGBI-7 (3.110)
r = ‘ ,

"PeB Apas .

It is to be noted ‘that the contribution to the 1nd1ces at
‘]oad points A and B due to failure mode 15 1s the same.

Fai]ure mode 16

(1) Repair perfod of breaker 4 due to a ground fau]t overlapped
by a temporary outage of line 2.
AgBTa-2 = Ag- l2T‘“4(1 -P 'P7+P Py (3.11)
(i1) Repair period of breaker § due'fo a ground fault over-
lapped by a temporary outage of line 2. |
AGeT5-2 = Ag-Ap7ls(1-Pg-Py*PgPy} - (3.112)
‘The contribution to the indices at load points A and B

due to this failure mode is the same. The average outage
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duration is neglected in this case.

Failure mode 17

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

fau]t over!apped by a temporary outage of Tine 1.

AgpT-1." l5-"1T s("P4‘P5+P4P5), o (3

"gBT7-1 = A7-Mqpry(1-Py-Pg+PyPg) - s

The contr1but1on to the 1nd1ces at 1oad points A and B
is the same. The average outaue duration 1s neg]ected
~ The fo]]owing express1ons are obta1ned from the expre-
ssions of failure modes 16 and 17.

‘gpT = T(* rg*rgrg) (1-Pg-Py*Pg )+*1T(*6”6+*7r7)

~Failure mode 18

(i) 0ver1app7ng of a ground fault by a fa1se trxpp1ng
(a) Repair Drxod of breaker 4 due to a ground fault over-

-1apped by a false tr1pping of breaker 6 or 7.

‘BFa-6~ *a-Pobg-Ta R ¢ 2 |
*aBF4-7" *4-2ob7-T4 | | ' o (3.117),
' B ' : :
: _ 674 .
'”63F4_6‘“ Tetra (3-§1§)
rq.r
74 - : :
r T | . (3.119)
GBF4 7" ro¥r, _ , o 7 ‘
(b) Repa1r period of breaker 5 due to a ground fault over-
lapped by a false tr1pp1ng of breaker 6 or 7. ,
AgBF5-6 = *5°Yob6"5 (3.120)
86F5-7 = *s-*ob7"s . (3.2
- . Pg.r -
576
‘BGF5-6 retre | _ | |
"s-T7 | | (3.123)

"BGF5-7 retr

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

(1 P -P5+P4P5) (3.

.113)

114)

115)

116)
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(a) Repair period dfrbreaker 6 due to a false tripping over-

lapped by a ground fault on breaker 4 or 5.

- FeB6-5 - *ob6° 1576 | (3.125) -
- rg.r - ' - o
| Y RAY S o .
EGB6-4 T T Fr, - ' - (3.126)
6 4 , _
. re.r '
_ 65 _
"FGB6-5 = T ¥rg (3.127)
e 6" . |
(b) Repair period of breaker 7 due to a false tripping over-
1 lapped by a'ground"fault on breaker 4 or 5. |
AFGB7-4 T tob7-2a"7 (3.128)
 MFGB7-5 T rop7-tsTy T S (3.129)
A | ' '
- 74
"FGB7-4 T ¥ ¥r, (3.130)
MRS AL o
L Pg.r - :
- 7:"s | |
CTeepylg ¥ ompe (3.131)
FGB7 5‘_: 7r7+r5‘ | | | | o ,
. The contribution to the indices at load points. A and B
due to this failure mode is the same.
Failure mode 19° 7
(i) Overlapping of a ground fault by a falsertrippiﬁg
(a) Repair period of breaker 6 due to a ground fault over-
lapped by a false tripping of breaker 4 or 5.
*gBF6-4 = 26-20bs "6 : | B (3.132)
*6BF6-5 = *6tobs-Te - . | - (8433
. rz.r . o
6'"4 . .
r SRR . - O (3a34).
re.r . '
. "6"s - o _
"GBF6-5 T Forrg - | - (3.a39)

(b) Repair period of breaker 7 due to a ground fault over-

lapped by a false tripping of breaker 4 or 5.

AGBF7-4 T A7hgpseTy (3.136)




AgBF7-5 = *7'2ob5"7
- S A

- . GBF7-4 r7+r4

- L Tyers
"GBF7-5 T T, g

(ii).0veriapping'of a false tripping‘by a ground fault -
(a) Repair period of breaker 4 due to the false tripping .

overlapped by a ground fault on\breaker'ﬁ-or 7.

‘FGB4-6 ~
*FGB4-7 ©

"FGB4-6

TFGB4-7

(b) Repair per1od of breaker 5 due to the fa]se tr1pp1ng

overlapped by a ground fau1t‘on.breaker 6 or. 7.

*FGB5-6 ~

‘reB5-7 ~

"FGB5-6 -

The contribution to the 1nd1ces at load points A and B

due to th1s failure mode 15 the same.

Aoba-26"e
Aobg A7y

rq*rs
P4 r7 
rat

‘AQbehﬁrs

Aob5.17r5

's-Te
rg¥rg

ISR S |
FGB5-7

rgtry

(3

(3.

(3

(3

- (3.

(3

(3.

(3.
.145)

(3.

(3

The follow1ng expreSSIOns are obtained from the expre-

,ssions of failure modes 18(i) and 19(i).
hgar = (hobg™hon7) (AaTa*tsTs)*(hopa*ioys) (igreths )

Uspr *(AeBra-6"ar6-4) -TaBra-6*{ aara-7"2cBF7-4) TaBF4-7

(3

+(regr5-6*2er6-5) - TaaF5-6"(*gBF5-7*2aBF7-5) - "aBF5-7

"GBF

”esF
AaBF

(3.
(3.

.137)

138)

.139)

.140)

141)

.142)

143) -

144)

146)

.147)

.148)

149)
150)
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The fol?owing éxpressions are obtained from the express-
ions of failure modes 18(11) and 19(ii).

Apge = (Ag*a5) (AgpeTe*ropyt 7’*‘*5**7)(*ob4”4+*ob5 g (3.151)

Urge = (Mrgpg-4"*FaB4-6)"FeBa-6"(*FeB7-4"*FeB4-7)"FeB4-7

*(ArgRe-5**FeB5-6) "FeB5-6 (3.152)

Jres | S ©(3.153)
‘rGB | R
Fai]ure mode 20

*(Argp7-5**FaB5-7)'FeBS-7

"FGB =

(i) Repair period of breaker 4 due to a fa1se tr1pp1ng is

: over1apped by a false tripping of breaker 6 or 7. .

| | (3.154)
(3.155)

*rr4-6 * *ob4a-*ob6"4

‘eF4-7 = *obs-Pob7Ts
ry.r o . o o - L
4:Ts

2.5 - |  (3.156)

TFF4-7 T T, - - - (3.157)

"FFa-6 *

- (ii) Repair period of bréaker 5 due‘to a false tripping is
dVer]appe& by a false tripping of breaker 6 or 7.

| (3.158)
(3.159)

‘FE5-6 = *ob5-*obg"5
*FF5-7 * Rob5-tob7"s

rEEs-6 T Torr, -  (3.160)
FF5-6 ‘rsfre : | _ _ _

- . Tgery ' ' o
YEF5.7 = ;g;;; - . B | N . (3.161)

(iii) Repair pveriod of breaker 6 due to a false tripping is

] overlapped by.a false tripping of breaker 4 or 5.

| ' | | (3.162)

‘IFF6-4 = Xob6-*oba"6
(3.163)

‘EF6-5
"FF6-4

*ob6**ob5T6
"FFa-6

=

"FF6-5 = "FF5-6
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| (1v) Repair period of breaker 7 due to a fa]se tripping is
over1apped by a false tripp1ng of breaker 4 or 5. | |
ob7-*obs"7 (3.168)
ob7 *obs"7 ' ‘ 1 L (3.}65)

*rE7-4 © 2

‘rF7-5 T 2
"FF7-4 T TFF4-7
TFF7-5 ° TFF5-7
The following expressions are obtained for this failure mode
from (1), (i1), (ii1) and (iv).

App = ob4(*ob6(”4+”6)+*ob7(r4+r7))*‘obs(*obs(r ”“s)"A b7(’5+’7))

o | (3.166)
Ugp = lob4r4(Aob6r6+xob7r7)+3ob5r5(Aob6r6f30b7r7)‘ - (s.ae7)
L | N |
- VFF | .
e T T (3.168)
FF " Tpp

" The contribution to the indices at load points A and B
due to this failure mode is the same.

Failure mode 21

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

gfouhd‘fau]t on breaker 6 or 7.

i [ 1]

*MGB1-6 llkﬁri R . | o (3.189)
‘eg1-7 = M7 o - (3arn)

rrs | | | :
"MeB1-6 T L. . | (3.171)

ro+r :

%%
: 'r; E7 - : .

'MeB1-7" T A | | - (3.a72)

rtry _ _

(11) Ma1ntenance period of line section 2 is overlapped by a

ground fault on breaker 4 or 5.

‘nes2-4 ~ *2 "4’z | | (3.173)
*ugg2-5 ~ A2 A5“2 S | (3.174)
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) r;.r4
ruB2.g = ——t o  (3.175)
| Fatry R

'MGB2-5 ° T | - ‘ (3.176)
. . . r2+r5 . ‘ .

The'fo11owing'expressidns are obtained from the express-
ions (1) and (ii) | |

ll ®

AMGB = r](A +k7)+12 2(1 +A ) _ . ' - (3.177)

UGB = *MGB1-6°"MGB1-6**MGB1-7 - "MGB1-7"*MGB2-4 "MGB2-4

| *\wgg2-5'"Mge2-5 . . (3.178)
S R - (3.179)
MEB  Aygp .179)

-Thé!contributioﬁ to the indices at load points A and B
due.to-this féi]uke mode is the same. |

- The contr1but1ons due to the indices at the load po1nts due;
to- the dszerent outage cond1t1ons can be obta1ned from the exp-
~ ressions der1ved for each considered fa11ure.mode.' These are as
fo]iows; _ | | |

Load point A

. Contribution due to

(A) Permanent outages or dver1appjng'permanént outages

Apr, = Mra(r(1-Pg-Py+PgPy)erp (1- "4 5% Pg)) - (3.180)
r = 1'°2
CPLy I - (3.181)
1z |
UpL, = pL,cTP | | -  (3a82)
PLy ™ PPLyTRL, o . (3a82)

(B) Line temporary outages overlapping 1ine maintehahce or
permaneﬁt outages. | |

The following expressions are obtained by considering failure
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" modes 9 and 11(11) as series subsystems

XTLA =A2T(1 -Pg-P +P )(A1 1+A r1)+(! -p —P5+P P )(A r2+A rz)l1T

' . , ' (3.183)
- Average duration is neglected in this case.

-{C) Line permanent outage overlapping a line section maint-
enance outage period. | | |

Failure mode 11(11) contr1butes to this outage cond1tion

‘e, T AT r(lfpsf’7*PeP7)+‘1*2rz("P4‘Ps*P4P5)- JERLD
| } l"-lll Y'2 | #on “r'}
U, A 12 (1P, -P7+P 7} T +Aqapry(l- P4-P *P4Pg) .
e 1772 2"
- ‘ IR . (3.185),
ML, | - |
| = A (3.186)
- r ! = — .
B T o

(D) Failure to clear a fault by the primary.protection system
of a line. |
'Failure modes 1, 2 and 8 contribute .to this outage condition.

ST =‘“’4‘”’5"" 5) (» **1r)+(P *Pg-PePy) (Ap+apr)+Polrgtagy)

- (3.187)
_UULA = 1 T ](P +P5-P P )+12T 2(P +P -P 7)+P8)\3T,53 (3.188)
rUL- = (3.189)
: A ULA o

(E) False tripping of breakers over]apping the false tr1pp?
ing of breakers or overlapping: ofrthe false,tr1pp1ng of brea-
: kers.by.other ohtages or.overlapping of otﬁer outages by the
false tripping of breekefs (other outages are maintenance,
‘permanent and temborary outages and a ground fault on breakers).
Failufe modes 4, 5, 10, 12, 18{(i), 19(i) and 20 contrfbufe

to this outage condition.
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\FLy T AeEL T ATRL Y AMRL T reer T OAFF - (3.s0)
rL, T YprL * Unr * Vesr * Upr AR (3.191)

o o | | (3.192)
r = ' : ' ‘ . ..

(F) Ground fault on breakers or ovériapping-of a around fault
on breakers by other ocutages or overlapping of other outages by
a2 aground fau1t on breakers (other outages in this case are per-
manent, temporary and maintanance outaqes of lines and false
tr1pping of breakers) '

Failure modes 13, 14, 15, 16, 17, 18(ii), 19(ii) and 21

contribute to this condition;

*6BL, Eg:*eLx**eBP**PCB+*eBT+*FGB**MGB | - (3.193)
8 - - -
JesL, iéi OeLi-Tsi) *Ugpp*Upea*Urea*Umes (3.194)
T | o o .
TGBL, - Aamy - (3195
Tesl, T Yo, : | - o

It should be appreciated that the indices obtained for
conditions-(n) and (E) are due to the protection system failure
modes. From (D) and (E),'thé following expressions are obtained

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

\ = Ay oA S . (3.196)
PSFL, UL, Fly | | o | _

u =y, +U R o (3.197)
PSFLy ~ “UL, FL, | |

r = — (3.198)
PSFLA ~ dpsFL, (
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Expressions for the reliability indices at load point A are
obtained by adding the indices of conditions (A), (B), (C), (D),
(E)-and'(F) as‘in a series‘system. Each condition'is'takén as a -

- 'subsystem of a series system.

X, = Apy *hpy FAg FApgr thp, *A - © {3.199)

Ly TPt MLA U|.A FLA 88L, - | -1

U, = Uy, +U,, +U. fUg, +U |  (3.200)
: LA PLA TLA MLA ULA FLAZ GBLA : o :

boa A | |

LA ALA (3.201)

Load p01nt B

ATl the fa11ure modes of load po1nt A are also the failure
modes of load point B except failure mode 8., In addition, fai-
1hre modes 6 énd-J‘ahe also failure modes of load point B.

- The conditions (A) té'(F)_afe‘included as in the analysis
of load point A. - - |

(A) Fa11ure modes 3 and 6(1) contr1bute to this case

APLB 4 12(r1(] -P, -P7+P P7)+r2(j.P4 PgtPaPe))*ry - (3,2031
Upi, =,APL3’YPL3~f A3:73 | |
=, (e (1-P ;p )+ (1 Py-Ps )) T2, Agry
172 " TeT P2 ' "a r]+r2 . |
| (3.203)
UpLy . | o
r = — T o :
TPLg APLB : , o B (3.204)

- {B) Failure mode 6(ii) . 9 and 11(i) contribute‘in‘this'case;
g TRt + AMTL " Aar

n "o

(1- PG-P7+P _7)(A}r1+x1r1)12T+(1~P4-P5+P4P5)(12 2

AT ) rtaar (3.205)
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Average outage duration is neglected in this case.
{(C) Same. as for -the indices at load point A o
(D) Failure mode 8 is not contributing to the indices at load

| point B{

Mg (PatPyPaPs) (Agedyp)+(ParPy-PePy) (hpthpr) (3.206)
‘. U'ULB='A_'|T5'|(P4'+P5'P )+A T z(P +P7 P7) ‘ : ' 7 (3.207)
- Yo, o o | o ( .
Py = —m . o o " (3.208)
Ulg Mg ' S IR

~ (E) In addition to all the failure modes which contribute to
the indices at 1oad point A, failure mode 7 also contr1butes to -

the ind1ces at load po1nt B.

v AppL*A F3 ‘TRLTAMEL  eBF e - ts.208)
UFLB= Upp +Ap3- rF3+UMFL+UGBF+UFF | o {3.210)
Y (3.211)
roos (3.

Flg ‘XFLB -

(F) A11 the fai]ure modes which contribute to the indices at
load po1nt A a}so contr1bute to the 1ndices at load. p01nt B

Fa1]ure mode 13 is to be reconsxdered in this case.

lGBLB’1§: M6l +hggp*ipest ‘eeT  raat Mad ' (2.212)

B UGBLB=i§%' (AgL1+Tsi )*ks 8*Ueap*Vres™Vrea*Unee (2.213)
YeBL, - o

"GBLB-= . (2.214)

The indices due to protection system failures are as

follows.
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A = Ay, A | |  (3.215)
PSFLp™ MU, * AFLy
Upepy = Uy + U A . (3.216)
psFLy” YuLg * kL, ,
UPSFLB :
"PSFLg” | (3.217)
PSFLy

As for load point A, all the 1nd1ces at 1oad point B are

obtained in the same way as follows.

Ay = Apy thp +A FOUI S (3.218)

LB PLB TLB MLB :UFB FLB GBLB - | | |

u =1 +Uy +U‘ +U +U; ' L (3;219)

r* 2 |  (3.220)
A : .

Reliability indices at load points A and B have the follow-
ing. relationship between them. | |

AL = ALA+ (1-?8)(a3+13T) +A°b3 | B - ,",‘ (3.22I)

kg~ Lp * Agrg - Agrz - Pg 3T53 t Aps3t 3 . - (3.222)



56

Equations 3.12 to 3 222 can be used to_ provide a -detailed
examination of the relative contributions to the reliability
indices at load-points A and B. Numetical reliability isdices at
~ load points A snd'stre caleulated in the next sectios using these

equatibns.

3.6 Systes Studies

| The expressions derived 1n the previous section are used -in_
this section to evaluate the reliability indices for the - system
“shown in Figure 3.1. sThe; assﬁmed - outage data for the system

components are . given in Table 3. 1.,

,Tabie'3;1 -Component outage data
Permanent Teﬁporary Maintenance o
" failure . failure outage (only for
= - lines 1 & '2)

Outege rate of lines . 0.5 £/yr 1.0 £/yr 3.0 f/yr

Average outage duration f.S hours = B . 8.0 hours
Ground fault rate for breakers o | = 0.005 f/yr

(including c.t. of its relay)
Average repalr time for protection system outage = 24 hours

Switching timeAfor each component _ | = 1.5 hours.

| Assumptisns

i) Lines 1,2 and 3 are rdeﬁtieal and have the same reliability
data. - |

ii) Oniy liﬁes'l 2 and 3'have'temperary faiiures.r

ii1) All the breakers and their relays are identical having the
same data. ‘

iv) Switching time for all components is eqsal.
The reliability indices have been calculated using the above

assunmptions, for different values of unreadiness probability and
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false tfipping rate. Some of the céléulétgd results are tabulated
in Table 3.2. Figures 3.5 and 3.6 utilize a range of results to
show the effect of variation of the ﬁpteadiness proBability- énd
false - tripping‘ra;e on the failufé réteiand:énnuél ouﬁage tiﬁe-of

load points ‘A and B.

Table 3.2 Reliability indices at load peints A and B

Load point A - 7 Load point B.

Ser Type Stuck PFalsa “Average Average Annuael jAverage  Average Annual -
no. Of Proba~ tripping failure outage outage |failure  outage outage -
Ind- bility rate rate durat. time rate - durat. time

ices - {flyr) (£/yr) - (hours) (hrs/yr){(f/yr) (hours) (hrs/yr)

1 . 0.00  0.00 . - : -
0.000428 3.750000 0.00160510.500428 7.496792 3.751605
0.002683 1.002683 :

0.000913 3.870968 0.003535/0.000913 3.870968 0.003535
0.025082 1.506042 0.037775:0.030082 8.984546 0.270275
0.000000 0.000000 0.000000:0.000000 0.000000 0.000000
0.000000 0.000000 0.000000(0.000000 ©.000000 0.000000
0.000000: 0.000000 0.000000:0.000000 0.0000A0 ©.000000

ﬁ' ™y ;na-
q""_ 2]

Total ' 0.029106 1.476439 0.042915!1.534106 2.623948 4.025415
2 0.001 0.001. . ' '

0.000427 3.750000 0.001602(0.500427 7.49679% 3.751602
- 0.002677 1.002677 :
0.000%11 3.870968 0.003528!0.000911 3.870968 0.003528
0.025082 1.506078 0.037776;0.030082 - 8.984590 0.27027¢
0.007497.0.500000 0.003749:0.005997 0.500000 0.0029%9
. 0.000022 2.946229 0.00006510.002022 23.771935 0.048065 .
F . 0,007519 0.507126 0.003813/0.00801% 6.367833 0.051063

-
T EO oW

Total 0.036617 1,275880 0.046719|1.542117 2.643424 4,076469.
3 0.005  0.001 |

0.000424 3.750000 0.0015890.000427 3.750000 3.751589
0.002656 1.002656 - :
0.000904 3.870968 0.003500[0.000904 3.870968 0.003500 .
0.025082 1.506042 0.03777410.030082 8.984614 0.270274
0.037425 0.500000 0.01871310.029925 0.500000 0.014943
0.000022 2,952501 0.000064]0.002022- 23.773353 0.048064
F 0.037447 0.501426 0.01877710.031947 1.97286% 0.063027

mED W™

z

Total 0.066513 0.926748 0.061640]1.566013 2.610701 4.083390 -
4 0.01  0.001 '

0.000420 3.750000 0.001573{0.500420 7.496824 3.751589 -
0.002629 1.002629 - .

0.000895 3.870963 0.00346510.000895 3.870986 0.003500

0.025082 1.505996 0.037773{0.030082 8.984643 0.270274

0.074700 0.500000 0.03735010.059700 0.500000 0.014963

0.000022 2.960412 0.000064{0.002022 23.775118 0.04B8064

E+F 0.074722 0.500712 0.037414]0.061722 1.262345 0.063027

P Lk

Total 0.103747 0.773274 0.080225]1.595747 2.610701 4.088390

Table 3.2 continues on the next page




Table 3.2 continued from the previous page
Load point A " Load point B
Set Type Stuck False Average A&erage Annual Average Average Annual
no. Of Proba- tripping failure outage outage |failure outage outage
’ ind~ bility rate rate durat. time - {rate durat. time
ices (f/yr) . (£/yr) (hours} (hrs/yr)i{(f/yr} (hours) (hrsfyr)
5 0.05  0.001 )
A 0.000386 3.750000 0.00144910,500386 7.497105 3.751449
B 0.002421 0.002621
c - 0.000824 3.870968 0.003190/0.000824 3.870968 0.003190
D - 0,025080 1.505639 0.037761|0.030080. 8.984643 0.270261
E . 0.367500 0.500000 0.183750!0.292500 0,500000 0.146250
F 0.00002C 3.026641 0.000062!0,002020 23.788926 0.048062
E+F 0,367520 0.500140 0,1838120.294520 0.659756 0.194312
‘Tochl : 0.396231 0.570907 0.226211]1.828231 2.307810 4.219211
6 0.001 0.005 .
A 0.000427 3.750000 0.001602!0.500427 5.496799 3.751602
B 0.002677 : 1.002677
c 0.000911 3.870968 0.003528[0.000911 3.870968 0.003528
D 0.025082 1.506262 0.037780:0.030082 8.984743 0.270280.
E 0.007497 0.500000 0.003749;0.005997 0.500000 0.002999
F 0,000110 2.982325 0.000328:0.010110 23.771424 0.240328
B+F D.007607 0.535879'0.00401620.016107 15.106920 0.243326
Total -0;036705 1.280120 0,04698711.550205 2.753660-4;258737
7 0.001 0.01
A 0.000427 3.750000 0.001602{0.500427 7.496799 3.751602
B 0.002677 - 1.002677 ..
c’ 0.000911 3.870968 0.003528!0.000911 3.870968 0.003528
D 0.025082 1.506491 0.037786!0.030082 . 8.984934 0.270332
E 0.007497 0.500000 0.003748{0.005997 0.500000 0.00299%
F 0.000221 3.027043 0.00066910.020221 23.770786 0.480669
E+F . 0.007718 0.572359 0.004417/0.026218 18.447919 0.483667
Total 0.036816 1.285679 0.047334|1.560316 2.889853 4.509084
8 0.00! . 0.05 ) :
A 0.000427 3,750000 0.001602i0.500427 7.496799 3.751602
B 0.002677 ’ 1.002677
c - 0.000911 3.870968 0.003528/0.00091F 3.870968 0.003528
b © 0.025082 1.508326 0.037832{0.030082 8.986464 0.270332 -
E - 0.007497 0.500000 0.003749;0.005997 0.500000 0.002999% .
F T 0.001149 3.369426 0.003871{0.020221 23.765685 2.4503871
E+F 0.008646 0.881275 0.007619{0.026218 22.463494 2,406869
Total | 0.037744 1.340126 0.05058211.560316 2.889853 6.432332
Type of indices . Description

LR B-N-0 &3
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Permanent failure {ndices
Temporary failure indices
Maintenance outage indices
Breaker ground fauvlt indices
Faflure of primary protection system to clear fault
False tripping of breakers
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Load point annual outage time (hours)

Load point failure rate (failures/year)

100+

1.0
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" — = = Annual Outage Tinme

= Failure Rate

Load Point B

Lecad Peoint B

Load Point A

, o , ' - Load Point A

0.5 . 1.0 1.5 2.0 - 2.5 T 3.6 3.5
: False Tripping Rate (failures/year) ——m————ju

Figure 3.6 Effect of the false tripping rate of the
" protection system on reliability indices




It ia difficult to intuitively state the relationship between
'the reliability indicea' and - the probability of' unreadineas and" :

='_Vfalse tripping rate- It - is, however, clear from the results_

o tabulated 'and‘_the curves. plotted that the reliability indices do -

ehange with a change in the unreadineas probability and the false'
tripping 'rate- of .the protection aystem.' If the probability of

'anreadinesa' iai'lesa ‘than "0 001 then the indices‘ 'are , hot'

'aignificantly affected. The indices, howevar, are. very dependent L

-”;upon the false tripping rate over the. entire‘ practical _range.o

",Table 3. 2 rshows. the. numerical indicea obtained and the relative-

'J.,-contributiona from the various failure conditions.-

In thie chapter, a seriea of equations have beea 'dereloped
for. evaluating the load point reliability indices by considering
.the ﬁiffereﬁt failure modes of 1ines ‘and th protection. aystem.fﬂ
.Reliability f predictiona l-obtained : without '.consideration‘lofib”
'protection system failure eodea can be considerably in error.. Ther
.'failure mode and effect analysis technique uaed in thia chapter is
:a very powerful method for determining syatem reliability indicea.;i

The equations' provide-'aa_ extenaion 7” previously develOpedﬂ;

erpressionsiwhich fare valid for components within which the_ifr

lprotection ayetemi is. assuned to' be perfectly reliable.f;Thef:

'lequations given in this chapter apply not only to 'the_ syatem- in ‘;p

Figure 3 1 but to:_aysteme with any number of components.' The -
prinary consideration is the effect of the failure of a component"

' ior componente on the load point considered.:i

v
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4. PROTECTION*SYSTEM RELATED MULTIPLE OUTAGES IN THE RELIABILITY

ANALYSIS OF A COMPOSITE GENERATION AND TRANSMISSION. SYSTEM

.&.L, GENERAL

As nofed ear1ier, tﬁe protection system plays a vital role iﬁ
providing‘.eleétrical_energy at‘acceptable'Qual;ty to consumers by -
recogniziﬁg and isé;ating;any'abnormal.conditioﬁ in the netwofk B
with minimum ﬁossiﬁle effect on the power system. Substatfons and
sﬁipching‘st;tiﬁns are ‘thg points of eﬁergy‘ transfer between;
generaﬁing. stations and different transmissibn'aﬁd distribﬁtion
circuits,-rDifferent bus‘angréircuit breaker afrangéménts aré‘used-
to _redﬁce the squtity'-of‘componeqt'outéges on the rest‘of_the
healthy ﬁetwork. | o |

Considerable attention has been dgvoted.by poﬁér utilitieg in
. receat years to the evaluation of the effectiveness bf*thgir
systems from a reliability vieWpoint. This 1s evident from the
published reéearch work done in the last two decades[1-3].

The re;iabilitj evaiuaiioh of a composite-systém is concerned
with the problem of assessing the_‘adéquﬁcy‘.of;—tﬁe cémﬁiﬁed
generation.and-trénémission system with respect to .éhe 'tefminéil
stafions_ {4,16]. Sﬁch”an evaluation involveS‘ﬁhe siﬁulation aﬁd
load flow analysis of each l“credible“ outége condition in the
sﬁstem in orde;' to  determine' the‘ éapability of the system to
.supply individuai,bus‘loads'without éoltage violations, line 'and
generator overloads: etc. and to quantitatively expreés the

deficiencies, 1if any, in terms of reiiability indices.
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A composite generation and transmission system reliabili;y
evaluation technique [17-20], which ‘includes é system
representation of the form used in an ac load flow analysis, has
been developed at the University of Sakatchewan. An important
aspect of this technique is the calcul#tion " of individual load
point reliability indices and overall system indices. The program
considers ail possible first aﬁd second order independent
simultaneous outage combinations of generating units, transmission
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.éi.[Zﬂ have reporfed a
program for bulk power electric system adequacy assessment which
examines up-to five independent gsimultaneocus outages. This method
.uses a fast and approximate DC load flow technique to analyze each
selected system contingency. Such an analysis calculates the MW
flow over the lines but provideé no igformation about bus
voltages. Reference 22 describes the basis of a.digital computer
program for evaluating both the system and load point reliability
indices using an ac load flow.

The papers referenced ea;lier 5asica11y assume fthat the
outages of 'power system components are independent of each other
i.e. when one component fails it does not put any other healthyr
component out of service. It was also assumed that simultaneous
or overlapping outages constituting a <contingency situation are

independent. This assumption is not true for all outage




64

situations. An additional set of outages has been defined‘rand
desigﬁated as common-cause OTr cdmmon node [39]. iheir-efféct on
the down étate of twq‘or more lines and on bus and system‘_indi¢es
of a ~compd§ite generation - and transmission system has been
‘examined in References 40 and 20 respectively. The outagé,of_ two
or ﬁdre current éarrying'components (lines an&/or gengfato;s)'can'
also-octur dﬁe to protgdtion systém.'rélated single or ﬁpuble‘
coﬁtingéncy‘outage.situations. -
| Tﬁe'ﬁrobabilitj of ﬁcdurrepge of én[éﬁgnt consisting of‘a_éet
of - simuit;neous indepeﬁdent outéges is thel p;oduct of ‘the
individual outage probabiliiiés;.'ﬁven if the pfobabilities‘ of;
‘individuél outages  ﬁfe'high; the product cén begbme.éuite smal;;
The probabiiity pf"a protecfion_system relafed outagé resu;tiﬁg in
a similar_event ;an, hoﬁéver,-ﬁe_many times larger. The effect of
such butages on reliability indices Ean'be significant;as coﬁpared
with éecond and highef-brder-simultanebus independént qutages. It
is therefare‘ necessary ‘to consider first aﬁd ‘second order
protection system‘;elated outagesrbefore considering highgr order
simultaneous_independentTOQtages; | | -
Mﬁitipie outages §f current carryiﬁg comp;nents ﬁhich ;?sﬁlt
from causes such as a ground fault on a breaker, a stuck breaker
_or relay condition, battery Qupply failufe‘etc. are .referred to
in -thié chapter as protéction:system related oﬁtages. Some of -
these'oﬁtagés were described in Réferenqe 23 as station originated
'oufages aﬁd s;mé models were déscribed .for representing such -
failqrés 1n¥compo§ife reliability analysis. The outages examined

in this chaptexr are all protection system related and the models
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described in Reference 23 are modified to include these outages.

The

configurations of two terminal stations from an actual system

are used to examine these outages.

Notation
dctive failure

independent failure rate in failures per year of component i

.independent repair rate in repairs per year of component i

common-cause failure rate in failures'per year

" common-~cause rapair rate in repairs per year .
'station originated failure rate in failures per year

"station origiuated repair rate in repairs per year:

probability of failure of . the "dc supply at a switching
station in the case of a fault ' ‘ : : B :

isolation rate of a switching station due to a stuck breaker
condition " or the failure of a relay scheme in the case of a
fault ‘ ' ’

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

total number of components at a switching station.‘

outage rate of a switching station per year from the rest of
the network due to the failure of a component and the de¢-
supply at the same time. : '

average duration of an outage of the switching station in
hours. , '

totalrload connected to the switching station and assume this
load 4is constant 1in  the vear or any duration of a period
considered. ' '

loss in dollars per MWh loss'of energy.

probability of unreadiness of circuit breaker and 1ts relay
scheme. _
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4.2 Classification of Outages
| A power system normally contains a nunber' of generating -
units, trensmission 11nesrand transformers. These'componente ere
referred tofin-this chapter as current oarrying components-of,‘the'
'power system. Meost -of‘ the failures of these'conponents_can_be
grouped into- the following four categories :
l. Independent outages.
2. Dependent outages
3. donmon Mode outaées

4. Terminal related outages

4. 2 1 Independent outages
Independent outages of two or more componentslare referred to
as over;apping or eimnltaneous‘independent outages. The outage of
" each component is'caueed by an‘independent evene. The probability
of sueh-an outage is the'productlof the failure:pfobabilities for
each of the components. The‘component nodel nornally used ie tne
eimple tﬁo state representation in which the component is einher
np'or down. ‘The state space diagram of Figure 4.1 shows all
poesiple‘ states for ‘;. two component.configuration considering'
independent outages. | .
~Most of the presently aveileble techniques for reomposite
system reliability evaluation assume that the oueagee conetituting'

a contingency situation are independent.
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l1-Down

| 2-Down
' -4

Figure 4.1 The‘baéicrsimultaﬁeous independent outage model

4.2.2 Dependent'outages

| 'As‘fhé namérimplies, these outages are dependent'”updn. the
occurreﬁcef éfu one or more other outages. An exampleAis tﬁe
removél from service of the second line of a double cifcuit line
due to overload which resulted from an independent outage of the
‘firstlliné_of the douhleldiréu;t configuration;, These outaggé'are .
. not nofﬁaily includéd in the reliability evaluation of composite

systems.

4,2.3 Common mode‘oﬁtaégs

_;As state& edrlier; the.probabiliti of occufrénce of aﬁ évent
consisting of éﬁo of more simultaneous independen£ outages is tﬁg
product of the individual - thage 'probabil;ties.] if“ the
prababilitigsr 6f ‘individual outages are lﬁw, the prodﬁcf can
becomé quite small. . The pfobability of a common mbde outage

resulting 1in a similar - event can, however, be many times larger.
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" The effect of common-éause outages on reliabiiity indices can .be
éignificant as compared with the effect of second and higher order
outagés.- A coﬁmon'mode out#ge is an efent ha§ing an external
cause with multiple failure  effec£s where the effects are not
'céﬁsequences of each othér;i

The Task For&e on Cdmmon ﬁode-Outéges of Bdik -Pdwer- Supply
Facilities of thée IEEE Subcommittee on the Application _éf
Prqbabiliﬁy'Methodé in the fower-Engineering_Soéietyr suggested a
common-‘modé' oﬁtager model for two tranﬁmission lines‘on the same )
right-of-waj-or,bn the'saﬁe_tranémission tower. This model is sh-
own i#iFiguré 4.2,'-It_is'similar-to the model‘df‘?igﬁre-4.1 exc-

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

-1-Down -

2=Down
-4

Figure 4.2 A'commqn-mode'outage‘model - The'IEEE model .

This model assumes bésically'the same.reStoration process for all
failures including ‘common mode failures. Various other possible

common mode outage models are described in Reference 20 which also
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examined the effect of common mode outages on reliablility indices

of a practical system.

4,2.4 Terminal relateﬂ outaées

The outage of tno or more current carryingr components can
arise due to_ terminal related cauaesr . These ,outaées.can be
categorized into:two parts

i) atation originated'
ii) line originated

‘The outage of two or more transmission 1ines (not necessarily
on the same right of-way) and/or generating units can arise due to
‘station originated causea,' The cause of ‘these Qutages could be a
ground fault-on'a-breaker,-a'busfault, a stuck breaker condition
etc. . 0T a combination of‘these events.---The outage effects 'of
terminai station compouents are normally reflected in reliability
calculations by combining these outages with independent Outage
rates of 1lines 'and/or generators affected by tne failureaof the
station component. \:Thisn approach 1is ‘accurate onl}.'ﬁhen one
ecomponent=_of the systen 18 ‘ont“ because of the‘failurenof_a
terminal‘ component. Such an approach asgsumes | nnrealiatic
‘independence- between thoae system component outages which are
- actually caused by a single or double contingency in the terminal
station. Ihe_-correct approach is‘ to regard these outages as
.aenarate'events. The effect of—theae'outages on'compoaite system'
:reliability have not been‘ extensively analysed and can have an
.appreciable effect on the load point reliability indices.

Line originated rultiple outages can occur due to a fault on

a line when the primary protection of the faulty line fails to:
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- 1isolate it from the rest .0f the healthy s&stem. In such a
situati&n, the bagk up- pfofection oﬁerates whichhrésults in a
multiple. outage.-of cﬁrrent  carrying'Acompbqgnté.' The .outage‘l
effects_ of _such 1ncideﬁts,are not nofﬁallyincluded'in'copposite-
system réiiahility anal&sis. These outages should be éonsidered‘
 in‘_combination with theAindependent failuré evéﬁts-by ﬁeighting
‘the‘independént failure rates of thélliﬁe with the probabilitﬁ"of'
successful operation of fhe associated-'primary.-protection to
isolate that line. |

| It i{s important to realize ‘tﬁat _commonr mode ‘t;gnsmisaion
‘6utage§ ﬂormally involve  transmission =~ lines on  the same
right-of-way,rwhereas, ﬁhe terminal related oufages caﬁ..ihvolyé

. sysfem comtonents -(whichﬁ need not be on the same right-6f4wa§)

such as generatfng units and transmission lines. ' The effect of
certain  terminal related outages can, therefore, be more.
pronounced than common cause outages.'. The average duration of

terminal related outages.ﬁill, however, be considerably less than
.commbn.hause'outages; o |
Station originated éutages‘have‘been discussed: in  af recent
paper .[23}: and sbme'_of thése outéges i.e; a ground fault-on.
bréakers and the‘.sfuck breaker condiﬁion. are terméd  in this
éhapter as_prbﬁecﬁion sfstem related outages because.thesé outages
oécur dﬁe to the failure of protection sys;em- compoﬁents. . Line
originéfed multiple outagés are all protectioﬁ‘syétem related.
Four fundémentali& different'tyﬁes of outﬁges which cgﬁ occur
in a power system have been described in this sec;ion. Protection
syétem rel#ted outages are considered in detail‘ in the next

section.
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4.3 Protection Systeﬁ Related Outages

All mulfiplejoutages whieh occur due to the failure of
.ﬁrotection system'comfonents i.e. a grouand faultron a breaker, ﬁ
stugk breaker‘éondition, therféiluré of a rglay'scheme to detect a
féult, the'failufelbf_ghé‘dc supply etc. are-termed,aéjprétection
system related ouiages.
| ‘ The'origin énd effects of stati&n origiﬁated- outages which
-occur because of a'groupd fauiﬁ 6n‘a breaker and the stuék breaker 
dondition,‘have.beeﬁ'described and illus;rated in  Reference 23.
Practical sfstgm configutétion§ ﬁnd Qéleéted ﬁodels were presgntéd
to investigaﬁe thé combine& effe§t§ of ‘indépeﬁdent, cbmmah-cause
and 'stgtidn 6rigiﬁated 'oﬁtages on a two compénent system. The.
models-and discﬁéSion‘presented in Reference 23“31&- not inélude
the 1line 'origina;e& 6u£ages'and'tﬁe éffects df these bu;ages aré
described in this section using thelconfiggrations-of twq‘términal_
statioﬁé frbm:thé Saskétchewan Power‘Corporatioﬁ (SPC)'system.‘

The-switchiﬁg sfﬁﬁiqﬁ configur;tion§ analyzéd aré‘ thosér'of..
the Regiﬁa‘South>stétion,and the Squaw Rapids station. The Regina
South sﬁitching sctation has ari%r_bfeakét configﬁrétion énd thgt
of Squaw Rapids is # rihg bus'coﬁfiguration.‘lAt both.étations,‘
theée'ié only one de bé;tery‘set.which supplies the dé_requirement )
of the -station. The single line-diagram of'thg de supply at-the 
switching‘stafions ié aé-in Figure 4.5; "In these ;tudiés, ract1ve
failures on ‘lines in éombination,with a stuck breékerrér_stuck.
relay scheﬁe, and éctive-‘fﬁilure on all system Eompﬁnents in
combination with failure?ofrthe dc supply are'conéidéred. It is.

agsumed that breakers_proﬁecting 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
R2¢C " RIP R2P ~ R4&C
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Figure 4.4 Single line diagram of Regina;South
switching station of SPC
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Regina and the adjacent area and is a vital transmission Jjunction
between the Boundary Dam generating plant and the rest of the SPC
network. About 4bz_of thé power requirement of the SPC system is
-.generatéd at ‘Boundary Dam and-.faﬁlt free operation'of RS8S is

essential to'supply power .to Regina and adjacent areaj with high

.reliability. Table-4 1 lists the: line originated events which -

result in an outage of two or mere than two transmission lines.

Table 4.1 Line originated multiple outages -~ Regina South

Cage Description . -Effect
AF on Rdé ar B3R & 901 stuck R4C and B3R out
AF on R4C orrBZR‘&' 902 stuck R4C and B2R out
" AF on R4C & relay schgmé of '~ R4C, B2R, B3R, R2P, RIP &R2C out ', .
901 and 902 fails _ : o
AF on R2f or B2R & 816 stuck . R2P and B2R outr
AF on R2P or B3R & 817 stuek R2P  and B3R out
AF on Ré? & felay.scheﬁé of . R4C, B2R, B3R, R2P, RIP &R2C out
816 and 817 fails . o
_ AF on RIP or R2C & 808 stuck RIP and R2C out
AF on RiP‘Or B2R &‘80§-stuck ‘ glP and B2R out
AF on R1P & relay scheme of . l‘iRlP, R2C and B2R Sﬁt
808 and 809 fails _
AF on R2C or B3R‘&.806 stuck R2C ‘and B3R out
AF on R2C & 'relgy scheme of RIP, R2C and B3R out

806 and 808 fails

Failure of the dc éupply- 1s not considered in Table 4.1.
Failure of the dc suppiy.cOuld remove all the'protection system at
RSS. In such a situation, an active failure (AF) on any iine

connected to RSS or AF on any of the breakers‘at RSS, which
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require- the nrotection system at RSS to operate to isoclate .the
faulty condition, could isolate _RSS ‘from the rest of the'SPC
network by the operation of back up protection ‘at  the switching
stations connected to RSS, N | |
Table 4.1 shows a large nunber . of line ‘originated_ evente
which cause an outage of.tﬁo,or more than two lines of the system.
.The'ptobability eesociated with these events - may be enalll_but‘
their | total . effect on bus and system reliability can -be
significant.i‘The dutation‘of these multi—outages wiil Be‘eqUal to
the switchingf‘time required . to 1isolate the faulte&lline'and-
protectionrsfstem components and to put the ‘heaithy' lines back‘
into ‘service;f- Theeer duratione will ‘be denendent'upon the
‘ operating'pfactices cf the-individual stetions 'and whether the

switching 1s completed manually or automatically.

&.3;2 Squaw Rapids station

The single 1ine diagram of the Squaw Rapids station is _ginen
in Figure;é.S. This - station ~has a ring bus-configuration and
feeds the SEstyetem through‘tw0‘ttan3mission.lines S1B  and‘ SZB;
There are six 33.5 MW generating units and two 39.0-Mﬁ generating.
units at the statione Two generating units are connected to one
step up transformer which is connected to the. ring bus. Table 4.2
lists the line originated events which result in an outaée of tno'
‘or more than two transmisaion 1ines, and/or generating units. All
the events listed in Table 2 [23] cnd. Table 4.2 ere protection
system 1related. An examination of these tables shows that there

are a large number of single and double contingency events which




Figure 4.5 :Singleflinerdiagraﬁ of the Squaw Rapids statibn.'

_cause outage of more than two current carrying components and

could have‘La significant. effect on load pbint and systenm

reliability indices.

Table 4.2 Line originated multiple outages - Squaw Rapids

Caée‘Description
AF on S1B & 902 stuck
AF on SI1B & 903 stuck

AF on S1B & relay scheme of
902 and 903 fails

AF on S2B & 906 stuck
AF on S2B & 907 stuck

~AF on S82B & relay scheme.bf
906 and 907 fails .

Effect

S1B,
S1B,

S1B,

S2B,

'S2B,

S2B,

GS'and'G6 out
G3 and G4 out

¢3, G4,65 and G6 out

Gl and G2 out
G7 and GB8 out

Gl, G2, G7 and G8 out.

Failure of the. de battery set at Squaw- Rapids 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 4in a practical system. The
numerical evaluation of each of these events can be accomplished
using the equations described 4in Chapter 3. These equations
cannot be wused as such bin the reliability evaluation of a
composite system, A suitable 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
a2 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 eventsrwhich cause the
isolation of the switching station. It is important to realize
-that- the developmeht of a single model suitable for all practical
situations 1is 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

In the previous section, the origin and possible cases of
protection system related contingencies resulting in multiple
outages have been described with reference to the Regina South

switching station and the Squaw Rapids station. The inclusion of
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thése outages in fhe rreliability evaluation of a composite
generation and-transmission:system fg@uires'the &éveiOpment of one
or more éui?able models. As noted éarlief; seleétéd possible
models were  presented‘ and analyzed 1in Réference 23.. 1In this -
séction, one boss;ble model is described for studying the effects.
of protection syétem related'outageé but a more:general‘épproach;.
to incldde protection sygteﬁ failure modes in: composite_ s&stem.,
réliability analysis, will be‘deSCribed:in #he-next chapter.
Modé1-3[231 in Figuré.é,G is modified as in Figure 4.7. This
‘mpdel can be wused tb iﬂdludg.the 6utages1affecting two lines on
fhe samer right-of—way .and“shafing a commoh.rﬁréakgr *éﬁ .the
terminating ,station.lrIt can be extended to more than two cuf:ent-
carrying componeﬁﬁs. ‘ih ;his model, two additional .stafes‘ are
c;eated. . Stéterﬁ7‘:represeﬁts the situation-when‘bdth lines'afe
down due to-the—fﬁilure-pf the common breaker to 1isolate the‘
faulty line and state 8 repfesents the event when the sw;tching
station is isolatéd from the rest of the ﬁealthy‘ network. . This
' model has'bégn ﬁsed in fhis chaptér‘for system studies to show the
impact of protectibn systen felated outages‘upon the déwn state,of 7
two lines and of switching station{isol#tion. 'Otﬁer models cén'be
creafed to suit fhe data gnd'needs-bf'a pa:ticul#r sitﬁation. |
-Tﬁe model shown 1n_Eigure‘h.7 has segn solved for the sﬁeady‘
state érobability Pi‘ﬁf,éach s;ate. By applying the fteqﬁency--'
balance approéch; States 2 and 3 are‘merged as the aséuﬁptibﬁ hask
been made ﬁhat'.lines 1l and 2 ﬁaﬁe ideﬁtiéal'failufe-ana repair

rates., The astate equations are listed on the next page.
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Figuré 4.6 :Mode1'3_of'Reference-23
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Figurelé.T' Model for two lines on the same right-of-way

and sharing a common breaker
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(Zl+lc+ls+lss)P1'“PZ’“SPS*”CPS'“SSPS =0

i

State

State 2 23(1-G,-P )Py -(A+u)P,+2uP,+yPotu Py = O

State 5 _lc(1-Pb)P]-ucP5+ussP8 =0
State 7 _ZqUXP]-yP7 = 0
State .8 (Pb(21+ac+as)+;ss)P1-3ussP8 , =« 0

In addition to eduatibns'4.1~to 4.7 .

ValfP2+94+P5+P6+P7+P8. - ) =1
From (4.5) 5 . 2s{-Pp)
R Mg 1
: From'(4}6) p  2-q'uA

¥ F
Ppl2a+x #a )+ 0

From (4.7)  , _
, 8 31155 1

From (4.4) and (4.11) | |
o 3 A PR (20-22 #2 () ﬁ

P =

5‘ .’ . 3uc : o 1
From (4.2), (4.3), (4.10) and (4.11)
i.p _ 6a+P (A FA AR )+ ;
.2 - 3u; 1

2, . ' ' '
61—+APb(AC+As-4A)+ASS}

P
4 . 6u2

1

'-The'f011owing expressions are obtained for state

probabilities from the equations 4.8 to 4.14

(4f!)

- (4.2)

(4.3)

(4.4)

- (4.5)

(4.6)

(4.7)

(4.8)

(4.9)
o (4.10)

(a.11)

(4;12)'

(4.13)

C(aa4)
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The probability of both lines or the switching station béing
out_of service is 2 complex function of all the rates in the state
space diagram. 1The probabilities of ﬁoth‘ lines or the station
being ouﬁ of service calculated for the mode; of Figure 4.7 are
listed in Table 4.3, The probabilities have been: caicuiated' by
varying the station butage rate (iss), stuck ﬁrobaﬁility of the
cogmon-breaker (qu) and probability pf'batteryrfailure (Pb). This
table indicates that there is a 'significant increase in the
probabilities with‘the increase in the-considefed parametersf Ihe

fol lowing data have been used to calculate the probabilities.

Failure rate (A)ré 2.57 f/yr, Repair time ' = 8.0 hours
Switciing time = 1.5 hours, Common mode repair time = 12.0 hours
Switciing time to put isolated station into service = 2.5 hours

Table 4.3 Variation of two 1lines down and station down
state probabilities with the station outage
rate (A ), stuck probability of the common
breaker® (q ) and probability of battery fa='

ilure (P U
A A Agg q P Probabillty Probability
e/ s./)‘- * u b of both of station .
lines down ' being down
0.00 0.00 0.00 0.00 0.00 0.00000548 0.00
0.0000 0.1000 ~ 0.,0010 0.0LG0 0.0010 0.000057%9 0.00000461
0.0000 0.1500 - 0.8010 - 0.0109 0.0010 ° 0.G0N07987 0.00400062 -
0.0000 0.109% - 0.06050 0.0100 0.0610 0:00005300 0.00000098 .
-0.0000 0,1000 0.0010 0.0500 0.0010 0.00009303 0.,00000051 .
0.0000 0.1600 - 0.0010 0.0750 . 0.0010 0.00011493 00000661
0.0000 0.1000 ¢.0010 0.0100 0.0500 - 0.Q00055¢6E 0.600025635
0.0000 0.1000 0.0010 ¢.0170 . 0.1000 0.00065332 0.0080605121
0.0000 0.1000 0.0010 0.1000 . 0.0010 0.00013682 0.00000061
0.0000 0.1000 0.0100 0.0100 0.0010 0.00005800 0.50000145
0,1500 0.1000 0.0010 0.0100 00010 0.00058583 0.00000064
0.1500 0.1000  0.0050 0.010¢C 0.0010 0.00058764 0.02000102
.1500°  0,1000 0.0075 0.0100 0.0910 0.00058878 0.00000126
0.1500 0.1000 0.0100 0.0100 4.0010 0.00058991 0.00000149
0.1500 0.1000 0.0200 -  0.9i00 ¢.0010 - 0.00059445 0.00000244
0,1500 0.1000 0.0500 0.4100 0.0010 0.00060608 0.000C0528
0.1500 6.1000 0.0750  0.0lOC - 0.0010 0.00061943 0.00000764
§.1500 0.1000 0.2010 0.02c0 0.0010 0.00059458 C.03000064
0.1500 9.1060  0.0010 0.0300 0,0010 006060333 0.6C0COGES -
0.1500 0.1006 0.0010 0.0400 0.0010  .0.00061208 0.60000064
0.1500 §.1000 . 0.0010 0.0500 0.0010 - 0.00062083 0.00000064
041500 0.1000 - . 0.0010 0.0600 0.0010 0.00062958 0.00000064
0.1500 0.1000 ¢.0010 0.0750 0.0010 0.00064270 0.00000064
0.1500 0.1000 0.0010 ¢.0900°  0.0010 0.00055582 0.00000054
0.1500 0.1000 0.0010 0.1000 0.0010 0.00C66457 0.00000064
0.1500 0.1000 0.0010 0,2000 0.0010 0.00075205 0.00000064
0,1500 0.1000 - 0.0010 0.5000 0.0010 0.00101439 0.00000064
0.1500 0.1000 0.0010 0.0100 0.0020 €.00058788 0.000001 59
0.1500 0.1000 0.6010 0.0100 0.0040 0.00059199 0.00000228
0.1500 0.1000 0.0010 0.0100 0.0060 - 0.0005%610 0.00000338
0.1500 8.1000 0.0010 0.0100 0.0080 0.06060021 0.00060447
0.1500 0.1000 02,0010 0.0100 0.0100 0.00060432 0.005003557
0.1500 0.1000 0.0010 0.0100 0.0200 0.00062486 0.00001104
¢.1500 - 0.1000 0.0010 0.0160 0.0400 0.00066594 0.0G00G21YE
0.1500 0.1000 0.0010 ©.0100 0.0600 0.00070703 0.00003293
0.1500 0.1600 0.0010 0.0100 0.08C0 6.00N74811 0.00004397

0.1300 0.1000 0.0010 0.0100 0.1000 0.00078920 0.00005482
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Expected loss of emergy = L.U = L'(Pb'jz:ki)'rsw MWH/yr (4.33)

\ n '
Expected loss in dollars = X = L.(Pb_:Ein).rsw.S doliars/yr (4.34)
i=1

If Y dollars is the cost to provide an extra dc battery set
or any other alternate source of d¢ supply, the selection between
different alternatives should be based on the comparison of X and
Y. In this way, it is possible to evaluate different 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 1s decided that an extra battery set is needed, the

probability of loss of both battery sets at the same time will ©be

2
b

should be taken to insure that the probability of a common mode

PS. _This assumes independent failures of the de supply. Care
failure 1is wvirtually negligible. The probability of failure of
one battery set is relatively "low,and therefore the chance
associated with both battery sets failing at }he same time will be
very small and therefore the expected 1loss of energy willl be
negligible.

In this chapter, the cause and effect of protection system
reiated outages have been described and illustrated using the
configurations of two pfactical 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 fhe da;a for the sitqation. A simple metﬁod to
compare the 'differént protection system configurations suitable
for a particular sitﬁation is also dgscribéd.i‘ | o

" The studies preseﬁted in this chapter do ﬁot prOvide any
genefal rconclusions.fiThey do, hﬁweQér, illﬁstrate the importance
-of recognizing the effect of protection system failufeé,' and
suggest a:neéd to include protection system felafed outgges in the
reliability evaluation of composite generatidn and trgpémiséion
systéms.l " The effect of prétectionr'system related‘outages is,

therefore, examined in the next chapter using 5-bus test system.
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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 analysis of a
' composite generation "and -transmission system is the contingency
level which nust be considered for an adequate assessment - of 1load
point reliability. Selection of an appropriate contingency level
_will be dictated by the _probebilities, ofr ‘element outage
situations,,,the'severity associated with specific outages and'the
criteria used for system Success or failure.r.The approaches used
at -present are based on 'fixed‘-criteria such as single and/or
qouble‘ contingencies fands variable‘*criteria ‘ such’ asVi those
contingencies which have a reasonable probability of occurrence or
be of arcertain system severity. In general,,the'selection of a
contingency level bssed on system element outage- statistics:
appears to ‘be an acceptable approach. |
Composite system reliability ~evaluation’ techniques'_at the
present time use a representation of the system in which linesi'
simply terminate at a Bus_withoutlextensive‘representation'of "the
bus switching and breaker configuration. As discussed in Chapter
4, these techniques consider independent oyerlapping outages, and
common-cause outages. The.'outages relating-to terminal station
components are normally included by increasing the failure rate of
the transmission lines__by sone- fixed amount. This is a valid

addition for those terminal related failures which impact only on
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the transmission glement concerned. Such a treatment, however,
does not recognize the multiple ouwtage 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 almo§t 40; of their
outages were terminal related. The studies in Chaptér 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 £ﬁan two lines and/or generators. The
effect of sugh outages can be significant on the reliability
indices of a composite system. This situvation is examined in this
chapter using the 5-bus Test System shown in Figure 5.1. The
terminating points at each bus are represéﬁted as in a ﬁractical
system with bus switching and ﬁircuit breaker configurations.

The selection of a particular protection system related
outage model 1is entirely-dependent upon the configuration and data
of thé system under consideration. The computer model  selected
must behave im the samé way as the actuallsystem or the results
will not be appreopriate. Models described in RefgrenEE_ 23 énd
Chapter 4 require'the combination of the event data resulting from
the failure mode and effecﬁ analysis into reduced models. This
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 iﬁ Reference 42 and are discussed in
the next section. The digital computer program described in
Reference 43 has ©been modified to acceptaan additional level of

element outage data relating' to protection system components.
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Load

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 1in the
protection system. Battery failures are not considered Dbut éan
be easily included if the relevant data is available.

Reliability assessment in distribution systems 1is concerned
with system performance at the customer end i.e.lat 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 che switching station to the customer losd‘point and !
considcring the load point reliability_-indiccs calculated for the;.
composite generation and trsnsmission system as the indices of the?

pdwar suppiy at tﬁe supply.pcint of the primary main.fecder. The;
relative contribution of the indices'at the load points dce-to the

main component segments can therefore be seen.

5.2_-PowerrSystem Ccmponent Mcdels
The failure. modes‘ of current carrying components  and
prctection- system conpcnents have been discussed in the previocs
chsptecs. A general approach for modelling 'a power system for
reliability studies'including‘protection system fsiiurermodes was
1described in a recent paper [42] . The concept used-'isr quice‘
'gcneral and' can‘ be modified according to the study desired and
data available. Some assumptions have to be made, however, in
each csse;
Notation
A 'fsilure ratc of che component
pi : pfcbsbility ofcbreaker i failiﬁg to open ‘ih 'response_ to a
- fault in- its primary protection zZone. The cause may be a
stuck breaker or a failure of its relay scheme' to deteect a

fault.

Y switching rate. This is assumed to be the same in all cases
" where a switching procedure is required. -

u repair rate of the component when the protection system
performs its function.

My repair rate from the after switching state Whes breaker 1
, fails to trip. : .
Pi _ probability of state i
. Ai currcnt‘carryicg component 1
B circuit breaker i
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Figure 5.2 is the single line diagram of a section of a power
system. In Figure 5.2, Al_is the current carrying component
(transmission line) and B1 and B2 represent its primary prptectioﬁ
at its both ends. I and II are the terminal stations of Al wvhere
other components are connected with proper bus switching and

circuit breaker arrangement.

ITI B B .
5 I 3 | B B
{1 m_é R 3
1 Ay _
Bg A B;
—O——1 e ’
iv 1

- -
e

-

Figure 5.2 Single line diagram of a section of a jower system

If B, and B

1 2
Markov Model as in Figure 5.3 i.e. Al up {(in service) or Al down

are 1002 reliable, Al can be represented by a

(out for corrective maintenance). If B1 and B2 are mnot 100Z

reliable, A1 cannot be represented as in Figure 5.3,

A
—

A -'Down
1

u
1 < } 2

figure 5.3 Markov Model of-component Al ‘

B1 and'B2 can fail in a number of possible ways as discussed

earlier i.e. (i) they can fail to ground (ii)they can fail to trip
(ii1i) they can false trip. A modelling approach was discussed in

1

32' As the detailed data required in the models in Reference 42

Reference 42 1n order to include the failure modes of Al’ B. and
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are not available at this time, therefére, some .- assumptions must
be qade; _Thé modified :models can theq be used in a composite
generati§n and franémission‘SYStem reliébility évaluation for the
power systém of FiguféVS.l. - |

Assumptions Made |

(a) All breakers and relays in the protection -zone of a
component are identical. ' o '

(b) Failure to . trip of two and more breakers of the
protection zone at the same time is negligible. | '

(e) No switching-ié required when a pfotectioﬁ system works
- properly in the case of a fault in the primary protection zone (in
case of lines and generators only). '

(d) DC supply at a switching station is 100% reliable.'

"(e)-The_protection zone of a component is assumed to extend
to all the nearest breakers around the component. ‘ ‘

By considering the above assumptions, models in Reference LﬁZ

 can be simplified and used in practical applications.

5.2.1 "Multistate model of a current carrying compohent
Figufe.S.A shows a state transition diagramg'forr'a current

1

carrying ‘cbmpopent A‘ in Figure 5.2, In this diagram, the
probability of sucgessful operation of the protection system-

1(31 and - 32 i ié‘ taken into consideratioﬁ. States 0 #nd l‘aré
gimilar to'thg‘i?o'state.component_model of A - _Thg remaining -
- states are due_ltéltherfailure of the breakers of‘the_prﬁtection
zone to trip in fhe caée_of a fault iQn .Al'. "These stgtes are
catggorized'iﬁto two stages. Stagé lrfeprgsentg the stﬁtes qf thé

system.before switching (after the back up protection c¢lears the

fault). Stage 2 represents the states of the system in which.




States 0,1

State-

‘State

State

State

11

12

21

22
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!12 bol
> — 3~
ui; 0 " 1
N -
P]A. ‘ Pzi
1| | . | 12 ‘: Stage 1
Y Y
21 . o 22 - | Stage 2

‘BAS1c two state component model including the prob-
ability of successful operation of the primary
protection zone breakers. o '

"Breaker B, fails to open when Ay fails to ground.
Components out of service are Al, AZ and—Ay

Breaker B, fails to open when A,_fails to ground.
Components out of service are A; and A,

A, and B under repair after the switching ' operat-
ion during which Aj and Ag are restored to service.

A; and B, under rgpair_after‘the‘sﬁitching operat—~
ion during which A4 is restored to service. e

Figure 5.4 Multi-state model of coﬁponent 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 1 fails to trip 1.e. for
the system shown in Figure 5.2, if B, fails to trip in the case of
an active fault on Al, the current carrying components which will
be 1isolated are AI, Az and As. The states of stages 1 and 2 ére
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 1s calculated as follows:

Po-Ps2 = Prs.y ‘ N (5.7) =

Po.pol = P].u (5.2)

Prisy = Pogomy (5.3)
AP; ,
AP, -

n . _
Pog + Py # }1: (Pyy * PZi). =1 . (5.6)
. ) -

Po = g (5‘7)

PpA P P
where 6 = 1 + 2+ x.fi (L« 2 (5.8)

W i Y 11.] - .

As it is assumed that all breakers and relays of a protection

zone are identical, therefore, all %- and Mj are equal.

n
1
- 1,1 1,2 |
6 =1 xmp(t g - ] (5.10)
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where n is the number of breakers associated with the
protection zone.

- If U.i=Us

" S nip
G =1 + -":-'+ 1
Cuy + yA 4+ onpyap -
= 1 (5.11)
"
- uy -
Py = T U T e (5.12)
Pa A

1 M 0

‘A8 the repair ;ime‘is,assuméd to. be the same in all the
failure—cases; gstate 1 and all the states of stage 2 are the down
states of the'éompoﬁent where only the faulted ;comﬁonent is out

for corrective maintenance.

‘Probability of down state = P.l + :E: PZi
, , E 2 |
Dakt D
_ P | Pi,
= == P+ APO::E: (“i |
1
Y | : o
= P | (5.14)
o - AD o |
Probability of state i of stage_l =-—;l PO (5.15)

Similarly models for other current carrying ;6mponents can be

derived and.sblved'to obtain the state-probabilities.
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5.2.2 Multistate model of a circult breaker

Figure‘5.5 is the state transition diagfaﬁ for the circuiﬁ
‘breaker 'Bl(in Figﬁre 5.2). 1In this diagram, the probability of
'suédessful oper#tibg of the breakers of. the*.protectidﬁ zone 1s
considered 'togetﬁer with a ground fault and a false'tripﬁing-of
B, . 'Sta;es 0, 1 and 2 are the saﬁe as in the three -state  mode1
of a breaker [36], The remaining states are categofized_intq.two
stagés. These s;aceé-are.dde to the‘failure of the bfeakers of
the protection zoﬁe to-frip ihfthe casé of‘én active fap-lt‘on-B1 .
Stage 1 represents the . states- of the -systeﬁA-before :syitchingr
operation: wheén breaker 1 fails to trip ih the case of a:ground
fault on Bl(afﬁerléhé-ﬁack‘ub protéctiQn clearslthe faﬁlt). Stage
2 fepresents'tﬁe statés of the systeﬁ in wﬁiéh faulﬁy.breékers are
under repaif'(éftef the healthy breakers are recioséd). 'Eaﬁh
gstate _in' Figure 5.5,-repreéents the currént carfying compoﬁentq
that are isolated &ue to‘ﬁhe failed breakers excépt:stétéro which
18 the  up state of the breaker Bi . The detajled description of.
the states is given in thé'diagram. In_Fiéﬁre 5.5, it 1is ;ssumédr
th#t the 'tiﬁe-_to repair a breaker is the-samé.for ali failure
ﬁodeg.. |

Tﬁe stategprobabi11ties can be obtained by solving the meodel

in Figure 5.5 using the frequency balanée:approach;

_ _ YH : .
Probability of the up state -,P0= AT ST (5.186)
. s . ( o _
ll’. _ .. Y()\0+901) : . '
2 uy + iy + (1+AO)Y (5.17)
Pod _ o | o
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".?_ K ?lo
b3 Pot ¥
el [~ 1 e,
H]
2 e
\\\
: ~
vpza Py
12 13.- stage 1
Y Y
22 23 24 Stage 2

Stetes 0,1,2  Basic three state model of rhe cfrcuit breaker.
' 0 - Normal state of the breaker 5. :

1 -~ Breaker B,. Fails to ground and in this case the
probability of the successfyl operation of all the
breakers of the . protection  zone 1s taken Into
congideration.
Components down are Al s Ay and A3

. 2 = Breaker B, under repair due 'to a ground fault
{after switch}ng) or due to a false trippinp.
Conmponent down is only Ag-

State 12 Breaker By fails to trip whan B, fails to zround.
: Back wup protection operates snd isolates 34 in
addition to Al, Az_and A3. e

Stata 13 Breaker B3fails to trip when B fails to ground. .
Components isolated in this case will be Ayy  Ag,
A. and possibly others depending wupon the system
configuration. ’

State 14 Breakex B, foils to trip when B falls to ground.
’ Other components may be fsnlated in additien te 4,
A,and A
. . 2 3"
State 22 Breakers Byand Ryare under répair.
Component bown ia only Al

Stata 23 Breakers B and B, are under repair.
Conponents douwn %te Ajand. A,

‘State 24 Breakers Bland Bhare under rtepair.
Componenta down are Alaud AJ'

Figure 5.5 Multistate model of breaker BI
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PiAu :
_Probability of state i of stage 1 = S ll +(l+10)7 (5.19)
: : , ' DAy '
Probability of state i of stage 2 = T u1-+ (1+A0)#_, (5.20)
where pg =1 - :E: Py o K _ (5.21)
‘ ' o ' - ‘

ﬁn = number of breakers of the protection zoné
AO = falgse tripping rate of a breaker
Similar models for other circuit breakers can be solved to

obtain the required state probabilities.

5.3 System Model
"The individﬁal curreﬁt carrying compoaent models and‘ cifcuit
B:éaker 'godéls -can -be ‘combined ‘to dbtain a systen model, -A
practical system has a large nnmber'of,cﬁmponenfs, fherefore, to
Sdlve the complete Markov mo&el for ﬁhe state‘probabilities will
be cbmputationall} expeqsive.-_ This problem .can be solved by
assuﬁing_ independent component'failures. Thé probability of any
system st#te_can then‘be derived from  the approﬁriate componeﬁt
state' pro$abi1ities by simple muitiplicatioh. -There will be,
however, some approxiﬁations and impossible states ﬁhich ‘actﬁallj
cannot -~ occur As diséussed in Réference_ﬁz;_ The results:obtained
bf solving thé‘Harkov moael and aséuﬁing coméonént' independénce 
were cémpared  for a sﬁecific casé. The results were found to be
very close. | o
The results are comﬁéred in this chapter for the system'shown
in Figure 5.6. Thefe are three lines and th circuit breakers in

this configuration;' The power flow is in the directions shown.
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Figure 5.7 is the state space transition diagram for the system

shown In Figure 5.6.

2
P

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 prﬁba-
bilities obtained from the transition diagram compared with those
obtained assuming component independence have been found to be
;very‘ close. One set of these resulFs is shown 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 pr?bability_of
the protection system not operating when required = are not
considered, howevér, they can be easily included. The Markov
model §hbwn in Figure 5.7 considers only upto two contingencies.
The following data were utilized to calculate the results shown iﬁ

Table 5.1

Ay = Ay = Ag = 2.0 failures/year, rq; =r, = ry = 12 Hours

r5 = 20 Hours

1]
>
w
n

Ay = 0.01 failures/year, ry =
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" Switching time = 1.5 Hours

1

1

0.46527355D-08

“i 7 ¥.» Y 7 Switching time
Table 5.1 State probabilities of Figure 5.6
- State No. Markov Model Independence Assumption

1 0.99177713Dp+00 0.99177686D4+00
2 0.27171976D-02 0.27171968D-02
3 0.27171976D-02 0.27171968D-02
4 0.27171976D-02 0.27171968D-02
-5 0.16982485p-05 0.16982481D~05
6 - 0.22643313D-04 0.22643307D-04
7 0.16982485D~-05 0.16982481D-05
8 0.22643313D-04 0.22643307D-04
g 0.74443770D-05 - 0.74443743D-05
10 " 0.74443770D-05 0.74443743D-05
11 0.74443770D-05 0.74443743D-05
12 0.46527355Dp-08 0.46527343D-08
13 0.62036473D-07 0.62036453D-07

14 0.62036473D-07 0.62036453D-07
15 0.38772795Dp-10 0.38772786Dp~10
16 0.51697059D-09 0.51697045D~-09
17 0.38772795D~10 0.38772786D~10
18 0.62036473D-07 0.62036453D-07
19 0.62036473D-07 - 0.62036453p-07
0.46527343D-08

5,4 Syétem-study

| 'CompqSite generaﬁion ,an& transmission system reliability
evﬁluation_ ihcludihé ‘protection éystem,failure modeé 13'111ustr-'
ated in this éectioﬁ-for ﬁhe.tést éystem shoﬁﬁ in Figure 5.1.I

‘Figure's.l is the single line  representat1on of the power

system as ﬁsed.in a basic ac load flow analy#is. The dotted 1iqe§
indicate‘new additions to fﬁe systeﬁ. In ror¢er “to 1include ‘thel
effects '§f the-protecéion system failure modes, bus $witch£ng and
circuit breaker configurations at each termiﬁating stdtion have
beéﬁ included. Single line diagrams of the sﬁitching stations‘afe
as shown in Figufeg 5.8 to . 5.11 and  are based bn the

configuratidns of a practical system.
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. Figure 5.8 Configuration at Bus 1 of the test system
o ‘shown in Figure 5.1
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Load

=l
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~

Figure 5.9  Configuration at Bus .2 .of the ‘test system
' shown in Figure 5.1 _
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Figure 5.10 Configuration at Bus 3 (4) of the test system
- o shown in Figure 5.1

.
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Figuré 5.11 .Configurétion 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 17 and are aiso given 1in Appendix B
together with the circuit breaker data.

The models described in the previous sections have been
utilized in the digital cdmputer program illustrated in Referenﬁesr
43 and 44. In order to Iinclude the effects of the frotection
system, the computer program has been modified to accept an
additional level of component outage data relating to the
protection system. The failure mode and effect analysis technique
-has been utilized for each ‘protection system related outage
situation to determine which curreng;caqrying éomponents were opt“
of service in that particular system staté. This has then beéni
utilized as Input data to the program.

A set of annualized bus and sys;em indices is defined in
Reference _12: This set of indices has been evaluated for the
6~line and 8-line systems shown in Figure 5.1 and are given in
Tables 5.2 to 5.9. The reliability indices calculated with'and
without considering protection system .failures are included in
these tables for compérison purp;ses.

The annualized bus indices are listed in Tables 5.2 and 5.3.
Table 5.2 shows the effect of protection system failures om the
bus failure probabilities and frequencies. Fﬁr the 6-line system,:
single independent outages do not have any effect at bus 2,7
however, there is a significant contribution to the indices when

.»8ingle outages of protection systems (ground faults) are included.
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The contribution to the indices at bus 2 remains the same due to
protection system failures even when double contingency situvations
are considered. This 1s because the major contribution 1in this
case Iis 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 din the  analysis. The
effect on the failure freguency 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 have.any impact on the system .

T

performance. When protection system related single or doubie-"
contingency _levelsr are included, the 1indices at all the buses
increase. The contribution to th; failure proBabilities at busses 3, 4 and 5
due to pmtq;}im system failures is more significant in this case and
is 12%, 37% and 16% respectively. When a double contingéncy level
is qonsideréd together with the failures of protection systems,
the failure frequencies at buses 3, 4 a;d S are 1.33, 3 and 1.6
times the indices when protéctiOn system failures are not
included. ”q

An examination of Table 5;3 shows that the annualized number
of load ‘curtailments increase at all the buses dué to protection

systenm 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 profeqtion system failures, For the
8;1ine 'éystém, the major'-confribution is due to the oﬁfage?
‘relating to prbfection systems. The annualized load réﬁrtailment,
energy curtailed and duraﬁioh” 6f curtailment indices increase
significantly at all buses for the 6-line systgm;‘however; for'the
‘8-line éystem.the indices aﬁ all bﬁses are dominated by ptotect#on
sfstem:failures; The ‘annualized numher of‘ voltage violétiqﬁé_
increageé ﬁodététely at all buses In the case of the 6-line system
and theré is a.significanf increase in the case of _fhe ‘8-line-
systeﬁ. |
| The maximum bus iﬁdiceé i.e. maximum load curtailéd, ma#imum
energy curtailed and maximum duration of load curﬁailment'are
listed 1n Tablés 5.4, 5.5 and 5.6 ;éspéctively.‘ In. the ‘case of
the 6-1line system,‘ the maximum indices at buses‘2 and 4’£re'
domina#éd by fhe protection system failures. At buses 3 and 3,
‘the . major effect is due to ‘single-_qutages :énd ‘independent
overlapﬁing outages, howevér, the méximum loa& qurtaile& at,busr'3 
due. 'to single oﬁtage situations chénges with protection system
failufes.‘ Forl£he 8~11nérsystem; the maximum load cﬁrtéiled $nﬁ'
energy curtailed chénge significantly ia the case_of‘buses 2 and 3
with-the donsi&eration of protection sysfem “failuress- The_fsame
indices at buses &4 and Srchénge in the'single outagé gituation.
The-méximum dﬁtation of 1load 1curtailﬁent. changés for singlé
' contingenéy cases for the 8-line system and‘thercontribution'is

- due to the load point breakers.
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Thé' annualized.’bus averages obtained with and without
protection system failures ‘are compared in Table 5.7;: The
duration of the multipié .outage relating to protection system
failu:es-is of thé order'of one and Ane half hours, therefore; the
average eneréy not_suppiied'and'duration of curtailment__increaseg
in some <cases and decreasés in othérs -with the inélusion of
prbtection-system failhres¢r The'average load curtailed'_inc:eases
at all the buses. | |
| The ‘gelneral inc-‘re_zase inl all': _bus ~indices by considering 7
protection system. .faiiures can  be seen inrboth- the 6-line and
8~line systems. The inc;ease is most significant in the case of
the‘.Bfliné' system #s the single line outages ﬁaving relativeiy:
-high‘probability ﬁo not ﬁave any effect bh the system performance.
rThe annﬁalized system indices obtained with and without protection
system failures are compared 1n_TaBles 5.8 and 5.9. These tables
show a significahi increase in most of the system indices with the.

inclusion of protection system failures.
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5.5 Relihbil;ty Indices at Customer Load Points

The basic indices normally used to predict the reliability at
the customer load point are : Load Point Fallure Rate, Average
Load Point Outage Duration and Annual Load Point Outage Time.
Utilities also calculate service performance indices and the most
common performance indices are : System Average Interruption
Duration Index (SAIDI), System Average Interruption Frequency Index
(SAIF1), Customer Average Interruption Duration Index (CAIDI) and
Average Service Availability Index (ASAI). A recent paper [45]
revieﬁed some of the basic techniques for the evaluation of 1load

point reliability indices and performance indices and provided

- L S -
-~ -

example calculations on a radial distfibuqion system.,
It was assumed in Reference 45 that power supply up to the
feeder breaker was 1007 reliable, however, this is not the case as

illustrated in the previous section. In this section, customer

load point reliability indices are calculated including the bulk.

supply effects. This is accomplished by taking into consideration
the pfobability and frequency of failure at the feeder point (load
point of a composite system) of switching stations 2 and 3 of
Figure 5.1 and representing the distribution system as shown in
Figure 5.12. Identical radial circuits are used to represent the
distribution configurations connected to the switching stations 2
and 3. In a practical network, the distribution facilities may be
much méie 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.the

composite system and the distribution network.
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'Figﬁre 5.12 Radial distributioﬁ system

The data for the system shown in Figure 5.12 is given' 1n.
Reference 45 and 1is shown below.
Primary Main - ' ‘0.10 failures/éircuit mile/year
3.0 hours average repair time

Primary Lateral | 0.25 failure/circuit mile/year .
: ' , 1.0 hours average repair time

-Manual sectionalizing tiﬁeifor‘any switching action = 0.50 hours
"Probability of succesasful isolation of a primary
lateral fault S o 7 = 0.9

 The aﬁalysis_for both switching stations is given in Tables
5.10 to 5.13. Only’ continuity of supply is considered and’ load

curtailment is congidered as load isolation.
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5.5.1 Reliability indices of customers connected to
Switching Statiom 2

(1) 6-1line system
Failure rate and average outage duration of power supply to
the distribution feeders are as follows:

Failure rate (Table 5.3, # of curtailments) = 0.02 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 A r ar A r AT

f/yr hrs hrs/yr £/yr hrs hrs/yr f/yr hrs hrs/yr

Feeder power 0.02 1.63 0.034 0.02 1.63 0.034 0.02 1.63 0.034

supply

Primary main - d . Do
2 m section 0.20 3.0 0.60 0.20 3.00.0.60 0.20 3.0 0.60
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 0,05 0.10 0.50 0.05 0.10 3.0 0.30

Primary lateral
3 m section .75 1.0 0.75 0.075 0.50 0.038 0.075 Q.05 0.038

1 m section 0.025 0.50 0.013 0.025 0.50 0.013 0.25 1.0 0.25

S R N o M e e e e mm e S e e m e ek e

Total 1.445 1.12 1.622 1.22 1.75 2.135 0.995 2.16 2.147

(i1) 8~line system

Failure rate (Table 5;3, # of curtailments) : = 0.02 f/yr
Average outage time(Table 5.7 ,Duration of curtailment) = 1.49 hrs

Table 5.11 Reliability jndices for customers connected to
Station 2 of the 8-line system

Load Point A Load Point B Load Point C
Compomnent - A r Ar A r Ar X r Ar
. f/yr hrs hrs/yr f£/yr hre hrs/yr f£/yr hrs hrs/yr

Feeder power 0.02 1.49 0.03 0.02 1.49 0.03 0.02 1.49 0.03

supply
Primary main 0.60 1.33 0.80 O0.60 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 ) :

- e m o w me ek o mm e e Ak v ik e W mm e e bk mm e S ey der e AR R M AR e e

Total 1.445 1.12 1.618 1.22 1.75 2.131 0.995 2.15 2.143
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5.5.2 ‘Reliability indices of customers connected :5

Switching Station 3

(1) 6-line system

Fallure rate and average outage duration of power supply to
the distribupion feeders are ae follows:
Failure rate (Table 5.3, # of'curtailments) ‘ -;3.43 f[yr

Average outage time(Table 5.7,Duration of curtailment) =
hrs. . :

Table 5.12 Reliability indices for customers connected to

Station 3 of the 6~ line system

‘ ~Load Point A Load Point B Load Point C

Component ' A r Ar A r- Ar AL r Ar
' f/yr hrs hrs/yr|f/yr hrs hrs/yr|f/yr hrs.hrs/yr

‘Feeder power 3.43 B8.21 28.15/3.43 8.21 28.15(3.43 8.21 28.15
supply o ‘ R N -
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 0.55 }[0.375 0.83 0.313 -
laterals : AT | |
Total 4f855 6.12 29.73.4.63 6. 53 30.2514.405 6.87 30.26

(11i) 8-line system

Failure rate and average outage duration of power supply to

the distfibution feeders are as follows: 7
Failure rate (Table 5.3, #'Of curtallments) = 0,11 f/yr

Average outage time(Table 5.7,Duratibn of curtailﬁent) = 2.11 hrs

Table 5.13 Reliability indices for customers connected to
: Station 3 of the B-Iine system

8.206 -

Load Point A 'Load Point B Load Point C
Component. ] r Ar A r o Ar A r Ar
f/yr. hrs hrs/yr|f/yr hrs hrs/yr|f/yr hrs hrs/yr
Feeder power 0.11 2,11 0.232 0.11 2.11 0.232f0.11" 2,11.0.232
supply : : 7 ,
Primary main 0.60 1.33 0.80 0.60 2.58 1.55 |0.60 3.0 1.80
laterals
Total 1.535 1.19 1.82 l1.31 1.78 2.332

1.085 2.16 2.345
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The relative contributions'to the reliability indices  for
cuétomers conneéﬁed'to‘Station 2 in the 6~line and 8-line.éystems,
are-shown in Tables 5.10 and 5.11 respectively. These tables show
that the contribution dve to bulk power supply is relaﬁiéely_very
small ih comparison to the contribution-'by the‘.distfibﬁtion
nétwofk. 'Tﬁis 71# ﬁécausé. the distribution feeder is directly
connected to the genérating‘sﬁation and the  transmis§ion system
. does not-'hﬁve much éffgct in this case. _The-reliaﬁility‘indicés
of customers conﬁectéd‘tofStation 3 are listed in Tables 5.12 and
E 5.13 for tﬁg 6-line and 8-line systéms respectively. -TéﬁléjS»IZ
shows that the-conffiﬁuéion due to bulk power supply for custdners
at load point'Alis‘682 of tﬁe total indices-calculated where as it
is only,7ﬁ in the case of-thé.Srline‘sysfem (Table 5.13j; - This
abrupt chanéé in the cbntributiqn' is due' to the inadeqﬁate
tr;nsmission facilities in fhé cége of the 6-11né system. ‘Siﬁilar
effects are for customers gtl'load péint B and C. With the
incréase.in transmiésibn facilities i.e. by installingr'lines  7,
andl 8 .in the system of Figﬁre 5.1, the contribution dﬁelio the
compggite system decreases significantly. The resul;s _shoﬁn._in
Table 5.14 are for comparison purposes. The indices for the
.customers connected to,Staﬁion 2 ére the same in both the 6-line
and 8~line system;. Iﬁ--the case of Sﬁation 3,rthere is a:big‘
change in the indices froﬁ tﬁe 6-line system to the 8-line system

caseé for the reasons described earlier.
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A sumary 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 Fail. Ave. Annual|Fail. Ave. Annual{Fail. Ave. Annual
descr~- rate out. outagejrate out. outagejlrate out. outage
iption dur. time : dur. tinme _ dur. time
A r i )y T if A T U
f/yr hrs Thrs/yr|jf/yr hrs hrs/yr|f/yr hrs hrs/yr
6-Line
System

Station 2 1.445 1.12 1.620 |1.22 1.75 2.1326}0.995 2.16 2.145
Station 3 4.855 6.12 29.73 314.63 6.53 30.25 [4.405 6.87 30.26

8-Line
Systenm

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 éffect of protection system felated outages on bus and
systém indices has been 1llustrated in this chapter using a 5-bus
hypothetical test system. The reliability indicear of a 6-line’
system are dominated by independent overlapping outageé, however,
the results show that the protection system failure modes have a
significant impact on all the indices and on the maximum bus
indices in particular. For the 8-line systen, the main
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,
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nultiple outages dﬁe to protection system failures should be taken
into consideration in order to providé ﬁ realistic‘appraisal.

The analy’sisl of .customer load point reliability indices
illustrates éhe,_éfféct: of'compoéite generation aﬁd'transmission
system reliability indices on customer load-pointApredictioﬁs. It
also illustrates that the contribution to thercﬁstomef indices due:
to thé éomposite syétem‘ decreases signific#nfiy with an
';mprovément in  thé ﬁfansmission facilities of the bulk powér'
supply. The reliability indices for customers connected - ﬁo
switching stétions;‘ where thereﬁ.is no-geneiﬁkion,-hdve higher
v#lues than those customers connected directly to a ééﬁerating
~source. - This ;s due to the impact of fr&nsmiss;on,system outages,
however, this effect rdiminishes with .an 'ipcréase in. the
trﬁnsmission faéilitigs. | Thé results calculated by coﬁsideriﬁg
generation, transmission and distribution systems together give‘ a
ﬁore practical apéraiséll of 'the system thén considering either
cémposite or dis;ribution facilitiéé aingly, | .

The approaéh descfibgd in this éhapte: is quite  general lan@
‘can'rﬁe-‘eXteﬁdéd' to a wide rﬁﬁge of practical systems depending

upon the data. available.
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"6. CONCLUSIONS

| ‘This_thesis has illﬁétrated the Hiffergnﬁ failure modés wﬁich-
exist within a profectign.system and haé considered ;heif effects j
on lbad,point reliability indices.i"In most . of ther‘pre;ently
available teéhniques for coﬁpoéite'system reliabiiity evaiugtipn. 
pfofection systems are assumed to be ;;rféétly- reiiable., Some
#spécts of thezﬁprobiem particularly in the  cbmpbaité gystém__
analysis, aéé‘so,complek'that' én ‘aécpratej model wmay 'Eométimes
become rcomﬁutationally. expenﬁive.- - Realistic mbdels shoﬁld
therefore hdequately.represént_the trﬁe system berfprmance un&e;'
all systemr.condiﬁions- and at the éamé time be compdta;ionally 7
manageablé; ' This méy .réquire ‘ﬁaking . some sihﬁlifiﬁg but -
reasonablg"assumptions.‘ The sélection of fherbest poséible ﬁodel”
to. descriﬁé a 'practical éituation is _ possible only ‘:with
'ﬁomprehensive dat§ po11ect1on. 3 | |
A ﬁrotéction s&ste#r has many rfailqre iéﬁes i.e. a stuck
breaker or . rélaﬁ‘ coﬁdition;_a faise tripping; failure of the dc-
suppiyretc.‘in éddition'to ground faults. Each failurehmode ﬁaa.a
different impact‘dn the system. To es;ima;erthe param;ters of thg
protection system failure modes, fe}iability-pérformgnce ﬁata is
required ‘rfor“each " component of the system. ° Unfoftun;tely,
detailed data on‘protection systen componénts are not .éenerally
available at this time. A -cohsistent effort in this-afea,is
required. from the.ﬁtility companies. The models ﬁeﬁeloped in'this

thesis and V:héir utilization in composite' system reliability
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evaluation should prove wuseful in deciding which datagshduld be
Eollected and in juétifying';he cost associated with coiiécting
these data. | o
| The-failuré modes _and‘ effect. analysis method _ié a vefy
powerful ‘reliability.‘téchniqué and has been applied to detefmine
-the various.load 'point' failure modes within. the' traﬁsuissiﬁn
éystem.'_‘This .requifes a deﬁailed knowledge of the behaviour of
the.system ana alflthe inherent system processesrfhaﬁ igad . to a.
‘load  point faiiufe; " The COntributionrrté"the load poiﬁt
reliability indices due to various failure ﬁodes‘can'be ‘evaluated_
using the equations deséribed in this thesis. L

In this ‘thesis,_ traﬁsmission and distribution systeﬁs
reliability peffbrmaﬁcé has.beeﬁ measured in terms of frequéhcy of
failure, avérageloutage &uraﬁion and tbtai..ﬁnnuql oﬁtage tiﬁe.
All three indices are important in oraer to m#ke-a meaningful
-comparison of various system génfigdrations. The reliﬁbility
indices have been obtained at different load points of the.éjstem.
This approach 1s very useful'beqduée a general level of iéyétem_ ‘
feliability doeé not Indicate ~how the r&iffergnt continuity
requiremenﬁs 6f ;he-cﬁstomers are being satisfied.

Composite -generétion and tfanSmission.'system reliabili;y-
evaluation téchniqueé at the - present  time conﬁide;' oﬁ1y'
independeﬁt' overlapping'loutagés; and common-cause oﬁtages jas
defined in  kefe:encé. 39. The outages relgting, to carminai'
staﬁioﬁg and protection systéms have in some cases been aéébﬁntéd'
for by inéreasing the failure rate of thé associated traﬁsmission

iines and generators by some fixed amount. This treatment is




126

valid only if one component is out due to a terminal related
failure. This approach, however, does not recognize that multiple
outages of current carrying 'componénts can occurl due to a
protection system related éause and does .  not simulaté-such a
rsitﬁation. | |

This thesis has - desc;ibed fagd illustrated the cause and
effect of terminal.felated outages using. the configuratidné,of two
préétical’éuhsf&tiong. The baéic. approach to cbnside#' these
outages in :éiiaﬁiiity evaluation of a doﬁpdsite generation'And
_transmissign‘systemihas béen described baseqr on  the .apprqaéh'

utilized 1in Réfgrgnce 43.  The load point and bus indices have

been calculated'for ‘'a 5-bus test system inciuding profection
systenm failuresf' The reliability indiees‘of.thé Q—Iine-systgm aré
dominaeed ﬁ& singlé'line'outages,' howeﬁgr, the résults' Qhow a
significant increase with fhe Aineclusion of7-protec;ion‘aystem
rélated events. For the 8-line system, protection system ieiated
outages'-havg7 a largercontributionlﬁo the load point énd.syétemf
indices than independent overiapping outageg. if is ~‘suggest:.eld
tﬁereforé thét protection syqteﬁ relate&'oufages:which iﬁvolﬁe;two
- or more current éafrying comp#hents should be cpnsidefeﬁ in- the
reliability gﬁélysis of a coﬁpdsite genefgtion'and transmisgionl
‘system. |

.It 'apﬁears obvioué. thaﬁi cgmposite -sysﬁem | re;iability
efalu#tion leading to ‘iﬁdividuai load point énd-glohél sttem'
indfées involves_much‘more than the creation and examination of a
large number of systém oﬁtage :ondimibns géherate& by independent

removal of generation and transmission elements. The desire to
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examine high order in&ependent evénts-has dictated the need fof
-approximate solution techniqu;s for the network and for.thé
selection of system'and load point failure ériteria; Recégnition
‘and classif;cation ﬁf“ depéndént  events  such as common- modé
failures and terminal relafeduoutages may, however, obvié;e - the
‘need to examine high order independent outagerevents aﬁa-also-lead ;:
to a méré rgalistic-appréisal of practic;l_systéms. These events,-

however, require detailed .analysis and data before they can bei

-consigned as input to a systém appraisal prograﬁ. They cannot be |
o ' ‘ ' ' ' E
!

included by simple 'addition to the independent failure rates §f
the current carrying-éomponénts ﬁut should be included._asanj
additional level of'ébmpoﬁent'outage data. o o
| Customer,-feliabii;ty  indices_'cé1cn1§ted ;onsidering only °
outages. iIn ﬁhe distribu;ign system willlgive optimistic results,
because outage gffects of  _the composite generation  and -
transmission system arelﬂdtlféflecféd3in thatrevaluation. -in this v~
thesis, customer reliabiliﬁy indices | have' .been calculateﬁ
‘coﬁsideriné the” resuiting indices of tﬁe  coﬁposite*SyStem‘as
starting values an@’thése indices‘give:a more practical agpraisal”
of the powef system as a-whole.L o |

lIt must bernote& . that the applicatiqn'fdf the techniques
described in this thesis.&epénd upon-having-éollected sufficient
'iﬁformation;regafding- componéﬁt ~failure rates, the associated
' expected out#ge-durafions and the ériteria'of'load point failure.
The imﬁortgnce of data -cdllegtion with.  the 6bjective of
réliability evaluat;oﬁ ;fi various design alternati§es should be
realized by utility personnel an& effort expended to copsistently

colleet the required data.

[
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APPENDICES

Appendix'A

Definitions of Outage Terms

~A.1 Outage Definitions.fSS}‘
buﬁage |

) An‘&dtage descfibeg the state of a compounent when it 1is not
__,ﬁvailable to perform its intended function .dué fo‘some_event

directly associated with that component.

OQutage Categofies
1. ‘Forced Qutage
| B fofced oufége is an oﬁ;age that results from'ﬁéﬁergency
con&itions direétly aSsociéﬁed with a coﬁpongnt requiring that it
. be taken‘out of sérvicé‘immediately; either auﬁomatically- or as
éooﬁ as switching‘operatidn-can be performed, or #ﬂ outageléaused
by improper operationm of equipment or human error. |
2. Schedule& dutagé;

A écﬁéduléd outage'is-an‘outagé that results wﬁen'a cbmpbnent
‘is deliberately - taken out of éérvice ai a selepte&-time,:dsuallj

.for the purpose of construction, preventive maintenance or repair.

forced 6utage Categories
1. Transienf Forced Oﬁtage.

A transient of\tembo:gf& forced_ouﬁage is° an outage whose
cause i3 self-clearing s§ that the‘ affeC£ed dompongnf can be

restored to service either automatically or as soon as a switch or
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circuit breaker can be reclosed or a fuse replaced. An eiample of
a temporary forced outage is a lighting flashover which does not
permanentlf disable the flashed component.
2. Permanent.Forceﬁ Outage

A permanent or sustained forced outage 1is an outage whose
cause 1Is 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 1is a wire burndown.

Exposure Time:
Exposure time 1s the time dﬁ?fné which a component is=
. = - -3

performing its intended function and 1s subject to ocutage.

Swit;hing Time:

Switching time is the period from the time a switching
operation 1is required due to a forced outage until that switching
~operation is performed. TFor 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 Custoﬁer and System Oriented Reliability
indices [54]
1. System Average Interruption Frequency Index

This index is defined as the average number of 4interruptions
per customer served per time unit. It is determined by dividing

the number of customer interruptions in a year by the number of
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customer served. This index may be applied_ to _sustained and/or
temporary Iinterruptions, 3Fd, this should ©be designated ih'the
indeﬁ. B . | |
2.S5ystem Avefage Interruption ﬁuration Index

" This indéxris dgfined as the " average ‘interruption duration
for ~customers served . ddrihg a speéified  timé period. it is
detérmined'by dividiné the éum of all customer interruption
durations during the spécified period by the'ﬁuﬁﬁer of customefs
éervedrduriﬁglthat period. |
3. Customer Average Intgrruption frequency Indqx-

This index 1§.def1ned és‘the'average number of interruptions
per  cust6mgr- interrupted -per time. unit. : It is determined by
difiding the numbe; of cuétémer'interrupfions:observed iﬁ a year
-_by_ the numﬁerl of . customers-affected.. Coun; cd§tomers-affecte&'
only once regar&leés _Of _number ‘of interruptions that may be
-experienced.

4, ‘Cuétomer Average31nterruption Duration Index

This index is &efined-as the average iﬁterruption . duration
‘ for' cusﬁomers  1ntefrupted dﬁfing a specifiéd‘time_periéd. It is
determined by dividing the sum of all customer iﬁterrgbtion-
durations during the spécifiéd period by the.number of sustained

customer interruptions during that period.
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Appendix B

Data of the 5-Bus Test Syétem 

Table-Blfr Transmission line data
Line Data
Lines are assumed to be 795 ACSR.54/7.

Current carrying capability = 374amps. = 0.71 p.u.

Failure rate

= 0.05 failures/year/mile

Expected repair duration

= 10 hours

Line Length' Impedance P.U. Susceptance Failure . Probability
miles S : (b/2) rate of failure
1,6 30 0.0342+30.1800 0.0106 T .0.,001713
2,7 100 0.1140+3j0.6000 - 0.0352 . 5.0 0.005710
3 80 . 0.0912+3j0.4800 0.0282 4.0 0.004568 "
4,5,8 20 0.0228fj0.1200 -0.0071 - 1.0 - 0.001142
Table B2. Generation and. load data
Base MVA =100, Base KV =110

Bus No. ~ . Capaclty Total Type .-Failure‘ Repair Probability
no. Of of ' bus = of rate .rate - of

units each unit capacity units outage

S : ‘ : : p. unit p. unit ‘
"MW MW £/yr “r/yr
1 4 20 80  Thermal 1.1 73 . 0.015
2 7 5 130 Hydro 0.5 .- 100 0.005
1 15 Hydro 0.5 100 0.005

4 - 20 Hydro 0.5 100 0.005"

,Swing Bus : 1

(If bus 1 is isolated ffoﬁ .the mnetwork due to an outage
condition, Bus 2 is gelected as ﬁhe swing bus.)
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Peak load is considered constant through out the year.

Peak Power Generation - VAR

load factor allotted under Limits

: Peak. Load

MW : MW . MVAR

0 Swing Bus -20 to +20
20 1.0 110 ' -30 to +40
85 1.0 - o e
40 1.0 -_— eme——
155

Table B3. :Circuit Breaker Data

Ground fault rate per unit

. Unreadiness probability = 0.01
-Average repair time ~= 20 hours.
Average switching time = 1.5 hours

False tripping rate 1s neglected

1.05
1.05
1.05
1.05

0.01 failure/year.

Voltage Limits
Maximum

" Minimum

P.U.

0.97

- 0.97

0.97

0.97
- 0.97
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