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ABSTRACT
‘The reliability performance of transmission and

‘distribution systems can be evaluated in guantitative terms.
by the application of probability methods.  This thesis
develops a simple and sequential approach for the relia-
b111ty analysis of practical systems. A cut set approach

is utilized to form series-parallel repreésentations of com-
‘plex system configurations. A consistent set of equations
is used in conjunction with the cut set approach to evalu-
ate the outage frequency and duration indices at different
load points in the system. The failures of individual power
system components may have guite different effects on the
total system. In this thesis, component failures are model-
led with regard to their system effects. This method of
modelling provides a more accurate representation of com-
ponent and system behaviour. Reliability analysis of
practical systems often requires complex and time consuming
computations. A digital computer program has been developed
to minimize the labour involved. The program output pro- .
vides a concise and orderly description of the various
combinations of events within the system that could result
~in an interruption. System reliability can be: improved

by the judicious selection of maintenance policies. This
thesis illustrates that maintenance policies cannot be deter-
" mined solely by gqualitative cons;deratlons.‘_Rellablllty
benefits associated with a component co-ordinated maintenance
policy are guantitatively evaluated. The cut set approach is
extended to the evaluation of freguency and duration of :
overloads utilizing two additional indices of interrupted
load and energy to estimate the overload severlty. The
appllcatlon of supply interruption costs in the evalua-

tion of economically Justified investment is illustrated

in this thesis. The savings in the costs of supply inter-
ruptions obtained by the use of spare transformers, standby
units, additional facilities etc. can then be compared '
utilizing these techniques, thh the 1nVestment in these
facilxtles.
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1. _INTRODUCTION

The demand for electrlc power by onr soc1ety has .
been growlng at a rate of about 7% perx annum.r In the face"
of thls growth rate, . power utilities are constantly con-:
fronted with the problem of satlsfylng the needs of their
customers as economlcally as pOSSlble and w1th a reasonable‘r
hlevel of contlnulty and quallty. The general publlc in 'f'
'North America has. ‘grown accustomed to a very hlgh guality-
of electrlc supply. Both industry and households have based-
their operation on this hlghly rellable serv1ce. -Tne deter-f
mination of‘fhow.reliable the service shoold be?" has‘beenp-‘
and will always ke of considerable.concern to power system
) engineers and managers.'lPower systems contain}'by'design;

menfuredundant elements strictly for the purpose of increa%h
sing the assurance of continuity”andrthe-proyision ofdhigh“'
ouality servlce_to the'customer. ,Redundency‘is prOvided in
meng forﬁs such;esﬂgenereting cepaclty reserve margins, .
interconnection with neighbouring utilities; additlonal.
_transmlssion ‘and dlstrlbution elements and the simple or -
_ complex alternate supply fac111t1es Whlch exlst in v1rt-
| ually all functlonal areas 1n some form or another. These;
fecilltles exlst because the basxc system desxgn phllosophy
recognlzes and therefore, ant1c1pates the p0351b111ty of
-equlpment fallure and the need to remove equlpment ‘from
servxce for preventlve malntenance.

ThlS overall aspect of power system plannzng,

design and. operatlon is often loosely deSLgnated as -’
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"reliability". This'word'is-used in a multitude of ways to
indicate the ability of_the sjstem_to.perfdrm its intended
,funetien._rln‘the.area of transmission and dietribution
‘*§YStem.evaluation, qualitetive'methods“are generally‘used_‘
fte'describe system reliability performance. These methods
are based on eertain rulesrqfrthumbrand do not adeguately .
tefieetithe’effect“ef-eqﬁipmeht performance'charactetistice;
_netﬁotkchnfiguration,ISystem-eperating_conditions and in ' |
fact those elemente-that do influence the system reliability.
1Theserfactors can be'iecerporated in the analysis oniy |
thteugﬁ éuantitative reliability techniqﬁes; Quantitative
methodS“proﬁide a consistent measure of system:adeQuacy_and
enebie the planning engineer to compare reliability levels
asseciated-Qith“alternate:planning ptqposale, |

-The incteasing-ewareness.of the need for,quanti—_
Vtative methods of power system reliability evaluation is

(1y

evxdent from the several important publications which

have appeared 1n this regard. The bulk of . the publications
deal With the evaluation of generating capaCity adequacy

The first publieation eq this subject appeared almost erty'e
years ago. The'applicatien of probability methods to dis-
tribﬁtion-eystem design alSo extend over e‘period almost
equal to that of generation capacity evaluation. 'However;
there appears to have been only a minimal amount of conti=-
nuous activity in the transmission and distribution area
until aﬁout 1964. .The publiehed-literature—cleatly indi-i

- cates the increased emphasis, within the past few years,
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~on the quantitative'eVaiuationeef transmission and disﬁrif”
‘bution system reliaﬁilify.r'One of the main ijédtiveS'in‘
Tvirtuelly all the pﬁblications has‘been the development of .
eccurate and‘eonsistent models tojrepresent the true com-
VpOnent-and system behavieur. This thesis provides a‘fur;
Uther step‘towards this objeetive. The eméhasis is on the
':aeﬁeloémenﬁ;“médificetibﬁs and?applicatioﬁsréf the-techniqhes
'end meﬂels. In this'regard, this work is a direct eontinu—
.atidh of the author's M.Sc. thesis(a}. ‘The main featﬁres
of the the51s are outllned in the follow1ng paragraphs.'

h(5 6) 1s-con51dered,to be the

The Markov approac
‘most eccurate method of modelling the perfermance of power
eystem,comﬁonents, provided the necessary dietributional
assumptions are valid. The application of this technique
_ becoﬁes quite cumbersbmeras the number'ef.system compdnents

'increases. The computatlons for the evaluatlon of state

Probabllltles involve a large amount of effort if dependen£?4lm7-

effects such as env1ronmental condltlons..malntenance re—'
quirements etc.'are torbe considered. The author;s M.Sc.
| thesis (&) deveioped alconsistent'set of equetions for the
revaluatiqn of sustained, temperafy, maintenance andeVere:
ioed outage indices. The‘results obtained from the equev
tions compare reasenably‘ﬁeli with thoszpredicted by a
Markov apﬁroach. This thesis iilustrates a sequential end
stralghtforward technlque in whlch the 51mple set of egua-
' h(16)

tlons is used in conjunctlon with a cut set approac

evaluate the system reliability indices. The efficiency of
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. the approach isrillustrated~by considering practicalrsys*'
tem examples; |

: Tne failures of lndividnal power system components
'may.haﬁe quite‘complicated effects on the total sjstem. The
-modelsiconsidering only one system effect of a component

(8)

'fallure, lllustrated 1n the M.Sc. thesis R may provide

T vVery optlmlstlc estimates of system rellablllty performance._

This thesis models the component failures accordlng to their
'system'effects for more accurate reliabillty predictions.
tTwo modes of component fallure are conSLdered, ohne resultlng
in the outage of other healthy components, called the actlve |
fallure and the second resulting in the_outage of only the
icomponent itself, called the passive failure. The manual
‘solutlon of these models becomes qulte labourlous and un-
'manageable as the numbexr of components and the system com-
plexlty 1ncreases. VA.computer program for the eyalnation
‘of load point reliability indices is described in this
-th¢315’ :The”program_perfotms a failure‘modes and effects
analysis (EﬂEA)_and-orovides a concise and orderly deSCfipf
tion‘of various conblnations ofseventsinithin_the systenT
'_jthat conldltesult in an interrupthn. The applicatlon of
the program is illustrated by consxderlng substatlon and
sw1tch1ng statlon conflguratlons.

| 7 It has been noted 1n‘references 17 and 29_that a
- major canse of double contingency outages is the OCcurnence i
of a-component snstainedroutage.during the period when
another component is out‘forrmaintenance. Maintenance on

components is performed to reduce their sustained outage



rates. If the maintenance outage rate of'a-domponent is
reduced, 1n order to decrease the probability of ~occurrence
_,of double contlngency of the above klnd, an lncrease in
component sustalned outage rate may result. rThls_thes;s
1nvestlgates‘the p0331b111ty of ch0031ng some compromise
between component malntenance rates and failure rates so
‘fthat the overall system fallure rate is- reduced.- This
analysls requires the development of some functlonal:rela—r‘
”tions between component failure_and maintenance rates.
‘Considerable‘improvement-lnlreliability performance can‘ne
.obtalned By proper coeordinatiOn‘of componentgmaintenance."
'Thls the51s evaluates the rellablllty beneflts assoclated
‘Wlth dlfferent pollcles of co-ordlnatlng component maln—
tenance. |

The evaluatlon of lnterruptlons due to component"
overload outages have always resulted ln consxderable amount
of computatlonal effort and tlme(36). ThlS.theSlS lllustrates
how this problem can be allevrated—by using the.cut set ap-
proach. Assumlng constant component capablllties, the outage
;frequency and duration Lndlces are calculated by .using a two

state load model(a)

-This approach is extended for the eva--
luatlon of outage indices in systems 1nvolv1ng many load |

' polnts. The results obtarned by thlS method are compared
with thosecalculated by using'technlques 1nvolv1ng Markov'
analeis and‘load‘flow studies. A close proxlmlty in the
results'iS'obServed. Two additional measures of 1nterrupted'

1oad and energy are introduced to estlmate the severlty of

OVerloads.
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- There hes been very little material available
'regardihg the costs of supply interrﬁptiohsrincutred by
electrLCLty consumers. Some estlmates of these costs have

now been publlshed(38 1 40) for dlfferent types of consumers.

V;Thls theSlS 1llustrates the appllcatlon of these costs ln

the evaluatlon of economlcally justlfled 1nvestments in the‘
‘fsystem.‘ The sav1ngs in costs of supply lnterruptlons ob—'
. tained.by the use of spare transfermers, standby units, |
-additibnalrfacilities etc. can be‘competed Qith‘the invest-
ments in tpese'facilities for a eost-benefit analysis.
These costsjcanralso.be'utilized in cemparing the relia—:
‘bllltxes of varlous systems on a con31stent ba81s.

| In conclu31on, this thesis has presented several-
different aspeets of,thertotal‘powex system-rellablllty
problem. 'The'aéplication of the'models aﬁd‘techniques.
developed is illustrated by_consideringeptactical systemt
‘examples.  The eOneepts'presented‘arerquite general and‘
ieap.be apélied'to‘all‘pa:ts of'transmission'and distribu-

tion schemes.



2. EVALUATION OF RELIABILITY INDICES
' USING TWO STATE COMPONENT MODELS

2.1 Introduction

| Predlctlng the rellablllty performance of a sys—
‘tem generally begins with the postulatlon of mathematical
models of the components constituting the system,. The
qselection of‘the modeliand-the-mathematicaiztools becomes-
a'matter of‘comprOmise between the deeired accutacy of them
results and the effort required to obtain these resultsf
A very important factor to be conSLdered 1n establzshlng
the goals fot desired accuracy is the quality of ava;lable
data. 1In transmiSSion and‘distribution eyStems, the quality
of data available does not justify the appiication ofﬁvery |
‘exact and sophlstlcated models that requlre exten51ve ef—
fort and computer time. [EES model selected should however,
.adequately reflect the effect of all those factors that
actually 1nfluence the system rellablllt%::l

(5,6) is con81dered to be the

i:?Fe Markov approach
1most agcurate way‘to model the performance'of power system
components provided the‘necessa:y:distribntional assumptions
are val{él [E%e applicatiOn'of this technique, however}'
becomes quite'cumbersome es the number of'components in the
.system‘increasee. Considering a system of n:two state com-
ponents;'thete are 2" possible system states.| The number
of states and the aseociated complexity increases ragidly.
if environment conditions and maintenance requirements are
to betincluded in‘tne reliébility predictions. [éne appli-

cation of this technique is therefore limited by the computer
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storage and time requirements and the rounding errors in-
curred in the solution} - Another method of modelling: is to

(5_7) technrque. This approach

ueera Monte Carlo simulation
requires a minimum of assumptions.for'system reliability
eprediotions_and,it is believed that a simulation'method:
' giﬁes,a”fairly,good estimate of true performance. This
ttechnique;'however} réquiresTlarge'amohhts'of7oomputer'time5
and cannot be efflclently applled in relatively 1arge
practlcal systems

In order to overcome the problems assoc1ated
with the above two techniques, a set of srmple equatrons
was developed in reference 3 to evaluate the frequency and'
duration of outages at varioas‘load points within the_sjs-
tem. it was clearly illuetrated that the cOmplete statis—
tlcal 1ndependence between: component sestalned outages may
not be a reallstlc representatlon and in certaln cases can
lead to low estlmates of system rellablllty. A two state,
weather model was proposed (3) to model the performance of
components such as overhead transmlsSLOn lines exposed to
changing'environments. Acoording to this model, each com-
ponent in the system is assigned two failtre rate values;
‘one correspondlng to normal weather perrods and the other
correspondlng to adverse weather perlods. It was stated
in reference '3 that the reliability 1nd1ces giﬁen by the
developed equatlons compare closely with those obtained by
a Markov‘approacha The actual comparlson of the indices

3) -

obtained by the approxlmate technlque and the Markov



teohnique was, made in a 196? publication(s) and it was ehownﬂ

that the two methods do not give consistent results. A}re-3="

9, 10 ll)
(3)

cent set of papers developed a modlfled‘versioo,of :

the approxxmate technique and the predicted‘resuitsroom-
pare very well w1th those obtained by ‘the Markov approach.

'Two sets of equatlons were developed which model the occur-:
rence or nonoccurrence-oflrepalrs durlng adverse.weather.;l
periode, o : |

7 'Thischapterdiilustrates a sequehtiai,ahd.strarght—

'forward method for the calculation‘of,reliability,indices;”:
The simple equations presented; when used in oonjuhction

with adfailure'modes and-effects analysie approaoh,'prOVide“

‘a very effioieot method of performing the reiiability.studies.

The conceptslinvoiVed‘in thleormulation of equations are

,.desoribed in detail in reference,é. o

2.2 Component Failure Categories(a)

The different failure oategories of a componeot

as considered in tﬁis chapter arershown.in Figure 2.1.‘5The

defznltlons of various failure terms as accepted by the

Instltutlon of Electr1ca1 and Electronlcs Englneers (IEEE)

- and the Canadlan Electrlcal Assoc1at10n (CEA) are glVen 1n
Appendlx A.l. The permanent or sustalned outage of a com-
ponent requlres it to be taken out of service for a perlod

of t1me during whlchllt is repaired. The actual outage tlme |

‘experienoed at‘the load pointQmay be the tlme requlred tor

switch in the alternate'faoilities. " If a'component fauit
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[;L cleared by a reoloszng operation of a clrcuit breaker
- or by an automatic switching operation, a temporary outage
is said to have occurreg;].The duration associated with‘euch-
componentroutageS‘is‘generelly'of the order of a few'minutes.
[éomponents are also taken‘out:of service for‘preventire_‘
inspection and maintenanézk ‘During the-periode When'e‘oom—
ponent is removed from serv10e for preventlve actlon, it
'~ cannot perform 1ts intended functlon. This can, therefore,_
be considered for the purooses of reliability analysms,aj
another type:of component failure. (:Ee final categoryeof
component fallure considered in this chapter is the overload:
outage of a componengl Under certain outage and system’ ‘con=
. ditlons, components may be called upon to carry loads uhlch
ﬂexceed their capability. This can result in outage ofothe
component if the‘overcurrent releye trip the circuit;breakers
protecting the component. [En an actual eystem, deéen&ing-
upon the amount of overload and the syetem philosophy} oomr
ponents may be called upon to carry the overload or be re-

" moved from service to prevent loss of life or permanent:r
'damagéx |

figuration, may or may not cause service 1nterruptlone.‘ The

Component outages, depending upon the syetem oon-

following comblnatlons of the above component failure cate-
gories can cause temporary or sustained interruptlons to‘the
system load ooints; | |

(i) Sustained interruptions -

(a) Permenent-outages of components.
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(b) -Overlapping pefmanent outages of components.
(c) Maintenance_outages of components.' .
(d) Permanent outages of.components:overléﬁpiﬁg'main-‘
tenance outage périods of other components.
-(e) Permanent outage‘of coméonents resulting in over-
_ -.load outages Qf other compénents.
(ii)LTémporary“intérrdptions‘-1
(a) Temporary outagés of components.
(b) Témporary outages of,components Qverlapping comé
| ponent permanent outages;
(c) 1Tempofary outages of components overlapping'maiﬁ;'

tenance outage periods .of other components.

2.3 Reliability Indices |

It is quite difficult to measure the reliability .
of tfanSmission-énd distribution syétems in terms of one
gompbsite reliability igdéx.r In regard to the quality of
servige being p?ovided, fhere are many factors which in-
‘fluence_éustomer satisfactién._rIt is believed that given
satisfactory-ﬁoltage,,thé aVerégé customer,judgéé the quality |
of his service on the basis of composite reaction to any
interruption..-The reaction of a large group of customers
is therefore dependent upon the following interrupﬁion
attributes.i | | _
(i) Frequency (ii) Duration (iii) Magnitude ofrload
interrupted (iv) Time‘éf'the day (v) :Seaéon of ﬁhe yéar '

Frequency and duration of outage are the most basic
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parameters. They can be greatly affected by careful sys—'
tem plannzng and design. In addltlon, by assrqnlnq economic
penaltles to frequency ‘and duratlon of outages, a unlfied
index of ‘system performance can be obtained.. Thls.aspect-
'-1s 1llustrated in Chapter 6.

_ In this thesls, frequency and duratlon of. 1nter-‘
"rubtions‘are'con51dered ‘as the basic measures of rellablllty;
These lndlces are therefore determlned for each deSLgnated
system load p01nt. The product of these tWO lndlces gives .
an addltlonal useful ‘index of total annual outage time. The_
three recommended 1nd1ces are therefore as follows-

(i) : Average number of service 1nterruptlons per year._;
- (ii)  Average serV1ce'reStorat10n time. .
(iii) Average totallinterruption time per year.

_ | These 1nd1ces also provrde a bas;s, at least in
dlstrlbutlon systems, for the comparlson of predlcted and
actual system performance. This- kind of fac111ty is not
‘available in the generatlng capacrty rellablllty problem(lz)

The load point orlented indices grven above can
be easily converted into customer and system type 1ndlces(14)

The deflnltlons of system and customer orlented indices are

given 1n Appendlx A 2.

2.4 Method of Analysrs
2.4.1 The Technique - _
| [Ehe approach used in thls thesis for predlctlng

- outage frequency and duration Lndrces is based on determ;nlng
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‘the minimal cut sets for the load point under con31dera—

tion(ls 16{:1 A gystem is said to be connected if there
‘exlsts a path‘between every po;nt_of component connection

in the system.-[g cut set is a set ofrcomponents whicn,whenl
removed from the system inferrupts all connections between
input and outpgf} The removal of a ninimal‘cut set results
.V'in separation,of the system into exactly two connected sub-
systems} one-containing a11 the input sources and the ‘other
containing the-load point under consideration. This, in
fact, implies that mlnlmal cut sets are those for whlch a
subset cannot be another cut set. [rf there are n polnts of
component connection (including the source and load points)

. in the system, there are (n-1) minimal cut sets for a series
system of components and Zn-z if there.ie e‘component 5ee‘ |
tween every-pair of component cOnnection pointé:] Therefoce..
depending on the system conflguratlon, the number of minimal
- cuts varies from (n-1l) to 2" ?.

The cut set approach essentially makes a serles
parallel representatlon of complex system_conflguratxons.

In fact, it is a nechanization of the contingency metho&
'long‘knoﬁn by power system deeigners. The equationsefoxi
simple QEries*parallelnaystems can be used to compute tne
reliability indices. Some approximations are int:odﬁced

by cut set consioerations. ,Thislis discussed in éppendix B.
VThe error introduced,'however, is ineignificént.becausegof
- the very high reliability normally associated with power

system components .

* See Appendix-F



: 15
2.4.2 Assumptions

The various assumptions involved in the use of

the above technique‘and the formulation of the equations

described in the next section are as follows:

{i)  Component failure'and repair events are independent
of each other. |

{ii)._-Coméonent repair_tates are much-latger than their"

'failure'rates.

(iii)_ Components can be aSsighed two failure rate values,
one cdrresponding to normal weather periods and the
other gcrresponding to adverse weather periods.'

(iv)  The time @istributions of normal and adverse weathe;

~periods and component up and down times have known
meanlvalues.

{v) - The durations'of normal weather periods are much lar-
'ger than those of adverse weather periods.

l(vi)e The probablllty of two overlapplng 1ndependent compo-
nent temporary outages is considered negligible. The
probability'of component overload occurring duting the
small dufations associated with temporafy outages is
neglected._ | _ |

(vii) Preventive maintenance is started in normal weather

| . and is not performed ifs
fa) there is some outage already ex;stlng in a related

' portion of the system.
e(b)_ the remeval of the component results in interrup-
~tion or the overlpad of another component in the

system.
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In the following‘section, simple. equations are

described to evaluate outage frequencies and durations for
first; second, and third order cﬁt sets. Equations for higher
order cut Sets; caﬁ‘also be written if required;.'
The concepts involved in the formulation of these equations
are clearly described in refe:énces 8, 9 and 10. It was also
shown  in these :eféiénces that the'frequehcy-and'durafion
indices given bY'the equations compare reasonably wéll with
those obtained.by a thedfetically accurate Markov approadh,
2.4.3 Equations For Evaluation of Reliability Indiéeé‘ -

- The various symbols used in the equations ﬁo.be
_described are as follows: |

Ai = The hormal'weather perméhent outage raté‘of-COm—

ponent 1i.

ﬁ | = The advé;seweatherperménent ogtage rﬁte-qf com- '
ponent i. | '
=i ‘ =-The maintenance putége rate of domponen# i.
r, = The eXpected_repair time forrcdmpbqent i.
r; = The expécted maintenance Eime for compdnént i.
N = The average durétidn of a normal weather period.

s ‘= The average duration of an adversé weatﬁei éeriod,‘
AiT'- = Thé ﬁormai weather temporary outage rdte of . compo-
nent i. |
XiT = Ihe adverse‘weather‘temporary outage rate of compo-
neht i. | |
g | = The rate of occurrence of load level >L.
x _ = The average duration of load level >L. |



A . = The average annual failure rate of component i.

\;_s = The ove;lapping outage'rate of_componentsti:and.
. j due to'permanent outages. .

£, . = The overlapplng outage duratxon of components

‘t1 and j due to permanent outages. |

T . = The sw1tch1ng tlme for component i.

g
I

The - contrlbutlon ‘to the load polnt outage rate

due. to component permanent outages.

S
n

The contribution to the load point outage rate
due‘to,component permanent outages overlapoing-
'component'Maintenance outages. ' o
Mg, . = The contribution to theload point outage rate
"due to component temporery outageS-overiapping
component maintenance or petmanent outages.
".AOL . = The contribution to tne;load'point outage rate -
| :doerto Component_oVerload outegee oveflepping
component pe:manent-outeges.
Igp, = Tne load point avetage outage dutationdne_to_
| componentﬂpermanent ot overlapping permanent 
 ontages. | .
' rML‘ = The loac point—average outage"duration-due to
component permanent outaqes overlapplng compo-

"~ nent malntenance outages._

The load 901nt average outage duratlon due to

SR
il

oL
component overload outages.

h

%{t) The system ldad at time t.
L = The'capability of the remaining components in the

system after a permanent outage.
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:_EQuations for ieliabilitg_indicéé due to componeht permanénti
outages. | ~ | |

' | .:The'equations are described for occurrence-and non-
: occurrencejoffrép&irsrdufing adverse weather.

(a) Repair during advérse weather.

.First'order cut set

- Let i'bertheﬁcomponent‘contained in the cUt-set,'then

*su = tav,i
Tsp T Ty

Second order cut set

Let the components contained in the cut set be i and j.
If no normal and adverse weather aspect is consi-
dered, then

Ao = A . X . (r.+r.)

“SL : av,1 “av,j 173
r - I4rs '
SL r.+r
, i)
If normal and adverse weathér aspect is included, then
. 2 2
ry ‘ r.
= i
Asy, N+s[}‘ A (xy Ty )*' “1 j S+rl A S+rj)]
r. r. A
i IRy B
‘+ N+S[A1A3r1+ajx rJ+A AJ _'§+ri + S+rj)]A
_r.r, ' '
for = 2 1.
ri+rj

Third order cut set

Let the components contained in the cut set be i,
j and k.
If no normal and adverse weather aspect is consi-

dered, then
' - [
A = A A s A

SL av,i "av,j “av,k (rirj + oo+ rkri)

jk
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o= rlrjrk

SL
rirj + rjrk

+ 0Ty

If normal and adverse'weather‘aspect is included, then

-ASL" = A+ B

where I
_ r. r 8 r: ' o
A= Ngs[xi{ljkkri(r.+r T Er * sE Ay wE WNETT
- . 17Ty ik TRy 3 R NETRESTE IS

N I .
3 k Nr, +Nrk+rirk
4 2.2 : '
N T -?j . I )
N+r, N;i+Nrj+rirj Nr,+Nr +r,r,

)} + Similar terms for componerits j and %]

+ 8 A.{lﬂl

N+S [ 173k
NSx . r. ' r
_,_i(A A J + A A x
S+r i

3"k Nr, +Nr3+rlrJ j'k Nr.+Nr-k

+ Similar terms for components j and k]

)
+rirk

and
B = N {A' ' Szri ( r. s STy )
N+S [ 3 *x (S+ri7N Sri+Srj+rirj Sr+Sr tr.r,
+ r3S ( ' rg . ri ')
{r+r, )(Sr +Srj+rirj) » .(:i-ljrk)(Sri+Srk+rirk
+ Similar terms for components j and k
+ _E_[h {A'A' Szri —— A )
N+8 k S+r Sr1+SrJ+r r:l Sri+Srk+ri;'k _
+ r3NS y o r§ '
N+ i Sr. +Srj+r r.) {(Nr. +Nrj+r r.)
+ - rﬁ y}
{Sri+Srk+rirk)(Nri+Nrk+rirk)

+ Similar terms for components j and k]

r = rlrjrk e

SL
rirj+rjrk rri

(b) No repair during adverse weather.

First order cut set .

Let the componentrcontained in the cut set be i, then




N ., .' S

As, = M FrstMms T tav,i
. ) 1
. _ AGNEg + AS (Str))

- Tsi . Y
, AN + A8

Second order cut set
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Let the cOmponents contalned in the cut set be

i and j, then
ASL = A+ B

where

N T s
A= e [Ail.(ri+rj) + N (A, AJr + A ljrjﬂ

: t
B = N+S [21 A.S + A, ljr + liljrj]

r

r.r
[ + B l +s
SL A+B r, +rJ A+B ri+rj

Third order cut set

Let the compdnents contained in the cut set be
i, j and k, then

Aey = A + B

SL
where _
_ N PO R I -

A= §is [ai {Ajhkri e Y rAe)

i 73 i %35
2 ' r.- Y,

8 r, ! 3 ' k

+ = "1 (A + AiAy, =)}

N i’k ri+rj "k r.+r,

+ Similar térms' for components j and.k]_-

- 2 , Ty Tx
" * N+8 [A' {A Ak i (ri+rj + r *r )

k
r r, v By :
+ Sr, (Aid, —d— + A A, ——)}
i i’k ri+rj i’k ri+rk

+ Similar terms for'components j and k ]
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2 R . r

' S 2 .
B = N+S [A {ZA A roers (AL —d A, ——)}

3 kri+rj ji"k r, +r

+ Similar terms for components j and EJ

s 2 Ty e Ty |
Wie [* (23, Aks + ﬁrl(ljhk_r.+rj A EIiE;’}

+ Similar terms for components j and k}

r.r.r r.r.Y,
r._ = A i“§7k i3 k + S]

+
“SL A+B -rlrJ + rjr + rkri] A+B [r rj+rjrk Ty i

If the service can be restored by switching out the
failed cemponeats or ewitching-in altefnate facilities, then
' réL = T_ in the prev10usly noted equatlons. | |
| The effect of varylng component and weather parameters

on system reliability 1ndlces by the use of above equatlons has

been 1llustrated in references 8 and 9.

- Equations for reliability indices due to CO@gonent germanent

outages oﬁerlapping maintenance periods.

.Two sets:of'equations are‘inen'belowrconeidering'
‘whether or not'the weather cah change during the maineenance
peried.
(a) Weather cannot change dufing the_maintenanee period.

aSecoﬁd order cut set

'iLetlthe componénts contained in the cut set be i and |
'j, then |
" " o 0" )
ML Ailjri +_ljkirj
" 2 " L] " 2
" A ALr, r. ALA.r.r
i i

'Vr-ML _=

A

1§
£

(r;+r.) A (r.+r.)

If no normal and adverse weather aspect is con51dered,

then the XA values in the above ‘equations represent A
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Third order cut set
Let the components contained in the cut set be i,
~J and k, then

"

A = A+ B+C

ML
where .
’ M Ir. ‘ r.& .
A= xlx Ak 12 (—r— + —)
. . 3 r.+r., - r.+r,.
_ ik
- 7 " r. g t )
B = "3"1"}: 2o
rj+ri rj+rk
‘ A r.
¢ = "k"l" :::k2 (e + )
J r. +r. r,+r.
' k"1 k' ")
o ! [1] "
n r.r.r } r.r.r. ’ .
fur = [ ;.] k ] + B [ i ik - ]_
AML r, r3+rlrk+rjrk AML r. rJ+rjrk+rk i
r.r.r
+AC ‘[ i k r]

ML rirJ+rJrk+rirk

If no normal and adverse weather aspectref-failures

is considered, then the XA values in the above'equationg‘repreé

sent kav'

Weather can change durin'cj the mai'ntenance period. B

TWo sets of equatlons con51der1ng whether or not the

repalr and malntenance started in normal weather is carrled on

in adverse weather, are glven below.

(i) - Repair and malntenance started in normal weather is
. carried on in adverse weather.

Second order-cut set

‘Let the components contained in the cut set be i

and j., then‘
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"where - "o
" " “m ¢ L.
1 S
A= A,d.T, Aok —=—
iy i’y W S+r.
' : i
!l2
] Ll n 1 r'
s
= ALA:iTs + Ash, —ab—
B I L ey
n "
" r.r. r.r.
Typ = — _#_1_] + B [_1_&ma
A r.+r A r.+r.”
ML J ML 1 ]

Third order ¢ut set

Let the components contained in the cut set be i,

j and k, then
’ A.. = A+ B+C

ML
where
" ny Ta r
A= A.[A.A £, (e + )
R A
T itry Tyt
' r?

+DS—}r?-(R.j)‘k —w - N
; (ri+rj)(Sri+Srj+rirj)
. r?
+ ljlk — 3 ] )
-(ri+rk)(Sri+Srk+rirk)
] 1

S+r. Nri+Nrj+r-irj NrifNrk+:irk |
2. "3 ‘
| S Y. r. b of
: 1 k .
by e (et ——E ]

J
N(S+ri) Sri-l-Srj-!-rirj | Sri+Srk+rirk

'
s

+ A

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

respectively.
- 1] L1}
oo . r.r.r‘k r.r.r
fg = = [ ]+——:B.-—[ B N i ]
: AML rirj+rirk+rjrk AML ;‘irj+rjrk+rirk
[1]
. c Fit % ]
—w—
A ‘r.r.+r.r 4r.r.

ML i3 T3k KL



(ii) Repair and maintenance started in normal weather
is discontinued in adverse weather.

Second order cut set

Let the components contained in the cut set be

i and j, then
. : 1]

Ayy = A+B+C+D

‘ ML
" where - B .
! n " 11} l‘ S li‘r"
A = Ailjri - B = AiAj'ﬁ'ri
.o A_n)\ " AtlA S "
C=A.A.r. D= A.A. = Ir.
J 1] ‘ _ J3A N3
" ‘ u
n - r.r, - '
ryr = A .[ i~ ] + B ryr J f é]
AML ri+rj AML 1 J
" ,
c D [Fify
+ [———lw] + —w—'[———lw + 5]
. ML I. +rJ AML Vri+r

Third order cut set
Let the. components contalned in the cut set be

i, j and k, then

AML é A+B+C+D+E+F

A=y A 2_(—.#'—4»—..——)
J k i l+rj r, +rk

'!.‘2
r.”s A S y T
T N N |
] L, +r, I x oy +r,
: k
¥y S S
4 uwrl—”&-w——wzwﬁ— N
r tr
J k
C and E are similar to A but for components j and k
respectively. |

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

respectively.

24
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R

on r.R -
.rML [{—w—-} + Slmllar terms for. components j.and k]

r +R
-Where - ' ) " ‘ . 7 " V .
' , -r.r.r ' B g r
R = [—w LK ]'+ g [ - + %
. %ML rlrJ+r1rk+rJrk : lML rlrj+ri k+r rk

In the above cases if*service can be restored by
swrtchlng out the falled components or sw1tch1ng in alter-

"

nate facilities, then rML ~T

In referencesB and 10 it was lllustrated that the
malntenance contrlbutlon to the system outage rate decreases
as the component fallures durlng adverse weather perlods ine
crease. This is true if it is assumed.that component nmain-
tenance is not aliowed'to extendninto'the adverse weatherr
perioos. If, however,‘the weather'can.ohange;during main-
tenance periods, the ‘maintenance contrlbutlon to system outage
rate does not change signiflcantly wlth 1ncrea51ng number _
'of,component'fazlnres ‘during adverse weather.‘-This 1s i1~
1ustrated in Fignre 2.2 for a second order‘cut set for different

component maintenance parameters.

Equations for reliability indices due to component temporary

outages. _

Two sets of eguations; based on whether the compo-
nent temporary‘outages overlap-permanent'or maintenance outage
periods,'are given below. |
A(a)‘ Component temporary outages overlapplng component

permanent outages.

First order cut set-

Let the component contained in the cut set be i, then
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001 | » 1 B i S ' 1
-0 20 40 . 60 80 100

PERCENTAGE OF COMPONENT ANNUAL
FAILURES DURING ADVERSE WEATHER

' Flgure 2.2 Contribution To System Outage Rate Due to cOmponent
Maintenance as a Function of Component Failures .
During Adverse Weather.
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Second order cut set
Let the components contained in the cut set oé
i and j, then
VAtL = J\.':nr 1AJT i +-aav,jaiTrj

'-.Thlrd order cut set

Mep = M- JAkT i-3 * Metirtioe A yactiet

These equatlons are appllcable 1f component temp-
-orary outages are not separated into normal and adverse
: wéather failures and the'liT_volues represent the component
‘overall annualltemporary outage rate. |

If it is necessary to classify;temporary outages
into normai;and adverse weather failures, the following eéuaf
sftions apply. | | |

First order cut set

Let the component contalned in the cut set be i,
then

N
".tL T N+§ ?‘iT + N+S Ai'nw

Second order cut set
Let the components contained in the cut set be i
and j. If no repair is performed during adverse

weather, then

LN ‘, | :
AtL N+S [All]Tri jxiTrj (l ler1+AJAlT Jﬂ
-
+ ﬁ?g[*i JTrl + AJAlTrJ + xliTs + AJAlT ]

If repalrs are carried on in adverse weather,
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Nr, . Nr,

s - P i PO I
Aew = E ["1 ]T it "J"n' 3* 8 Pidyr Fr, A3t N+rj)]
, Sr. , Sr. v . Sr
- [A.)\. b AL ol 4 AL AL
: N+S i"jT S+ri j 1T,s+rj‘ 13T S+ri
. sr., :
+ LA, ——3—]
. 3 iT S+rj

forra third order cut set similar‘equatioos can-bé w?itton;
(b):-éomponént temporary ocutages overlépping'oomponeot maihte-
nahoé'periods;' | |
Two sets of equationé are possible depending upon
whétﬁei the weather can or cannot change.duriné-mainténance
periodo} | | |
-(i)"Weathér cannot ohange‘during maintenance.periodé.

Second otder cut set

Let the components contained in the cut set be i

and j, then 7

'Atﬁf = A l;T i AinTrj

Third order cut set

Let the components contalned in the cut set be i,

3 and k, then , : . ‘
l!2 "2 7 - I|2

" l'.' r. r.
- 1
‘e T M [ 52k "'“1 + AJT X “ ] + A [lilkT ~%:;_
- rytr Tty R
u2 ' i ll2 ' . nz
rlrk
s le—i—- ]+Ak[AiAJT-——u—+A g —J—.r]
rJ+r 1+rk .‘ -r +r

I1f component temporary outages are separated into
normal and adverse weather failures, then the Ajqp vValues in
the above equations.represent the'compoﬁentinormal weather

outage rate.
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(ii) Weather can change during the maintenance-perio&,

Second order cut set -

‘Let the components contained in the cut set be i
and j. If maintenanCe started in norﬁal‘weather“

13 contlnued in adverse weather, then

L Sr;z.i o
S e R )
B I
.+ AiT :N(S+fj) ]

If maintenance ierdiscontinued in adverse weather,

theh _ _ ‘ .

- 2 " n » ‘Sr. ) ; : " I’ Sf.
S i . E

ber = A [AjTri + Aj-r-'ﬁ"]* A3 [*iTrj * M ‘El]

For a thlrd order cut set, 51m11ar equatlons can

be wrltten

Equatlons for rellablllty 1nd1ces due to component overload outages.

Second order cut set

Let the components i ‘and j contained ih the cut set
are'both liable.to overioad. Assuming that the sys-
tem load is supplled through the components present .
in the cut set, |
Ao, = A -'l_-A_B

where _ | o
| A = AphyTy (1-Pr(L(£)>Ly)) + APr(R(E)>Ly)
B:=Anliri(l-Pr(£(t)>L.)) + A;Pr(x(t)>Lj)
r |

oL = A+B [rj+rL] * 7B [r ¥r

I Pl

Thiro order cut set'

The oomponents i,_j and k containedlin the cut set
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are all iiable to overload. Assuming that the
‘system load 1s supplled through all the compo- .

_nents present in the cut set

Ao, = A*+B+C
where | |
A= A (L-Pr(2{t)>L,)) (AJ kT3~ Xt AJ kPr(l(t)>L )
E'= A {l—Pr(ﬁ(t)>L )) (ll x5~ k) + A ‘Pr(ltt)>Lj)
'c'= Ap (1-Pr(2(t)>L,)) (MyyTy-g) + }i_;pr(z(t)>hk)
T 1 - '
o TR s [ s

In these equations, it is assumed that component
overload can occur only ifltwo of the oomponents inlthe cut-
set are-on'permanent outage. I1f, however,.remaining compo-_
'nents can suffer overload outages because of a component
permanent outage, the above equations can be -easily modifled.
Overload analysxs is considered in Chapter 5 of this thesis.
2.4.4 Sequential Analysis

A very simple and straightforward method is used to
perform the reliability studies iIlustrated in this section.r
System components are flrst 1dent1f1ed and the component
reliablllty parameters, such as outage rates and duratlons,
‘capablllty etc. and system parameters such as average dura-
tions of weather perlods, load cycles etc. are then supplled.

The analySLS starts W1th the determlnatlon of‘

' minimal cut sets for the load point un&er consideration.?
The equatlons descrlbed in the previous sectlon can be per-
‘manently stored in the computer system. Appropriate equa—-

_tlons, according to the order of‘cut ‘set, conditions of repair ,
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mainteﬂance, weatﬁer etc., are celled in to.evelﬁate-tﬁe
_?contributlons of the cut set under con31derat10n. For
example, in a second - order cut set, all the appropriate
~equations- are called in to evaluate the reliability indices.
‘due totcompohent permanent, temporary,‘maintenance'and over-,‘
load outage;categories, 'Oﬁce allrthe.possibie modes of
interruptiOn-at the designatedgload‘poiht‘due to the cut
set under consideration~are exhausted, the outage calcula-
tions proceed to the next cut set. 'This method proceeds .
-;sequentlally unt11 the contrlbutlons to the load 901nt |
'rellablllty 1nd1ces due: to all cut sets have been evaluated.

Contributions from different cut sets to perma-
nent- and temporery interruptions aré finally added to eval-
uate the'overall permenent and temporary outage‘indiceetat
the‘loedrpointlunder consideration. jThe relative,contri-
7 bution of each'cut-set’to‘the reliability.indices provides -
an_effectiﬁe quantitative tool in aesessing the componeets
and-theirfparameterslthchrmeke major eontribdtions to
system unrellablllty. |

It is 1mportant to apprecrate that the simple
equations 1nvolve only basrc mathematrcal operations. The
execution of these operatlons in the computer is very fast..
In addltlon, these equatlons are falrly general in their
.formulatlon and can be extended to lnclude other conditions
whichrmlght be encountered in practical transmission and '
distribution‘systems. Another edrantage of the method‘ie

"that only the failure related events are computed in
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reliability calculations and no time is thereforelwasted
Tin calculating the frequenczes and durations associated

:w1th successful system states.

'f2}5 ‘éystem'studies.

- _ Three simple system studies,_uSing the-method of
'“analysis3presented‘in-the~previouS=seetion, are considered.

. The first example pertains to the evaluation of reliabillty '
‘1ndices at various load p01nts of the Saskatchewan Power
'Corporation underground distribution system in the Regina-
.ﬂdowntown area shown in Figure 2 3(11). The follow1ng com-

ponent.reliability parameters were assumed for this study.

Cable failure rate including Joints and termi-

nations = 0.002 f/lOO /yrb/
. a ‘3,{,‘7‘ ; :Zm
- Average time required to repair cable- failures =

A
h L] Ay \-£:
540 ours kﬁ Lw%!“ ( lgogpwk | : X
‘Average swi:ching time = 1. 5 hours. 7&93 \»45«

iDistribution transformer failure rate = 0.012 f/yr.
Average time required to repair a distribution

‘ ‘transformer,= 5.0 hours.

“““Eg; Sy 28

In.this particular'ekample, nofmaintenance orrtemb—
- orary outages are considered. -The system can be cthidered. |
ito be'made op of-twolpsxts, one on each side of the normallf
open connections. The-reliability indices obtained'at dif-

- ferent load points by performing a manual failure analysis

)

P

- are given in.Teble 2{1.
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- The’ second example consrders a poss1b1e urban dls-

tribution-system shown 1n Flgure 2 4.. The . system is fed
.- from three perfectly reliable sources of supply on the hlgh
:voltage side. Three step down transformers then feed the
distributronlarea, ‘There are elqht laterals in the system
'“an&:each lateral,is,protected bj‘its ownhfusing..-ln-this
-"case;lossHOf'contihuity}betﬁeeh'the”source,and'the 10&&_
"ooints is_cohsidered to be the only'mode of_failure. The
*oomponeht1and?weather parameters»used in.this'study are
glven 1n Table 2. 2(8). Table 2 3 glves the complete rell-
| ablllty ana1y51s for load pornt 2. The events that cause
.load point interruptions are listed and their contributions '
to oﬁtage indices are also indicated. A summary of the rell—
ablllty lndlces obtalned at 1oad p01nts 3,4, 5 and 6 is
glven in Table 2 4.
| The computatlonal effic1ency of the method is
:clearly 1nd1cated by the fact that ‘the. time requlred to ob-
tain the results glven in Tables 2.3 and 2.4 on the IBM 370/158
rcomputer was only 9 seconds. (ThlS Value includes both the

comp;latlon and execution trmes )
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TABLE 2.4

A SUMMARY OF THE RELIABILITY INDICES FOR
VARIOUS LOAD POINTS IN FIGURE 2.4

.Event . . Load Point Load Point Load Point Load'Points”-
- 3 4 5 : 6

ASL, £/yr. 0.008720  0.008770  0.000220 0.001650
rgys hours  3.820 3.810 3. 000 - 3.561
T A £/¥E. 0. 003150  0.002690  0.000005  0.000960
ry.s hours 3.139  3.265 ©1.800 2.800
Agpe E/¥T  '0.013660 ~ 0.016030 ©0.000109 6,0036107 .

The third example conSLders a multi circuit over-
head transm1351on system shown in Figure 2. 5(16).: The system
conSists of six trapsmiSSLOn c;rcuits-betweeu tuo.stations
1 aud 2. It is-assuﬁed thet all buses are perfectlylreliable
andeall-breaker'failures'are ground faults. Current transfef
former,failures are pooled with breaker failures. Component
temporary”and maiutenance outaées.are disregarded for cohve—.
nience; The failure criterion is expressed in termS-of the
largest number of cmrcuits whose loss. can still be. tolerated._
This number is varied from 0 to 2 to illustrate the applica—
‘tion of the:equations fqr first,‘second and third order cut'_
: sets; The-componeutland ueatuerstatisticsusedlin this :

" example are given.iu Table 2.5, The system‘outege-frequency ;
and duration were calculated for different circuit-lengths
and‘fer the conditionslof occurrence and nonoccurreuce of -
repairs during adverse weather. The resuits obtained‘ere'

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

increases considerably with increasing length of the transmission
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- STATION 1 . STATION 2

e ot s e

_.|_-.-...J.

PP~ S

"~ Figure é;-S A Six Circuit Transmission Scheme
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circuits. The system average outage duration also increases

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

Ipréportion as the system outage‘raté. This-is_to be expected

because as the transmission length increases, the system

failure rate is dominated by the events involving line fai-

lures.

Component

Line
_Breaker

Bus

TABLE 2.5

' COMPONENT AND WEATHER DATA FOR THE

SYSTEM IN FIGURE 2.5

AL
£/yx

- 0.00224/mi

0.0295

"N = 67.64 Hours

3\

- _f/yr
0.435/mi
-0.0295

S =1.90 Hodrs

TABLE 2.6

OUTAGE RATE AND DURATION FOR SYSTEM IN FIG. 2.5

r 'Tg
~ hrs. hrs.
9.022 0.972
40.30 . 0.972

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

‘No. of parallel circuits

“m =10:

6 (Configuration Shown in Fig. 2.5)'
Repair During Adverse Weather

o E _ m =1 o m= 2
‘L, miles A;f/yr. r,hrs. A:£/yr. ri;hrs. A;f/yr. r,hrs.
50 4.98 7.87 0.1349 2.687 0.000985 2.60

100 9.26 8.41 0.3583 3.712 0.007741 2.82
150 13.54 8.60 0.7290 4.062 - 0.0206067 2.88
200 17.82 8.70 1.2471 4.215 0.061735 2.92
250 22.10 8.76 1.9126 4.292 ° 0.120657 2.93
300 26.37 8.80 2.7254 4.347 0.208404 2.95
350 . 30.65 8.83 3.6850 4.378 0.331055 2.95
400 34.92 8.86 4.7931 4.399 0.493837 2.96
450 39.20. 8.87 6.0481 4.416 0.703592 2.97
500 43.48 8.89 7.4503 4.4 . 0.965451 . 2.97

Table 2.6 (cont'd)
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'Table_2.6: OUTAGE RATE AND DURATION FOR SYSTEM IN FIG.
2 5 (cont'd) o

No Repair Durlng Adverse Weathei

' - m=20 : m= 1 m= 2
L, miles A:f/yr. r,hrs. Aif/yr. r;hrs. A;f/yr. r,hrs.
50 4.98 9,24 0.1523 3.942  0.00196 4.04
-~ 100 9.26 9.87 ~ 0.4239 5.215° 0.013%96 . 4.56
‘150 13.54 10.10 0. 8735° 5.810 0.04600 4.69
200 . 17.82 10.22  -1.5011 6.003 0.10792 4.75
250 - 22,10 © "10.29 2.3060 6.104 0.20970 ‘4478
300 - 26.37 10.34 3.2880 6.164 0.36124 - 4,80
- 350 30.65 10.38 - 4.4520 6.199 0.57261 4,81
400 34.92 10.41 5.7915 6.226 0.85350 4,82
450 39.20 10.43 7.3097  6.245  1.21410 4.83

500 43.48 10.45  9.0061 6.259 1.66400 4.84

This example was solved in reference 16 using a
‘_Markov approach whlch required an exten81ve amount of effort -
and computer‘tlme. The efficiency qf the method of analysis

' pfesentéd'in-this thesis is'agaiqpeVidsnt_as“the.computer”
time requirsd to obtain the'relisbility indices given in

Table 2.6 was oniy'2.35'sesohds. s"

2. 6 Summary

The theoretlcally accurate technlques such as Markov
ana1y51s,Monte Carlo simulation approach etc. are qulte diffi-
cult to apply for overall rellablllty analysis of transmission
and dlstrxbutlon systems. This chapts; has lllustrated-a
‘tschnlque 1n-wh1ch a slmpie set sf equatibnsAis'used in son-
N junsﬁion with a cut set approach to evaluate system relia-
rbility‘indicss.s The methsd pf‘analysis,is-sequential‘and
straightforward;‘ Each cut sst.iS'evaluated for its contri-

bution to Qutsge frequency and duration indices for each
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mode:of failure. The simpletequatioos desdrioeo-afe quite
flexible and can be easily modifiedrto'iholdae'other con-
le51derat10ns Whlch might be encountered in practlcal systems."f'
‘_The equatxons can be permanently stored in the computer
'memory and called in according to the condltlons of weather,
"repalr, maxntenance, temporary outages, overload outages etc.
as and when-requlred. The basic requlrement is to determlne
-what dev1ce fallure comblnatlons will cause 1nterrupt10n."
'-The three examples glven clearly 111ustrate the computat:.onal
,eff1c1ency of the method of ana1y51s. The results as showni
1n Table 2 3 prov;de an effective physical apprec;atlon of
the. system probabxllstlc performance and lndlcate varlous
. _p0331b1e economlcal alternatLVes for relzabzllty 1mprove~

‘ments. .



3. QUANTITATIVE EVALUATION OF SUBSTATION AND -
SWITCHING STATION RELIABILITY PERFORMANCE

;3;1 1Introduction
| Substatlons and SWltchlng statlons are the p01nts;.
‘ dof energy transfer between transmxssron,-subtransm1551on
‘and dlstr;bntlon systemsf At these points, llnes inter-
1connect;'wolteoe transtrnations-occur“and-system'controls_
‘and protection are implemented. Evaluation of substation
end-switching station reliability performance therefore con~
‘sists of assessing“howwadequetely the basic_elements are eble'
to perform thelr functions. |
| It is evident from the exlstlno literature that
[Ehe bulk of the work in the quantltatlve evaluatlon of power
system rellablllty has been in generatlon capac1ty studles(iil
Durlng the last decade, considerable attentlon has-been fo-
cuSed on reliability studies of transmission and distribution
schemes. One of the main concerns has been the development
of accurate ‘and con31stent models to represent the true com=-
ponent and system behaviour. As noted in the prevrous chapter,
a two state weather model was developed to 1nclude environ-
mental effects in therrellabrllty predictions of‘overhead

transm1531on and dlstrlbutlon systems(3)

E} regard to the
lncluslon of c1rcu1t breakers and protectlve elements in
Vtransm1531on system analysis, a three state oomponent model

- was descrlbed(ls ;0)

whlch gives a more reallstlc represen-
tation of power system components than that given by the

previous two state component models. In this model, when a.
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,component-faiis, the-system-protection may isolate a num-
' ber of unfaulted componentsjgtfollowing which, through
Iappropriate switchiﬂg operations, allmbut_theimiaimum num-
ber of components that must be kept Out‘of serricexfor the
llsolatlon of the failed component are restored to serV1ce‘
Vﬂas soou as possxble:][&hus a system component has three |
?poss1b1e States namely, operatlng, before swrtchrng and
after sw1tch1ng] [?ﬁe program as descrzbed in references
_16 and 20 does not appear to be appllcable to practlcal |
systems when-
‘(i),t[ normally open breakers or sw1tches are present in
" the system. |
1iift; all circuit breaker failures are not grocnd;faclts.
(iii) ‘the.protective system is not perfectly reliableL
s(iv} _the weather conditions have significant-effect on the
| component fallure and repalr rates. | 7
lkv)‘i_lcomponent overload outages are to be evaluateé}

(21,22) descrlbed some new models

~ Two recent papers

and thelr 1ncorporat10n in drgltal computer programs to pro-
,vldera more realxstlc component and system representatron.
in regard to the reliability‘evaluation'of sub-
statlons and sw1tch1ng stations, very little work has been

reported(17 18 19, 21)f The 1mportance of station rellablllty

performance is, however, now belng recognlzed.- A three paper

Sess1on(23 124, 25) was arranged'by CEA in its recent gpring
Meetiﬁg. This chapter describes the'extensioh‘of-the'tech-'
niques available for;reliability analysis of transmission

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

(21,25) -

 durations. A computex program . ig described to‘pere

form these reliability studies.

3.2 Component Fallure Modes

' ' Power system components can have. many types of
fallurestﬂ In this chapter, system components are cla331f1ed
lnto two- categorles accordlng to thelr fallure types.. The

_flrst‘category includes components such as transmission

'*jéggg,_tranSformers, reactors, bnsgs etc.. These components
can‘be‘in any of the-f0110wing statest o | |
(i) Opetating (ii) Faulted (iii) Out for repair or pre-
ventlve malntenance.

In addition, if'appropriate protection is not

L

“available, these components can have undetected open‘failures.-

' The second category includes components such as

*_circuit brea s, reclosers, disconnect switches, carrier

equipments etc.. These components can be in any of .the fol~ .

1owing states: -

_[}i) Operating >(ii) ?aulted l(iiii Out‘forlrepair‘or preven—
tive maintenance ©(iv) Stuck when called upon to operate or
not clos;ng when called upon to do so (v) Undetected open
-fallure l | |

" | TheSe‘states for a normally closed breaker are
shown ‘in Figure 3. 1. It should be noted that the faulted
Vstate in the flrst category of components can be qulte dlf-
' ferent from that 1n the second category. In the 1atter‘

case, a second 1eve1 of system protectlon should operate
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Mainte-
nance
OQutage
n
X
‘ : . "
: - H
R sguck e"k”P  = e | Breaker -uf*_~1;3f.j;ffelse
Condition _ N/C Operation
‘ 1 - . s
‘ n
u ,
yé _ 39 : NG Ag(l-p)
‘Switched |"s - ‘Ground - Successful
Out : Fault . Operation
=
A\¢ = The ground fault rate of the breaker.
Ay = The rate at which the breaker is called upon to
" operate. |
A = The false 0pere£ion rete,of the breaker.
x = The,maintenance-outage‘rate of the breaker.
ﬁé"= The rate at nhlch the breaker is switched out.r
‘w = The repalr rate of the breaker. _-
uf‘ = The repair rate for a false operation.
A, = The reciprocal of the mean time for breaker opera-
- tion.. ' |
p = ‘The_probability-of breaker becoming stuck;

Flgure 3.1 State Space Model for a Normally Closed

Breaker
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to isolate the faulted eomponent; whereas iﬁ'the former,
case the first level of eystem protection istrequired to
operate. | | | - |

It shou1d~be noted that dlfferent categorles of
| ‘component failure do not necessarlly produce the same num--;
bex of failure modes. Fallure modes are classified accord-
ing tolthe resulting types of systeﬁ effect. For exemple}
if a breaker has a fault or it falls to trip, then the re-
sultlng fault must be cleared by the back up . equlpment._ Thls
fevent must increase the extent of effect of the fault and
' represents one possible ¢6mponent‘failure mode. The'otﬁer
class of failures corresponds tora.maintenance outage or a
“trip out in which the-breaker'is reﬁoved by'ewitching-endf B
in which the extent of{fheioutage is confined to the path invois
- ving the breaker. This represents another possrble failure
::mode.' Thus a new classificationeof.component failures.cang
be obtained on the baeis of their system effects. Aceording_
to this cleseification, component outages can be divided.into
actiqe and-passive failures.- This is shéwn in Figure'3r2.
[E}l component faults which result in the removal of certain
other healthy components from,service arerclaSSified eeféc-
-tive feiluresj @his class of failuree includes con@bnent'
faults whlch cause operation of circuit breakers or dlscon--

, fasnwt jadirarg - '
nect swltche%:l all ~component outages which do not remove,"

= T

any healthy components from service are classified a5793581ve
. failureé] tThese include undetected open failures, false trips
etc.. The summation of active and passive failures therefore

equals the total number of cempoheht‘failures.i



,Ap = Component passive failure rate.
la = Componentxactiﬁe failure rate.
u., = . Component switching rate.

. m = Component repair rate. -

STATE PROBABILITIES

"P = 1 : ‘ - - P - la./us_ B
-1 T A A . ’ "'_2- T Aey | AL
: 1+"_T‘+ - - ,1+£+£
.U l-ls. ) 11‘_‘ Ug
/M .
4 a .
I+ =4 —
H | us
STATE ‘FREQUENCIES .
£ s A, f. = £, %A

1% f2 7% 0 f3 T

Figggg 3.2 :cbmponent Active and Passive‘Failure Model.
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_3 3 Load P01nt Fallure Modes -

The

51

51mp1e system shown in Figure 3 3 has been

.'utilized to 111ustratervarlous‘modes-ofrload poxnt fallure;

 The varlous modes cf 1nterrupt10n as con51dered in this

‘thes;sare as follows- _

| - | "i'}
L17

3y

 LOAD

Fig. 3.3 -

i) Active
{ii)  active

(iii) Active

stuck.

(iv) .- Active

(v)  Active

[Jo [l

& |
M Z

System For Illustration of Failure Modes

failures of bréakerskﬁ, 6 and 7.

failures of breaker 3 when breaker 5 or 7 is

failures of breaker 4 when breaker 6 or 7 is

A

failure of‘line 1,ﬁhen7breakér 5 is stuck.

failure of line 2 when breaker 6 is stuck.

(vi) Passive failure of breakers 4fcr:6 or line 2 over-

1apping:the‘pa55ive failuré.of bfeaké:s 3 or 5 or

.1ine-1.:

; _(vii}_ Passive fai1ﬁr¢ of breakers 3 or 5 -or line 1 over-

iapping-the péSSivé'faiiuré'bf‘breakers‘d or 6 or

_ llne 2.

It is assumed 1n the above that source and load

buses are completely re11ab1e,, Clrcult‘breakers-are o
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cbnsidered_to.be-érovided.with'iSOIatorsdahd the interrup-
~tions due to their active faiiurés last only fqrjthe time
reqﬁi?ed to.operateffhéiSOIAtors;  C§ntinuity between source
Vand load.points is considered to be thé'criterion foi suc-‘:
hcessfﬁlséystem operation. The complexity of the problem:
:éan;ftherefofe, be quickly realiZed from the large number: f
‘of‘iﬁterrﬁption modes associated withra simple system con-

~ figuration such as that of Figure 3.3.

,3.4‘ 3¢1iabi1ity Analysis of Simgie Substation Configurations
| : It is éssential to pefform‘reiiability anélySis |
Qn-tﬁe various possible a;terna;ive substation designs be-
Jfofe the selection of any particular cbnfigﬁrdtion'is'made;
‘The'Whitemore.Park disﬁribution'sﬁbétation(ll) of thel |
'Saskatéhewan Power Cérporation shown in'Figure 3.4 is con- -
.sideréd to illustrate the baéic conéepts involved in relia-
bility calculations. There are two 25 kv incoming lines from

therREQina switching-station, one normally open and the

REGINA SOUTH
Izs KV lzs K

e %

Ls0 v

_ . B ¢ _
Figure 3.4 - Whitemore Park Distribution Substation



TABLE 3.2

INTERRUPTION ANALYSIS FOR CUSTOMERS AT POINT A

B _ ‘ Failure T Average ' Total
ﬁFailed Compcnent Rate Qutage _ Outage, .
E ' £/vr - Time Hrs. = Time Hrs/yr
25 KV Line - - 0.050 0.50 - . 0.0250
25 KV Breaker - . 0.010 20.00 0.2000
25/4.16 KV Transformer = '0.012 ©10.00 0.1200 -
- 4.16 KV Breaker. @ .  0.007 . ~ 72.00 - . .0.5040 .
4.16 KV Bus -+ 0.007 3,500 0 0.0245"
" Feeder Breaker , 0.010 - 20.00 0.2000 -
-Feeder Breaker for B 0.005 1.00 - 0.0050°
Feeder Breaker for C 0.005 1.00 - . 0.0050
'Feeder to Customer A 0.050 5.00 ) 0.2500

0.156 8.54 13935

[200 X (Outage Time at A) + 250 x (Outage Time at b)
, _ , + 50 x (Outage Time at Cq

= 500 x-1.33'x,so = 39900 mlnutes/yr.

139900

. Customer minutes out/customer/yr. = =60

= 80.

Using the teehnique,described'above; the siﬁple-
suhstation3QOnfigusations shoyn in;Fighre 3.5 have been
evaioated.mahually in terms‘of their'outage frequencies'and
durations;. The component parameters used in these studles
are given in Table 3.1. [En order to 31mp11fy the analy31s, .
normally open breakers and swltches are assumed to be com="
pletely rellabl:) Maintenance condltlons are not conSLdered.
The following two criteria were considered for successful
‘system operation. - | | | |
(i) . Contihuity of supply to-any‘one ofitwo ioad'points A

and B.. | | | _ .
h(ii) Contlnuxty of. supply to both the 1oad points A and B.
o The results obtazned in terms of the outage rate

and the total outage time per year for the above two modes
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© {d)

- Figure 3.5 Some Simple Substation Configurations



of successful operation are shown in Figures 3.6 and 3.7.
All circuit breaker failures are assumed to be ground fauits
{active failures) in Figure 3.6 wherees'breekers are consi-
dered to be completely reliable in Figure 3.7. It is-clear
£rom these figures that the selection of a particuier‘desién.
from a reliability viewpoint depends upon the compohenﬁ data
and the deflnltlon Eﬂﬂ*successful systen operatlon"[:% all
- breaker fallures are ground faults, then:

(i) the first criterion of system successfﬁl operation
-gives.preference to the system-in Figure 3.5f from
both outage rate and total outagé time viewpoints.

_(ii) the second eritefion ofrsystem successful opereﬁidn
gives preferenée to sysﬁeﬁs'in Figuresl3.5c and 3.54
from the outage rate Qreph and to system;3.5g f:em‘
the total outage time graph.‘ |

Iflbreakers are considered to be completelylfeli-
able, then: |

(i) the first criterion again gives preference to the:sys-
tem in,Figure 3.5f from both outage rate and tota;.
outage time viewpoints. H

(ii) the second crlterlon gives preference to the system
in Figure 3.5g both from outage rate and total outage
time graphs.

(Ehis analysis} therefore, clearly ihdicetes the .
reliability impiications.asSOCiated with the‘definition of .
successful system operation and component and system pata-
metersi} It should be noted that the capital investment -

" associated with each of the designs in Figure 3.5 can be



SYSTEM QUTAGE RATE, f/Yr.

SYSTEM TOTAL OUTAGE TIME: Hrs./Yr.
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easily calculated. Selection of a particular design can
therefore 1nclude in quantitative form the. associated rell-

'ability and economic constraints.

3 5 The Computer Program
The manual solution of reliability models of sysF';
'f'tems involv1ng components with different failure ‘modes
'becomes quite labourious and unmanageable, as the number
_of componente and system complexity 1ncrease. _The use of.f'r

h(ls), to include meather dependent

‘a state'space approac
failures ‘and different repair and sw1tch1ng routines in
freliability calculations, requires a solution of many 51mu1-
ptaneous equations..[:n this section a computer program using.
‘the concept of component active and'passive faiiures is:desé
cribed. The program is written in Fortran 1v language for
the IBM 370/158 computer. The only assumptions required
are that the equations described in Chapter 2 are applicable.
‘_Two basxc steps ‘involved in the program are:
(i) " the determination of all thOSe events which cause
| interruption at the deSLgnated 1oad p01nt | The‘mode~
-by Whlch serV1ce can be restored is determined for
eaoh failure event. |
‘(ii) the calculation of outage frequency and duration in-
dices using equatlcns appropriate for a particular
failure mode. ' _
In the ﬁirst step. a failure modes and effects

‘analysis is performed by algorithms programmed to selectt‘V/"
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 events and yariouS'possible combination of events within

the system that can oause‘interruption to the load'point"
under'oonsideration."In'the seoonﬁ step, equations des- .
crlbed in Chapter 2. and ‘in this section are used, accordlng

‘to the mode of failure, to evaluate the rellablllty lndlces.

| " ﬁhe lnput_to the program consists of the.follow— -
(a) 'NumberlofICOmpooents'in the‘system,'the normally ooeoegt

o connections and times reqniredrto close normally OPen;

zconneotions.' | 7 | L

-fb).lIhformetiOn-aboot'toe eonfigorationrofjthe system

__under_study. This information is prorideo by;desorrbf
ing the_components that immediately precede the compo-

nent under con51derat10n 1n the 11ne of power flow.. :

{c) Component data, The follow1ng 1nformatlon is requlred‘

- on componeot.rellablllty parameters.

(i) Component total-outage,rate

This rate represents the total number of times in
a year the oomponent.has to be.removed from service for re=
pairs due to any of its failure‘modes. This failure rate

includes both active and passive failures.

(ii) 00@ponent ave;gge regalr tlme

This time represents the average of tlmes requlred
. to repair. all kinds of component faxlure modes. [:pe repa;r
actlon may be warranted due to component fault, a breaker or
'sw1tch stuck oond;tlon, undetected open.conneotlon, breaker

false operation eté}
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(iii) Component malntenance outage rate

ThlS rate is the aVerage number of times ln a year
that a component‘is taken outrotuservlce for-preVentLVe
maintenance.

¢(1V) Component average maxntenance tlme

Thls value represents the average of all tlmes
'j?sPent in’ performlng preVentive malntenance actlons on the

; component.

"':-(v)“ Component actlve ggtgge-rate

_' Thrs value lS that fractlonlof the comp0nent total j
.fallure rate which corresponds to actlve fallures of theil ;y'
-_component.f The actlve outage rate is’ expressed 1n terms jfﬁ_'
fof the number of component actlve failures per year.' -

(Vl) Component S_WM

Thls 1s the tlme starting from the actLVe fallurej

'_of a component and lastlng upto the tlme when the faulted
component 1s removed from servrce and all other healthy
components on therdlrect paths to the load p01nt are restored.
to service., When other unfaulted components cannot be re—:
"_stored to serv1ce'unt11 the faulted component is repa1red
fand put.back anto‘operatlon, the swltchlng tzme value becomes

-theftimerreQulred'to repalr the faulted component.

(vii) Stuck pr bablllty
. | Thrs value represents the probablllty of a breaker

' or a sw1tch belng stuck uhen called upon to Operate. In the

. case of normally open brnakers or. swatches. thls value is the'

'probablllty of a breaker or sw1tch not clOSlng when called
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upon. to do 80. The‘stuckdbreakervbrobability:is estimated
:from the ratio of . the number of times the breaker fails to
‘_:operate when called upon to do- ‘80 to the total number of

=ft1mes the breaker is called upon to operate.;;

o 1(v11il Wégther par amgtﬁ:g

If weather conditions are to be considered by
"TUSLng a- two state weather model(a).‘the normal and adveISe_.‘ .
”2weather associated active and passive failure rates are

{required. The average durations of the two weather condi-,“=f

.}3tions are also specified.

It must be noted that component passrve-failures
have the ‘same system effect as do the component malntenanoe
outages. As such these failure indices can be combined to :
obtain overall outage rates and durations. If this is done,
“then the equations used in the interruption analysis should '
_take into consideration the dependent nature of maintenance,
ig., a maintenance outage cannot occur-if there is soms outage
:already GXlStlng in a related portion of the system. This_r
;18 111ustrated 1n Appendrx C for a second order cut set.r'ln
dthis chapter, however, maintenance outages and passive failures-
-Nare treated separately to maintain their indiv1dual 1dent1t1es.
'ufd)_ Identification of breakers which open as a result of com-
o ponent active failures.r The breakers which oPen due to a‘

icombined active failure-and stuck breaker condition are

also identified for each component. o

| | There can be some components in the system whrch
:are:not'on any. direct transmission path to the load point

under consideration but their active failures can interrupt ..
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some or’ all the direct paths. The total outage rates in

_the program are assigned zero. values for such components.

The average outage tlme is also a981qned.a zZero value.] Main-
'-tenanoe'outaoes of Suoﬁ‘components cannot interrupt the‘di-
‘frect transm1331on paths and thus the malntenance rate and

outage tlme are assigned zero ‘values. The actlve outage rateg

and - sw1tch1ng time parameters, used in the Pr09ram, are the-"””

iactual values assoclated w1th the component. If the‘compo-‘

"5nent cannot be switched out, then SWltchlng time is a391gned

pa value equal to the component repalr tlme.

' The sequence of steps followed in the proaram is.
rglven 1n the flow chart shown in Flgure 3.8. The .program
executlon starts with the establlshment of paths between-
.fthe source point and the de51gnated load point._ These paths-'
.are.establlshed taking into consideration the allowed direo*e
tionsrof power flow. V(In oertaln oomponentS-tne reverse
flowrof;power may not be allowed.) The paths which can be
establishea'by closing tneAnormally open eonnections'are'
also recognized. | - | |
| - The program executionthen‘proceeds on to deter;ll
- mining the'minlmal cut sets for the load pointunder consi-
deration.' This.'in fact, consists‘of eValuating the‘various
combinations.of‘component passive failures within the system
that can cause interruptions. The algorithmpused in deter-
_mining"the ninimal.cut SetS'is based‘on boolean algebra and.
is very simllar to “that desorlbed in reference 26. VIt shoula

be noted that these m1n1mal cut sets are determlned from only
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| . Component Failure Data

Read Input Data

: Number of "System Components '
'Normally Open Amd Load Sensitive Components
- Times Required To Close N/o Connectlons o

‘:System Connectlons And Component Capabllltles

| Considering Allowed Directions of Power Flow

Development Of Paths To The Load Point

1

‘Identify Paths Which Can Be
“Established By Closing N/o Connectlons

|

Determine Minimal Cut Sets Due To Component ~
| Passive Failures From Paths Excluding The
. Paths Established By Closing N/o Connections

;

Identify Cut Séts_in-WhiCh.Servica Can Be:
Restored By Closing N/o Connections

1

, Passive Fallures

Calculate And Print Reliability Indices Due To
~Passive And Overlapping Passive Failures,
Passive Failures Overlapping Maintenance
Outages And Overload Outages OVerlapplng

T

Read Effects of Active Failure of Every
Component And Stuck Breaker Condltlon On

System Components.
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Determine Minimal Cut Sets For Component

| cut Set Determine How Service Can Be Restored

: Active Failures And Stuck Conditions. For. Each

I

tActive Failures Overlapping Passive Failures,

Overload Failures Overlapping Active Failures

Calculate And Prlnt Rellability Indlces ‘Due To -

|Active Failures Overlapping Maint. Outages And |

¥

Print Overall Reliability Indlces Due To All
Component Fallure Modes ' .

' Figﬁre 3.8 Flow Chart of the'Coﬁpﬁter Program. -
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~ those paths whioh' a're normally closed. A simple algonthm e
nls then used to recognlze those cut sets in whlch service
,‘can‘be restored by clo51ng normally open paths,'
N 'When ali the'minimal cut sets have been determined,
i)the computatlons are made for the contribution of each of the
ncut Set to the follow1ng system rellablllty indices.
(i)- .The_outage.rate,‘the average duratlon_and tnestOtal='J
: ' outage time due to passive;failures and overlapoing ;e‘
fpassiVerfailures'of components pfeSentlin thelout set
unnder con31derat10n. ‘ - _
(ii)r The outage rate, the average duration and the total
| -v_}outage t;meldue to component pass;ve failures ove:-
lapping the maintenance outage peniqu of componente-l
‘.present in the cut set under ooneideration. 
Therabove indioee are computed by using the app:o-
,priate_equations described in Chapter 2. These equations
are stored in tne computer as subroutines. If for a particu-
laf cut,set, the service can be,restored by closing a‘nOrmally
open path, the average outage duration for that cut set equals
the time. requlred to close the open path. When these compu- 7
tations have been made for all the cut sets,'the totai contri-
'butlons to the load point reliabllity 1ndlces due to passxve
' fallures and pa551ve fallures overlapping malntenance outages
are evaluated eeparately.u31ng oomponent‘total outage rates.
In the nekt step, corresponding to each component
actlve fallure, mlnlmal cut sets for the designated load p01nt'
lare determlned by lnterrupting all those paths which contaln |

unfaulted oomponents but are on outage because of a fault on
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rthe component cnder.conSideration. If any oftthese cut '

| eets'has already been'eﬁaiuatedjiit is not'considered any

further. The contribution:to oﬁtage-frequency and duration

-indices due to various cut sets asSociated withdcomponent‘f

| active failures is evaluated byhéquations,given in Tabie'3.d;:'
.e=Whenlall the coﬁponents haﬁe.been considered,the contribution
ﬂ'ito'the“reliability'ihdrceS due to combined aCtiﬁe'failures'
:and stuck breaker condltlons is evaluated on the same ba31s
i as. 1s done for component active fallures. At the end of
thls step, the total contrlbutlon to the load point re11a-
 b111ty 1nd1ces due to component active fallures and breaker
or switch stuck condltlons is determ1ned for the follow1ng
'two condltlons.
(i) Component active failures andrcomponent active failures

| ,overlappinc combonent”passive failures.
(ii}.ncomponent_active,failures overlapping;component main-
tenance outage periods. _ | | ' |
When all the above computations are completed,'the

overall reliability indices are determined by‘combining the
outage contributions of all active, passrve and ma;ntenance
fallure modes. These 1nd1ces are (1) Total 1nterruptlon rate,
(ii) Average outage time, and (111) The total average outage
“time. - 7 |

| The program has been wrztten to handle a maximum
of 50 components. It should, however, be noted that the
'11mit to the number of components whlch can be handled by the -
program is determined only by the s;ze of the computer avall-

able. The d:l.mens:Lons of the arrays in the program can be
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increased, if the computer size can accommodate a larger

_number of components. =,

3.6 -System Studies

| 'Thé'computefrprogram described in  the preﬁioﬁs
sectlon has been used in a number of practlcal system studles._
In thlS sectlon, two ‘examples are glven +0 lllustrate the o
, capab1l1t1es of the program.

“ | The first example perta;ns to the rellablllty eva-‘l
 1ua£i6h'of a dlst;;butlon substation shown in F1gure,3.9, The
syStehris cohsidéreduto be failed if there is no continuoﬁs-
path.from'the‘sonrce‘busrtb the load bus. ,Taﬁle éa4 gives

the component data used in this reliability study.“ The de-
‘tailed analysis of the configuration is qiven in'Téble 3;5.{
This table'lists contingénéies only ﬁp to second Qrdér.. The '
~progran, however, computes higher'éfder contingénéiés aiso_
and'thei; contributions aré;added‘ﬁo the ovéra;;~resu1ts.

' Ef'should be noted'that in this examble‘approxi-
mately_?O% of the failu:esrarelattributed tq'singlélcontin_
‘Qencj évehtg énd éO%-to eVents invblving stﬁck bréaker'con—_r
dltlons:) This clearly illustrates the lmportance of lncludlng |
protectlve system performance in reliablllty pred;ct;ons. In
add;tlon,-such information may be of value to des;gners to
aid in réviéwrof design'practices and to operatérs‘to aid in“
reﬁiew of maintenance and testing practices as wéilras in
training givén'perSOnhél for‘testing and maintaiﬁing sﬁbi

‘stations.
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The overall reliability indices can be affected

hby changing'the'system'configuration;' The follening varia~
- tlons for the system shown in Flgure 3.9 were conSLdered.__i

-;(a) Dlsconnects on the h v. side of the transformer are re-

| placed by h.v. breakers. |

' In thlS case failure parameters for h.v. breakers

N

12
LOAD

soRcE 2~ | 7 g; N
| . R
Fig. 3.9 fA.DisEribution Substation Configuration'
wereressumedrtohbe'rhe same as thoselof the disconneets.
:The following events will not cause interruption if.this
change is made.’ | |
' Breaker 3 suffers an actlve failure when breaker 10 is
' stuck.l,l |
Breaker 4 suffers an‘aetive failure when breaker 1i‘is.:'
stuck. - | | | |
Transfbrmer 8 suffers an actire failure when breeker‘S
is-stnek; | | | _ | -_
Transformer 9 suffers an active failure when breaker 5
islstuck} | | | | | |
Transformer 8 suffers en active failure when line 2 is. :

being repaired or maintained.
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Transformer 9 suffers'anfactive:failure when line i is
being'repaired'or maintained. | ._
The system outage rate decreases from 0.106112 f/yr.
to 0 101110 f/yr. w1th this change. The total_outage‘tlme
decreases from 1.344 hrs./yr. to 1.336 hrs./yr. It is, there-.
fore, evident that this change in thé cohfiguretion brings :
. about an rnsignificant change in the sYétemlreiiability in-
.dices.ﬂr _ | | | |
rt(b)] Breaker 5 is normally open.
| If 1t is assumed that breaker 5 in the normally
.open.mode cannot have any actlve failure, some of the events
listed in Table 3.4 are eliminated whlle a few new: faxlure
modesrare added. ‘The System overall reliablllty 1nd;ce5'for
thls change are: | | |

Aay = O. 08396 f/yr.. r

sL - =1. 3016

= 15.5Q hrs., ASL SL

SL
| ' hrs /yr.
whereAXSL. rg, and ASL g are respectlvely the system out-
age rate;-the average outage duration and- the total outage
‘time. S ' |
7 it is, therefore, evident that this,change-produces

- a significant decrease.in the system outage rate whereas the
jtotal oﬁtage.timeris not affected verg‘much. If in the.her—r
mally closed configuratioh, hreaker 5 ie-assumed to be cdm-‘
pletely reliable, the system OVerall rellablllty 1nd1ces are:

S Ag, = 0. 076112 f/yr., r

SLI = }6 .88 hrsf, A

=1. 284

SL SL SL™

hrs./yr.
This shows that the reliability of breaker 5-has'a'7



(3

| significant effect on the sYsremjoutage rate. This is because

'ail ective failures of breeker 5 will cause iﬁterruption at
f;the load pOint. l_ | | o | R
(c) Breakers on the h.v. 51de of transformers and disconnects

on l.v. 51de.r
_The overall reliability 1nd1ces resulting from thlS o

;change are. .

= 1.734
hrs./yr.

Al = 0 3733 f/yr., r

\sL = 4.645 hrs., A

SL SL SL

_ It ie'clear_from these resulre‘that there is a
coﬁsiderable'inérease in system,oﬁtege rate and total eﬁtaée
time;.~The arerage outaqe'duretion'decreases‘because‘of in=-
crease in the number of relatively short duration outages.
(d) 1l.v. breakers are replaced by disconnects and a sec-

tionalizing breaker is connected in the l.v. bus.
The overeli-reliabiiity indices eSSOCiated with
" this confiéuration are as follows: |
= 0.2361 £/yr., r % 6.50 hrs., A

SL si.fsy = 1.53 hrs/yr.

There is again, a considerable increase in system

ASL

Voutage‘rate end toral-outege ﬁime indices;

(e} Breakers and disconnects on the h.v._side‘are interchanged.
' The overall system reliability indices associated with'

this changed conflguration are as follows: | 7

1.402-hrs/yr.

0.10605 f/yr., r = 13.22 hrs., A

‘sL T SL SL+"sL”
This change in eonfiguration, therefore, results in
insignificant decrease in system'outage rate and increase in

-total'outage time.
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:Itehould be noted, hoﬁever, that superiority‘of Ac//’

a_particular design cahnot be judged from the average:dura-'
'tion-indek. A deeign.may have the same number,ofllohg inter-
- ruptions as another design but the.average duration may ber
diluted by add1t10na1 sustalned 1nterruptlons whose duratlon ‘
is 11m1ted by the short swrtchlng times.

| ,Utzlrzrngwtherbase-system,confaguration7ehoyn in
‘ Figure‘3.9, thereffects on the system reliability indiCes‘of

varying‘the component parameters are shown ianigures 3. 10,'
':3'11.and'3 12. Flgure 3.10 shows the effect on the system
-outage rate of l.v. and h.v. breaker actrve failure rates.‘:'
It is clear that, in this example, ;frthe same percentage of
' improveﬁent is made in the h.v. and 1l.v. breaker failure
Vrates, the system outage rate w111 decrease cons;derably wrthr'
h.v. breaker improvement. The total outage time is not greatly
: affeotea by,any of these improvements as the main contrlbution
to:the system total outage time is duelto transformer outages.
Figure 3.11 shows the effect on the system outage-rate of
varying the 1l.v. and htv..breakerﬁstuck_probabilities._ This
figure shows that, in this SYstem configuration, if.the-same
percentage,of‘improvement is made in h.v. and 1.v. breaker'
etuck probabilities, thersyetem outage rate‘uill decreaae |
rapidly with l;vt'breaker'improvement. Theltotal outage time
again is not affected by any of these improvements. figure.
' 3.12 shows the effect on system outage rate and total outage
| time of a percentage lmprovement in the outage parameters of
the transformers and lines. It is clear that, in the system

under consideration, improvement in reliability performance
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of the transmission lines .does not have significaht effect
‘on‘thé system indicas.t:The system outage rate and total
.outageAtime; h0weVer; are significantly‘decreased by imprové;
,menrs-in'the transrdrmer"reliability pérformanCe;‘ The effect
;of;varying cbmpénént-sWitChing times on system toral'outagei
- time is shown in Figuré 3.13. There is'no'siqnificant de- .

* ecrease in 5ystem'outage‘tiﬁe becaﬁSe'the‘main contribution

ro’this index is mads'by transformer outages. The variation
‘in s&stem outage time, if contribution dﬁé to transformer .”
sutages is excluded;,is alsd shown in Figure 3.13. The sys-
tsm_ohtage_rate islspt-affected by varying the swirching
times. | 7 | | o

o The second_example utiiizes theVRagiha,switching |

station of thé-SaskatchewansPOwer Corporation; The single
,llne dlagram for thlS statlon is shown in Flgure 3. 14. The
crlterlon of successful operatlon is consxdered to be the
contlnumty of supply at the far end of lines RlP and R2P

(i. e. the Pasqua bus). All breaker failures are assumed to
be active and the stuck breaker probablllty is cons1dered

- to be 2zero. Thelfollow1ng component parameters were used

" in the reliability study.

Lines 1, 3 and 5

o ‘ ) E - U R .7
A = 0.028 £/yr., r = 5.0 hrs., A =1.0 o/yr, r = 10.0 hrs.

Buses 6 and 11

: ) : ] ‘ - " ;
A=0.007 £/yr., ¥ = 3.5 hrs., A 1.0 o/yr., r = 15.0 hrs.

Transformers 2 and 4

A= 0. 012 £y, x= 168. 0 hrs., A" = 2.0 o/yr., r = 13.0 hrs.
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Lines 17 and 18

o T w B )
= 0.05 f/yr., r = 4 0 hrs., A =0.50/yr., r = 4.5 hrs.

Clrcult breakers

A= 0 007 f/yr., r = 70 0 hrs., A '— 2 0 o/yr., r” = 11.5 hrs.
| Sw1tch1ng time ='1.5 hrs. - |
Assﬁming the allowed direotion'of‘powér floﬁ-ot
“.poino:A és“shown'ianigure'3114,1thé’syétemVreliabilitffinda
dices are: | | | o

= 0.000849 117
hrs./yr.

- Aay =-0.000268 £/yr., r,

SL sy = 3.17 hrs., X

sL* SL

When line BZR is considered to be normally open,
with sw1tch1ng time equal to one hour, the follow1ng results
are obtalned.

= 0.001202

ASL'_ 0. 000621 f/yr., rSL = 1.936 hrs., ASL 's1,
R B hrs./yr.
4 TP I .
_6 - §;_1 _BR
' t  FROM B.D

. h A o

1 o ;% 3 323;
| . FrROM B.D
5 7 . 18

FROM B.0

lar rRP WR2P
TO PASQUA BUS

Flg. 3.14 Reglna Switching Station of the Saskatchewan Power
Corporation.
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If the breaker active failure rate is 0.002 f/yr.
and 0.007 f/yr.'is'its:total failuré rate, then wiﬁh B2R -
ndrmally 6pen, . | | “

0.000530 £/yr., r =0, 00107

S A SL’

SE = = 2,00 h;s., A

su-"sL”
hrs. /yr.

If power flow at point A is in the direction opposite to

thatrshown¥in‘Figuré*3114,'theﬁ - ‘

Aee = 0. 000578 f/yr., gy = 1.80 hrs., Agp.Tgy = 0.001045 .

SL SL
Chrs./yr.
-If_power flows at point A are a;lowed'infboth directions, then

Ag, = 0.000314 £/yr., r

oL = 1.24 hrs., ASL-rSL'= Q.00039

5L
| hrs./yr.
If power flows at p01nt A can be in any dlrectlon, then

A = 0 000306, r.

o 2 1:26 hrs., A = 0.000386 hrs./yr.

SL SL-FSL

The base cases of substatlon and SWltchlng station
examples given, requlred executlon tlmmsof 1.5 and 1. 75
‘seconds respectively of C.P.U. time. It Ls~ql¢ar, therefore,
that the computer time depends not only on the number of com- .
ponehts inrthe sysﬁem} but also on the number of cut sets and
éystem'COmplexity.r | |

The-exahples presented in this section clearly il-
lustrate the principal features of the compuﬁer\program. The
relativg édoﬁomic and reliability benefits associated with |
_variéus éonfiguration changes can be‘evaluated_in quantitative
terms. This prdviaes a uséfui inpuf to the jﬁdiéious selection
of a partiqulaf design keéping-in view the ecdnomic and':eli-‘

_ability constraints.
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3.7 Application Of The Program‘For The EvaluaciOh,Qf
Overload'octages. | | |
l.The'cOmputer:program described in section_3.5 has
, been excended to consider cases where discontinuity of.cooe_'
'nection between the source and.the‘load points is not the
_oninfailure mode. Under certainsystem conditions, inter—:
:ruptions cahroccur‘at‘thevdesignated'loadspoint”due to comooé
nenr‘overload ouraces. The_program proceeds ro COnSider
this condition in.rhe same sequende as described earlier.
An addltlonal 1nput is prov1ded to 1dent1fy the components .
such as transformers, llnes etc. which are llable to suffer
overloads. The capabilities of these components are also
Pr0V1§¢d{ As theiprogram determines the cut sets for the -
‘designared‘load point, a simple algorithm scans those;cutl
' sets wﬁichjcbntain coﬁponehts liable to.suffer overload outf'
ages.' These cut sets‘are then evaluated forctheir contribu;-
tions to outage. 1nd1ces due to component overloads usxng the
Vequatzons described in Chapter 2.

The dlstrlbution substatlon ShOWn in Figure 3.9 is
used as an example tO'rllustrate_thls outage aspect.‘ The
capability of transformers.and lines were'assumed to be
.10 Mw and 20 Mw each respectrvely. A Saskatchewan Powerr
Corporatzon substatlon load(S) Wlth a peak of 13.2 Mw was’
| assumed at the 1oad point. Table 3.6 lists the Varlous double
| continQendyrevents andtheir_coﬁtributiopto the outagé'in-
rdicesrdue to component overload:outages. (Theﬂprogram, however,

also evaluates higher order contingencies). It is assumed
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‘that_component maintenance outages will not‘cause'any over?_
load outages. 'This situation, if'applicable, canlalso be
evaluated. This 1s illustrated in Chapter 5.

It should be noted that the procedure for the
evaluation of overload outages as described above 1s valid
:when there is only one load p01nt in the system. When more
ﬁthan one load point is to be considered the approach out-'

‘ lined in Chapter 5 can be used.

3 8 Summary _

. Valid representation of component and system beha-‘l
viour. requires a separation of component failure modes and
their occurrence rates. [EE a Simple radial feeder, a conductor
open. type failure will interrupt all customers from the open
pOint and beyond whereas a conductor failure to ground w;ll
cause that,particular:circuit to trip and result‘in‘inter-
rupting all'customersfrom'the circuit breaker or section-
alirer and beyond:) In thiS‘chapter; a novel concept of
component active and-passive failures is introduced which
permits the‘inclusionrof all realistic component failure-
modes in reliability predictions. cghis approach is usedlto '
‘hevaluate-thelreliability performance ofsubstations:and'switch?'
ing stations in. terms of their outagelfrequencies and duratioggj
A generallcomputer program.based on a cut set:approach‘is
described for reliability calculations. The algorithms are
'programmed to select the various p0951b1e combinations
: of events w1thin the system which can cause interruption to

: the-de31gnated load point. The program output provides a



sequential and concisé'description of various‘sysyem contin-
gencigs and_their contributiOns to,system'unreiiability. Two
prgctical system examples are presented to expose tﬁé saiieni,
features of the program;'-The,effects of varying the compo- |
‘lnenflparameters,-system COnfigu:atibn, and successiui mode

'of'éystem operation on reliability indices are i11ustrated,f
1This fprm‘of-analysis provides-aiduantitative.basis-for the

judicious selection of a reliable and economic design .



- 4, QUANTITATIVE EVALUATION OF MAINTENANCE POLICIES
IN DISTRIBUTION SYSTEMS

4.1 -Introductioﬁ; _ | |

o | As noted in the previous chapters, a considerable
.aﬁoﬁﬁt of work has been done in the field of power system
reliability evaluation(l).. The'pubiished‘literature cleaﬁlyl
"vshOWSchat~little attempt has been mideato‘éptiﬁize component
aﬁa SQStém méintenapce'parameters. Beferénce-za describes |
sémabésictreiiabilitytand maintaihabilityi¢oncepts'applied
rin the area'of generating statioh design. In the literature
“on transmisSion and distribution system reliability eValua-
tion,‘prgventive maintenance_has aIWays-been-con31dered as a
procedure that.is carried outiiﬁ‘accordance with a policy
;predétermined by-other considerations and thus performed with
a given frequency and mean duration not subject to any changes.
‘Interest ﬁas géheraliy bgen ¢ohfined torthe‘éﬁaluatioh'of-_
possible overlappiné sttem,outa§es due to components‘re-U
moved from serv1ce for preVentive maintenance.

This chapter describes some ba91c considerations
iﬁvol#ed in the determination of consistent maintenance poli-
cies for distributiqh'system gomponents.' It'haS‘been‘nOEed
" in referghcés I7\and 29 that a major cause tf doublg,continw'
éenéy outagé# is the occurrence of a componeht failure'during
the petiod‘ﬁhen-anOther ¢omponént is out for preventiﬁe main-
tenance.':If the maintenancéloutage:rateVof a component is
redu¢ed (iﬁ-drder to‘déCiease the‘probability 6f_bccﬁrience

of this kind of'double.contingency event), an incréaée'in_its
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failure rate may result. This can. increase the. risk of fail-
‘ures due to. overlapping component outages. There is, theref'
fore, a‘90351bility of choosxng some compromise'betWeen-*
componént maintenance'and.failure rates. This chapter .inves-
tigates thlS p0551b111ty in order to optlmize component and
"system.reliability performance. |

o in-many7practical"systems, two or more”components“;r‘“
‘are simultaneOusly taken out'for preventive maintenance. ~Thie.*
type of actlon is de31gnated as performing co-ordinated
‘1ma1ntenance on system components., If. component maintenance .
is properly co-ordlnated, consxderable 1mprovement in outage
frequency and duration indices may be obtalned. ThlS cnapter
.illustrates the quantitative benefits assoc1ated With dif--
17£erent methods of co-ordinating component maintenance. 'The
computer program described in Chapter 3 has been used exten-

sively in the studies described.

4.2 .Factors Influencing Preuentiue Maintenance Policies'

. Maintenance can be generally subd1v1ded 1nto the -
ltwo general categories of corrective and preventive action.'
Corrective maintenance is performed when a component actually
‘fails, while preventive maintenance is an action carried out

to hopefully forestall the occurrence of future failures.- In-
this chapter, the general express;on maintenance is used to
1mply the latter category of preventive maintenance.-p
There are many considerations which" can 1nfluence

the level of maintenance action. ' Figure 4.1 illustrates the



o
prlnc1pal factors that.govern the malntenance.pollcles for
-‘transmlsSLOn and dlstrlbutlon system components. The mell- .
:catlons assocmated with dlfferent blocks shown in Flgure

4 l are as follows.

Equipment o ‘System. | System _
awFactors;1 o T B mLoad E L Configuratxon‘
Manpower |} = Maintenance | | Management -

B PN em— e B evel [ . .
Skill - Leyer'i 1 _ Phllosophy_
Environ- | | Reliability [ | operating

~ mental N Targets | Policies
_ Pactors ' B B

Figure 4.1 Facto;s'influencing Preventive Maintenanoe.Polioiee
r(i) -J'Thersystem load haS‘alsignlficant_effect in the deter-
o mihation of a_maintenance,golloy. No:meintenenoe aotion
'will:generally oe etarted lf_the‘removal of'the‘oompo-‘
nent will Caose oﬁerloads onjother_componehts of cus-
Atomer'interrﬁptlons. In certain caees, preﬁentiﬁe‘
' maintenanoe-can resultrin a scheduled‘custoﬁerroutaée.
:Malntenance w111 also not normally be started if the
.1oad is expected to rlse to a value greater than the |

capab;llty of the system3components durlng,the perlod:_



of maintenance.
'j(ii) -quuipmenttfactors such'as component‘tyoe, capabiiity,
exposure etc. 1nfluence malntenance pollcles to a |
{‘great‘extent, Components such as transm1551on llnesr

in certainrgeographlcal areas may requlre:a larger.

fnumber of malntenance actlons compared to those in
-'=other portlons of the system. (Encreased functlonal
action of-components such as crrcult breakers can lead
to,component faiiure if-the maintenance level iS‘notf"
compatible withtheaction'levegl
(iii) .The system conflguratlon is another 1mportant factor
- in determlnlng preventlve malntenance pollcles._‘;n‘

a serles conflguratlon of system components, any re—
.moval of a component from serv1ce for maintenance w1ll
'cause the loss of customer supply. When customers can
be served from an alternate source by- c1081ng a normally

open connectron, component malntenance can be performed ‘
w1thout lnterruptlng the customers. If redundant facz-“

11t1es exlst 1n the system, components can be malntalned
w1thout 1nterrupt1ng supply to the customers.
e(iv) ',Some malntenance actrvltles can be performed using
| ~ repair shon‘facilities whilst others can only be accom-;‘A
_ pllshed at the actual system locatron. The latter actl-:
vity may be lnhibzted due to actual or predlcted ‘
adverse weather condltlons. In the case of.overhead‘
- transmisslon lines, preventiue maintenance is not norF_

mally done during‘adverse weather conditions.
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ManaQement.philosOphy,rreliability targets, avail-
abiiity of'manpower, etc. are other interrelated fac-

tors'that‘effect_maintenance_policies;‘ All these

”'factors have to be considered‘by the'manaqement in

' arrJ.v:l.ng at cons:.stent malntenance pOllCleS.

It mlght be argued that the advantage obtained by

-preventlve malntenance depends upon the dlfference between |

‘the tlme taken to perform malntenance and that taken to. re—j

(30) -

pair the component . This argument,may,be'valrd in sys-

'tems consisting of only a single component. This, however;

is not true in power systems where a large number of components

Z'lnv01v1ng lnteractlng fallures are present. : component fault

_condltlon is usually much more severe than the condltlon ex-

1st1ng due to a component removed from service for preventive

rmalntenance or repair. The rellablllty beneflts expected

from a judicious selection of a particular maintenance pro-

- gram can be as follows:

(1)

(ii)

Components can be taken out of service thhout inter-

‘ruptlng customer supply, whlch in case of fallure could
have caused interruptlon.

COmponent actlve fallures(zl) (ground faults etc.) can

be minlmlzed by av01d1ng those condltlons Wthh cause-

-them. For example, in the case of transm1351on llnes,

act1Ve fallures due to tree branches falllng on them .
can be ,avoided by regular tree tr:.mm:.ng. _ SJ.mllarly.,.
in the case of oil circuit'breakers,‘the_failures of

dielectric ¢an be minimized by changing the oil at



(i)

: : {iV)

9%

regular interuals.

System components can suffer some permanent damage due
:to a fallure. - The rlsk of such damage can be consi-
‘derably reduced if a sultable preventlve malntenance

program_ls_followed.

' Preventive maintenance.is a planned actiVity and as

u‘-such the average ‘time requlred for lts executlon can

(v

(vi)-

be much less than the aVerage tlme requlred to repalr

a random fallure.,

Events such as breakers becomlng stuck, a normally open
sw;tch not c1031ng when called upon to do 80, etc. 1mpose

' ' serious rellablllty problems. These events.can cause

the interruption_of supply to a'large'nuMber of cus-

tomers. Preventive maintenance actions can considerably

reduce the probabilities associated with the occurrence

of these events.
Protective relaying, if malntalned properly,.can also
reduce the probabllltles associated with events des-

cribed in (v).

4.3 Optimization,of Component Maintenance Intervals

general, is‘characterized by the bath tub curve shown'in Figure

4.2.

The failure pattern of power system compOnents, in

The failure rate during the initial or debugging”period

decreases as a‘function of time. Fallures durlng this perxod

are generally due to. manufacturing defects or 1mproper deslgn.

Failures durlngrthe useful 11fe period occurzpurely by‘chance
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DEBUG— USEFUL- LIFE

' WEAR-OUT
GING S

FAiLURE RATE

o — - a—

~ OPERATING LIFE

‘Figure 4.2 Component Feilure Rate As A anctionlof Agel
‘and the.failure rate during this'period_is constant. The
fallure rate increases rapldly as the component enters the
wearout perlod. The entry,lnto the wear-outnreglon can of-
.ten be avozded and the ueefu1=life period extended by-conséﬂ
tant and careful preventlve maxntenance. The effectiveness
of thls procedure depends upon a knowledge of the t1me when
-~ a component.starts to show deterioration. If,the var;ab;llty
: of thesetimesis—smal;,then”preventive'maintenanceican be
Iquitereffectiie,‘ In this,cese,rif preventive naintenance is
‘schedn}ed_sooner-than‘the_aﬁerage time to‘deteriorationlfor
the coméonent, the entry into the wear—out region cen be .
avoided.' On the other hand, 1f the deterloratlon tlmes have
great varlablllty, the malntenance 1nterva1 would have to be
relatively short in order to lengthen the useful lrfe.perlod.‘

in determininj anrootimaldmaintenence intertai,.it
- is aesumed in this chapter that through component‘preventive
‘malntenance, the average failure rate over the oPeratlng 11fe“

of the component is reduced. " The optlmlzat;on,procedure‘15-



‘dependent on .the availability=ef'a-functionlrelating_the-'

cemponent‘failure rate with the maintenance outage rate.'a

- Assume that the component average fallure rate and the maln—'

tenance outage rate are related by an exponentlal functlon

as follows.. _
I-l C _aA'-' _ " L] - o _
‘A(A ) g_lwpe , fot,l g.ko: ,ga.;)

..where

]

w1thout preventlve malntenance;

A= The average fallure rate of the component.

@ = A constant determined by the component type

and the effectiveness of preventive mainte-~

nance.

>
]

not hold.

The average failure rate'of theecemponent".‘

A ;-The average malntenance rate of the compdnent.r

the exponéntialnrelatien of equation 4.1 does’

9%

A value of maintenance outage rate after which .

:The'relation given by equationt4;l isrillustrated in

Figurer4.3.

Failure Rate

Comp. Maintenance Outage Rate !,
' . A
°]

Figure 4.3 Exponential Relation of Equation 4.1.
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Optimizafibn of the maintenance outage :até één be
:performed considering many possible criteria. Three Qf these
,are.cpnsidefed in the following.
(1) Minimum component overall‘outage rate.
Ih this case,
Componént‘overgll outage rate,AT = An + A(in)-
| : e
=T Awpé'“"‘

- For i, to be minimum

dhy

— =0 - (4.2)

ar .
 Equation 4.2 yields the following optimal value of -

-Component'maintenance outage'rate,,
. -

. L} »
Aopt. = 1/a 1n‘q‘kwp P A& Ao

(4.3)
(ii) Minimum component total outage time.
Let
.r = Component average rgpair time,

'r = Component average maintenance time.

. “ n -
Component total outage time, T = A r + Ar
| ' " K W

=ir + A, e 7%
| T wp® T
For'T to be minimum,
. = 0 L (4.
dx : ‘

Equation 4.4 yields the following optimal value

of component maintenance outage rate.

. |
A opt. = 1/a ln —wbi— ; A s‘h; (4.5)
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(iii) 'minimnm cost of component maintenance.and repair. |
The costs assoclated with component repalrs are
'dependent upon the average number of. tlmes the repairs. are
performed and the assocxated average outage ‘duration. 1n‘a
similar manner,.the costs_for maintenance action‘are depen-
'dent on the number of tlmes the malntenance is performed and'."
the a33001ated average duratlon.
Let the annual costs assoclated with the componentr
lrepair be | | _ _ :
| Cp = fhyr + k-

where

~
]

1 ° A constant representlng the cost per unit of
component reparr time.

ko

lf

A constant representlng the_costlner'repair
| actlon on the component. |
'Let the annual costs assocrated with the component
maintenance be o
: "« n ..
€y = yr + ko)A
_wnere
k; = A constant representlng the cost per un1t of
| component malntenance time.
k; = A‘constant representing the cost per mainte-
" nance action on the component .
‘ motaL[costs of component repair And maintenance,

) ’ - "o " n V'
or eC = (klr + kz)l +‘(klr + kz)}
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If equatlon 4 .1 holds,

_ oA
- C_— Sklr + kz)lwp -+ (k o+ k )A
For;C to be minimum
‘-0 (4.8)
ar - o

Equatlon 4., 6 ylelds the followxng optlmal value

of component malntenance outage rate. = -
(klr+k ) ". " ow
X _opt. = 1/0. In ¢ A —p-m—mr— i A £ AO (4.7)
, i : wp(k r +k,) -

Equations 4.3, 4.5 and 4.7 will yield, depending

on various parameters, different optimal values for the main-

tenance outage rate. It should be noted that these equations
‘have been derived assuming the enponential feietionShip,given
in eqnation 4.1. Other equatlons will result 1f a dlfferent
relatlonshlp ex1sts between the component aVerage fallure rate
and the maintenance outage rate. This relationship ¢an on;y

. be obtained:by‘collecting actual operetino data on‘the compof
.nent'feilure behaviour as a‘funetion of,time‘and'mainfenanoe
activity. This information is necessary in ordereto derive-
‘pract1ca1 and useful equatlons for the optimlzatlon of compo-e
nent rellablllty performance.‘

It is to be noted that the optlmlzatlon of 1ndlv16ual
component reliability parameters (1.e.‘outage rates and dura-
”tione) does non iead'to optimizaﬁion of the sYstem indices.
This is 111ustrated by con31der1ng the example of the ring bus
conflguratlon shown in Flgure 4.4. The component data for

thls example is glven in Table 4 1(17)



- _SOURCE

Figure 4.4 A Ring Bus Configurat_:ior_x
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TABLE 4.1

COMPONENT PARAMETERS FOR THE SYSTEM IN FIGURE 4.4

‘Components ‘ Failure Qutage Unavailability
: : - _Rate Duration ‘
. | - TFlyr. Hrs. ‘ .
‘Circuit breaker fault 0.007 72.0 | -
Maintenance - 2,190 -~ 1le.0 .~ 0.004
Probability of breaker —— | m—— : 0.0005
. found inoperative - - o
- Transformer _ , : : .
Sustained outage . 0.012 168.0 ——
Maintenance ‘ 2.920 12,0 0.004
Bus section e : : o
Sustained outage . 0.007 ' 3.5 -——
Maintenance - 1.500 18.0 0.003
Line sectioh S A : 7
Sustained cutage 0.050 23.0 : ——— _
Maintenance : 2.920 15.0 7‘ 0.005

The criterion of successful syéteﬁ-operation is |
assumed to be the.contihuity of supply7£0'any ;ne'of the load
points A and B. it has been assumed that the.objecﬁivg is thé.
optimization of the line*maintenénce rafe; Assumlng A p "4.0
f/yr and o = l 5, equatlons 4.3 and 4 5 yield the follow1ng |
-optlmum line malntenance rate values. |

| ~ From equatlon 4.3, .
\"opt. = 1/1.5 1n 6 ='1.197 (4.3a)
_Froﬁ eqﬁation 4. 5‘ | “ )

,A opt. = 1/1.5 1n 9.2 = 1.48 o (4.5a)

‘Results have been obtalned for the system outage
‘rate and the total outage time using the exponentlal form of
'equatioh*4.l for tﬁé-line outage rate and the equatibhsxdes-

cribed in Chapters 2'and_3._ These'results are shown in
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 Figures 4.5 and 4.6. Following two_gasesrwere considered:
:(i) Eqﬁatibn 4.1 is applicable for only one incoming line..
(ii) Egquation 4.1 is*agpiicable EOjboth the inédming lines.
| ‘It is evident from Figure 4;5 that a minimum ﬁalue
of system outage rate is obtained af a 1ine'mainteﬁance Qﬁﬁ-.
age rate of 2.0 o/yr and at 4.2 o/fr for cases (i)'and'(iif
: réspectively--'Equation 4.3a,‘hqwe§er, gives a value of 1;197[
'o/yr for the 6ptimum'line maintenance'outage rate. 'Similarly,5
from the total ouﬁage time gfaph‘shown in Figure-4.6.‘optiﬁgm
| Vélues of 2.0 o/yr and'4.07o/yr are obtained respectively;for
cases (i) and (ii). -ﬁquation 4.5a, hqﬁever, gi&es'an 6étimum
line mainténahCe rate of ;.48 o/yr.. This_valug is ¢onsidefably
different from that‘ébtained fromrthe system viewpoint. -Dif-
fereﬁt.maintenance outage rate vaiues from the 5ystem consid-
erations will be obtained for different_criteria,of Sugcéssful
. system operation. This clearly illustrates that for optimi-
‘zation of the'syStem pérformange_indices, a system approach

to the optimization of component parameters is required.

4.4 Effecﬁs of Co—ordinating Component Mainte@aan

‘It is sometimes beneficial from the-vieWPOints-of
ec0nomics aﬁd reliability'to,perform co?érdinatedrmaintenanCe
on system components. Cq-ordinated compohent maintenance is
7c§n§idered in this chapter as the policy-éf doiﬁé prevenﬁiVe
maintenance 6n-a-component at a time when other maintenance
or repair is being perfofmed on an associated componenﬁ.

Coﬁsider fof exaﬁéie a series system of two cbmpo-.

nents with failure rates Al and Az and maintenance outage
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Figure 4.5 System Outage Rate as a Function of the Line
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rates of h; and A;. The total outage rate.of-the system is
given by | - |

. _ S " "

AT- = 'Al +t ok, t Al A,
If, however, it is decided-that'componentrz will
be nainhainec-When component 1 is-naintained,‘i;e., the main—h'
;renance‘of componentsrl and 2 is co-ordinateo;ethe efsﬁem
outage rate becomes R o
e = N f_12+A;
This may represent:a considerahlelimprovement inithe‘syetem‘
outage rate.- | . - .
Another p0551b1e method of 1mprovement is to

co-ordinate component malntenance and repalr events. In
this case,,a policy. mlght be adopted in whlch component 1
w111 be taken out for preventive malntenance when component

2 is out for repair and vice versa. The system outage rate

is then

Considerable improvement‘in outage rate and duration
indiceslcan be ohtained byfco-ordinaring'oomponent maintenance.
~in systems ihvolVing large numhers offcomponénts; It is to be
noted. tha£ co~ordinated maintenance as-conSidered'in'this'chap-;
ter is not. performed on those components which when together
removed from serv;ce w;ll cause 1nterruptlon of supply to the
customer.' ThlS, in fact, xmplles that oo-ordlnated maintenance
should not be performed on components whlch together form |

members of any second order cut set. Co-ordinated malntenanoe
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- when performed, on two components whlch are present in any
third order cut set can result in an increase in the rlsk
of system outage.’ H
| B The quantltatlve beneflts assoclated w1th dlffer-
ent methods of co-ordloating component melntenance are
illustrated below for the system configuration shown in
Figure 4.4. ‘If all the components in this system are indi-
vidually maintained, then the system reliability indieee are
as follows:‘ . | - | | |
HSysteﬁ outage rate = 0.00179 f/yr.
System average‘outage duration = 6;55‘hours,
~ System total outage time = 0.ﬂ1174 hours/yr.
_It hes been assumed in the_ceicolationrof the
above indices thatuthe system is sucoessful if there is
‘QOntinoity of supply to any one of the‘two,loed'points A eed‘
B. Iflthe maintenance of-the_;ine'end'the iine bus istco—:
ordinated and that ofrthe,ttensforme:_and-the trensformer‘bus
is co-ordineteé, the system reliabiiity indices are as follows:
| System outage rate = 0. 00115 f/yr.
System average outage duratlon = 6. 086 hours.
- System total outage time = 0.0070'hours/yr.'
It is, therefore, clear:that this co-otdihated-
maintenance policy brings.about'a 36% decrease in syStem
outage rate eod el4l%-decrease‘ie eystem~total outage time
which is a con81derab1e 1mprovement in the’ system rellabillty
performance. |

If the breaker maintenance is also co-ordinated
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_with that of the transformer and its bus, the.system'réliéﬂ
ability indices are as follows: | | | |
Syétem outage raté'=-0.06104‘f/yr.
'_System averaqeroﬁtage duration = 6.637 hours.
| Systém‘total outage time = 0.00689 hours/yr.
This coéordinated maintenaﬁce policy reducés the =

system outage rate by 42% and the total outége'time by 4145%
~ as compared fo an unco—ordihated maintenance policy. These
results _cllear-ly show that the gain obtained by co-ordinating
breakerrmaintenance with that of transforﬁer and its bus is
véry insignifiéant.

' It'shouldrbe noted that iﬂ the above cbnsiderationé,
it has been assﬁmed that component maintenahce‘durétions are
not-iﬁcreﬁsed by co—ordinatihgrthe maintenance of other com~ -

f ponents. This may”nqt be_true in manyApraétical situations.
The-timé out for the maintehance.of a component,‘with which 
the'maintenance Qf'othér components is co—ordinéted, may'in—
crease.cohsiderablyrdue.to the limited amount of available
manpower. The risk of component failures overlapping compo-
nent maintenance periods can therefore indrease to ﬁhe‘pqint
at which thé reliability benefité_of co-ordinated maintenance:
-are completely nﬁllified,‘,There is thereforg a limiting value
up tb_wﬁich_the_average maintenaﬁce outage time of a component,
with ﬁhich the maintenénce of other components is co-ordinated,
cgh be alloﬁed to increase and still justify the co-ordinated7
maintenaﬁcé policy. - |

Consider, for example, a system shown_ih Figure 4.7
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where the load is supplied through two identical transformers,

each protected by breakers on h.v. and L}v. side. The con-

.

- Figure 4.7 A System for Illustration of Implications Asso- -
o ‘ciated With a Co-ordinated Malntenance Policy.

tributlon to the system outage rate due to component failures

: overlapplng component malntenance outage perlods is given by.

Z(A

" on n "o ow

2+lt) (Alrl+k2r +A,.r.) {4.8)

ML 2 'tTt

where
Al,_szand A, are the failure rates of the h.v.

breaker, l.v. breaker and transformer respectively.

Al' Az and At are the maintenance outage rate of
the h.v. breaker, l.v. breaker and transformer

respectively.
n " ’ " : ‘ : :
ryr T, and r, are the average maintenance outage

~times of the h.v. breaker, l.v. breaker and trans-

former respectlvely.

VIt, however, maintenance of the h.v. and 1.v. breakers
is co-ordinated with that of the transformer, and the resulting

average malntenance outage time of the transformer is r then

tl
the maintenance contribution to the system failure rate is

A = 2(1 + A

ML, (4.9)

2 + A ) At rt
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In order for the co—ordlnated malntenance to result in a de~

. creased system fallure rate,

Z(A +A2+At)ktrt < 2(%l+12+3t}‘1 r +12r2 ) B
or o

' " } i

t < (Alrl f lzrz + ltrt) / A L ‘(4.10)

Equatlon 4 10 determlnes the llmltlng Value for the
-transformer average maintenance time. Expre551on 51m11ar‘to
“equation 4.10 can be wrltten if- the co—ordlnated malntenance‘!
‘pollcy crlterlon is to reduce the system total outage tlme.
‘It has been assumed in the formulatlon-of equatlon 4.10 that'.
.the maintenance outage rate is greater than or equal to.the
breaker maintenance outage‘rate so that the required number",
of maintenance actions can be performed on the circuit -
breakers. If‘in‘addition to the co-ordinated maintenanCe
'_with transformers. breakers are maintained separately (in
order_tolperform.the required number.of3maintenance actions),
the foilcwing relationship for the‘limiting maintenance time
of the transformer applles for co-ordlnated malntenance to
remaln benef1c1al from a system outage rate point of vzew |

< {(1 r +A +A r ) (1

1714272 AT Azrz)} / A (4. 11’

'
. t‘ 1+

where X; and k; are the additional number of maintenance
actions requlred to be performed on the h.v. and l.v. breakers
to meet thelr maintenance requlrements. | o
Similar limiting condltlons can be‘obtained in thOSe'
cases 1n which component malntenance 1s co—ordlnated w1th _
repalr actlons on: other components. Thls procedure of

co-ordlnated malntenance is. called progressmve malntenance(Bl)



o | 110

The above considerations can be quantitatively
illustrated for the sYstemreonfiguration shownlin Figure
E 3.9. The data for thlS example is given in Table 3.4.

QThe followrng cases were con31dered.r‘
 ?(i) The,l.v.-breaker malntenance ;s,co—ordinate& with trans-
'former_maintenancet | | |
| l In this'case,'the transformer naintenanceﬁtime is
48 hours.: Theroontributione of the events involving compo—'
'nent‘failures'overlapping oomponent naintenance Outagee to
ﬂthe system outage rate and the total outage t1me respectLVely
"with unco-ordlnated malntenance are 0 0036 f/yr and 0.035 |
hrs/yr. It is clear from the curves shown in Flgures 4.8
and 4. 9 that, for co-ordznated malntenance to be benef1c1al,
a transformer co- ordznated malntenance tlme of Gb hours is
Justlflable from the outage- rate conSLderatlons and S51. 5
hours from a total outage tlme v1ewp01nt‘
(ii) The h,y. breaker malntenance is co-ordlnated with llne
| maintenance.

In this case, the_average line maintenance outage
l'tlme is 8 hours.--It is evident'from Figures-4 8 and 4.9 that,
}for co-ordlnated maintenance to be beneficial. a 1ine-mainte-.
‘nance time of 17.4 hours is Justlflable from the outage rate )
con31derations and 13.9 hours from a total outage time view-
point.

‘(iiijz Maintenance of the l.v. breaker‘is co-ordinated with
. traneformer'maintenance and that of the h.v;‘breakerrz
with line maintenance. |

In this case, as shown in Figure 4.8,-the_0utagei
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rate con51derat10ns Justlfy co-ordlnated malntenanCe times
g of 61.0 hours and 10. 6 hours respectlvely for the transformer
:-and-the llne.. Slmllarly, from Flgure 4. 9 the total outage g
tlme con31deratlons Justlfy malntenance tlmes of 50.7 hours
and 8.7 hoursirespectlvely for;theetransformer and the line.
-(iv)'=Maintenance of thell‘v; breaker is oo—ordinated'with'
| repalr of ‘the transformer and maJ.ntenance of the h.v.
breaker is co-ordlnated w1th repair of the llne.

In thlS case, the outage data has been modlfled to
fsuit'the malntenance requlrements-of the breakers; The
transformer repair tlme is changed to 168 hours. It is ciear
_from Flgure 4.10 that justlflable 11ne and transformer average‘
repair time with thls:COfordLnated'pollcy,tfrom total outage |
time considerationsrarerrespectiuely 7.83 hours and le.S |
hours. | a |

It 1s, therefore, eV1dent from the studles glven:
above that a component co—ordinated maintenance policy cannot
be determined solely by qualltatlve.consxderatlons. The
guantitative evaluation of various‘alternative_poiicies‘can‘

assist in the judicious selection of a particular policy.

i4 5 Other. Malntenance Con31deratlons

| One 31gn1f1cant cause of system unrellablllty is
the'presence of-stuck breakers in the system. A. stuck breaker
represents a severe fallure conditlon as 1t requlres the
operatlon of hlgher levels of system protectlon, thereby

'poss;bly 1nterrupt1ng a 1arge number of oustomers. The
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'[lfobability of a breaker becoming stuok can be decreased to
some extent by increasing the ‘breaker maintenance ragéS‘V
:'This is shown 1n Appendix D. [:? the breaker maintenance‘F
rate is- increased (to decrease the probability of becoming
stuck), the risk of other component outages overlapping the
maintenance periods 1ncrease§] There is thus‘an optimum
.ﬁelue of breaker maintenance rate for which*the system outaée
rate is a minimum. Por the purpose of illustration, assume
that the stuck breakeriprobabiiity is inversely proportional
to the breaker'naintenanoe rate.
| Let
| The probability of a l.v. breakerlbecoming'stuck

= 0.0300
——;r_'_

-The probability:ofra h.v. breaker becoming‘stuck
| ~ =0.0025
A

Assuming the maintenance outage rate for the l.v.
and h.v. breakers'to be the same and other failure parameters
unchanged (thereioan'be some decrease in breaker failure raﬁe'
because ofiincreased'maintenance;frequency), the outage rate‘
of the system shown‘in‘Figure 3.9 is plotted against the
breaker maintenance rate in Figure 4.11. It is evident from
the curve shown that a minihum'system ocutage rate is obtained
-for a breaker'maintenance fafe of 2.0 o/yr. These consider-
ations are therefore quite important in any optimization of
breaker maintenance parameters.

Another practical consideration in the selection of
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'Va maintenance policy is the amount of manpower and skill - |
lavailable. It has been noted from the published ‘material

_.on component outage statistics that component average re-

pair and maintenance ‘times as reported by larqer utilities-
;are smaller than those reported by smaller-ones._ This,_
probably,:is due to the large manpowereand-facilities‘avail-7:7
“able in,largerentilities.':Figure‘4,12 showe_the;effect_of
percentage reduction in component repair andlmaintenance tinee
(as a result of increasing skill and manpower available) on
_outage rate and total outage time of the system shown in
Figure 3.9. L_i some approximate re_lationship between the
_component-repair times and available crew size can be estaf :
blished, then the form of analySLS described above can be .
quite useful in logically determining the optimum 51ze of

the repair crew to achieve a predetermined reliability target. *

4.6 Summary

‘There are‘manyrfactors which-should be considered ;
. in determining a euitable‘maintenance policy in transmiesion
and distribution systehs. Eqnipment factors, system'configue'
ration, system load, systemlenyiron@ents, reliability tarQete,
_management policies'etc.tare some of the,importantrconsider—
'ations'in'the.selection of an'aceeptable policy. This chapter
has'described three different criteria forﬂthe'optimization
. of component reliability‘parameters.h It hasrbeen shown thatie
the optimization of individual component paraﬁeters does not

necessarily lead to the optimization'of'system~indices. The
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component parameter optimization procedure requires the
development of functional relationshipe between component
- maintenance and feilure patameters. 'Thisrchaptef empha-
sizes the need for the establishment of these relationships; 

A considetable impfovement in the system‘relia—_

”t_‘billty performance can be obtained by properly co—ordlnatxng

_ the. component malntenance. Th:.s chapter has J.nvestlgated
‘various co-ordlnated maintenance policies in relation to
ptectical_systEms.' The,qnantitative‘benefits aesociated-
~with these policies are evaluated. Thie analyeis shows that
inproper co—o:dinationrof component naintenence-may lead to
' deg;aded system,reiiebility performance. VThe techniques pre-
sentedrcan be used to optimize reliability parameters of
circuit breakers. | |

The avallable manpower and skill can 81gn1f1cantly ‘
1nfluence the component repalr and malntenance times. The
effect on the system outage 1ndlces of the reduction in
outage times due to increased manpower available is illus—
trated in this chapter. This analy31s can, therefore, aid

in the optimization of. crew Slze.




5. QUANTITATIVE EVALUATION 6F OVERLOAD OUTAGES IN
' - SUBSTATION AND SUBTRANSMISSION SYSTEMS

5.1 Introduction |

In the previous dhapters, the bulk of thé‘étudies
désc:ibed considered the disqdntinuity of supply-betwéen ‘
7£he source and the load poiﬂts as‘theronly'criterion of

faxlure. Eéis approach assumes that every component in'a

‘ -i parallel system 13 capable of carrylng the highest load to

whlch it may bersubjected in any contlngendi} ‘Power system
networks ;re_nqt.designed congidering unlimited compbnen£;~
capabilities because QfEeconomic“réasohs.  Evén Wheh there
is continuity of connection Between the source and the load.
points, there can'be a,finitg conditionél probability of |
intertuption due to the removal of overloaded components
by system protection. This probability valﬁe depends upon
the'network configu#ation, the éystem-load, the COmQOnent
c;pabilities and the durations of the éontingenciesiéausing
the overload. o | | |

Thé first step in the guantitative efaluation of
'frequéncy and duration of interruptions'due.to overload out-
ages is to;determiﬁe the probabiiity that the system compd-
nents w111 not be able to carry a given contingency load.] In

(3.,32,33, 34 35) available

thzs chapter, some of the technxques
for the estiﬁation of this probability value'aré reviewed.

Thé effects on outage indices of tﬁo different sérvice re-a'
storation procedurés af;er-the overléad outaées héve occurred,

are illustrated. Two additional,measﬁres of interrupted load
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‘and enexrgy are introduced to estimate the severity of .over-

;Loads. @53 cutiset'approachtz%)‘is ektended-to evaluate the
frequencies and?duretions of interruptions due to overload
‘outeges in systems involﬁing more than one load poin;j' The
'appllcatlon of outage Lndlces in substatlon expansxon plan-

nlng studles 1s also 1llustrated.,

. 5.2°a Rev1ew of the Available Methods-_l
Many technlques have been suggested in the existlng
lltetature for the evaluation of frequency and duratlon of
1nterruptlons.due to.eomponent ove:loads,n All these methods
are based onlthe convoiution of the system load with_the_com—
ponent ontage model. |
A method based on contlngency curves was suggested
in refetence 3 to determlne the probablllty of component over-
loads. 1In thls_method,rassum;ng that a contlnqency is equally
likely to occur'at any time and that oomoonent capability is
constant, the probabllity of not carrylng a contlngenoy load
for a glven time period is found by randomly sampllng the
approprlate load‘cycle. A set of curves representing the_'
‘ptobabilities-of failing to catry the contingency loads for
variousdu;ations'of contingencies and component'oepaoilities
are obtained; In a system of two parallel components, the
rate of lnterruptlons due to component overload outages is
then dete:mined from the follow;ng relatlonshipta).
| d Aop, = APyt AP, o (5.1)

where
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A: = The outage rate of component i. '
P, = The probablllty that component i will not be
able to carry the contingency load. =
The values of P; and Pz'are estimated from the con?
"dtincency curves for the;glven component capabilities and the
1distribution of_c0ntingeccy-dcrations.' This epptoachdwas used
~in reference 32 to evaluate the reliability of transmission
suoply to'sﬁbétations; A further extension of this;approachi
_Wae ﬁade-fof generating'capacity‘reliability studies(33).- The
probabilities of successfully carrying the contingency loads
‘were calculated by sampllng the system load model for the

‘glven capabllltles‘and therexpected contlngency duratlons.'

In this approachy the'period during ﬁhich overload oﬁtages

can occur during a contlngency state j ls glven by(33 :36)
| X
zn—l (R + t )
where
Rj = The ekpected duration‘of contingency State'j;
t, = The duration of load level exceeding the capa-

bility availeble'under.state j. _
X = The number of times the load rises above the
available capabiiity. | .
‘ The probablllty of encounterlng an overload condl-.
tion in a perlod D is then glven by

. _ 1 .k . ‘ |
(1 - Q) =5 I (Ryte)) _ (5.2)

The frequency of encountering an overload condition
& (36) | |
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L.F. -Q. .
53 (1 QJ) (5.3)

where Fi is the'frequency of contingeney state j.
| The probability df overload, (1- Q ), includes aise
' the contrlbutlon of those contingencies whlch start in low
load perlods and extend into high load perlods. It should be
noted that equatlon 5.2 is valld as long as the contlngency
durations do not exceed the duratlons of low lcad perlods.‘
‘The equations for the freguency and duration of interruptions
due‘to:component overload outages given in references 33 and
36 are wvalid on;y Qhen'low load durations are larger than the
-contingency durations. The next section of this chapter,
illusfretes the eifects of this assumpﬁion on the o?erload
indices. |
It was noted in reference 36 that equation 5.3.
overestimates the‘frequehcy of encountering the overload
~ .conditions because it includes the transiﬁions amonget the
states involving overloads, Tﬁis'error, however, can be
elimihafed_by'evaluating the frequency of everload condition
ﬁnder a contingeney state j separately and then combining the
results with other states according to the rules of forming
cumulative states(27).
| Reference 34 illuStrated_e conditional probability
approach to evaluate the probability and freQuency'of over—rr
load in composite systems. The probability PL and frequency
- Fy, of.encountering‘oﬁerload condition; in thﬁs‘methed, is
given by: | |

p. = I P,PL | ' (5.4)
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o= IFgRLy (5.5)
where
_Pj = The'probaﬁility of jth cﬁntingency”State.; 
PLj = The conditional probability of load exceeding

the capability of cohtingency‘statejj. .
Equations 5.4 and 5.5 underestimate thérp:obabiiitf_
: and'freqﬁencyvindiées as they db‘hot'account for system con-
tingency states which start in low load periods and extend
‘into high load‘pefiods. This‘er;or has been eiimihated by
éxtending the conditional probability apprOach‘36).; The sys-
tem loéd is represented as a stationary Markov process. The .
system daily load is assumed to consist of a peak load periodl
‘which'éxists fof some ﬁime and a low load level which exists
for the remainder of the_day. Thisrmethod coﬁside:s a few
load levels but recoénizes the effect of load and continéenéy‘
durations accurately. |

| A two state load model was described in reference -
29. In this modél,-the syétem load is considered to fluc~
tuaterbetweenltwo levels. One level corresponds to load values
greater then the capability'of the contingehcy state designated
~as high load and the other corresponds to load values lesé than
the;gépability of the contingency stéte designated és iow load.
This model aséigns fréquency and duration #o every lbéd level
_corresponding ﬁo the carrYing capabilities of the variouscon-
tingency states. The'épplication of this model was illus-
trated by considering weather associated componeht faiiures

(8,10)

for systems involving only one load point . This chapter
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employs the two state load model to quantitatively evaluate
frequency and duration of interruptions due to component over-

- load outages.

75.3..Effecte.on‘OVerioad Outage Indices of Different Service
Restoration Pfocedures |
The contrlbutlon to the frequency of encounterlng
an overload condltlon due to component 1 becomlng overloaded
1when component 2 is failed, for a two component‘pa:al}el sys-_
tem is glven by, |

Aon = X2

Pr (2(t) > L ) + A (1-Pr(2(t) >'L1n12r2 (5.6)
- where .

Az = The sustained outage rate of component 2.

X.‘é The rate of transition .from a load level less

than‘Lllto a level greater ehan-Ll.

et
]

o " The capability of component 1.

r, = The expected repair time of component 2.

Pr(l(t)>Ll) = The probability that the load at time t is ' - A e
| ‘ | | ¢ AN
greater than the capability of component 1. ﬁxi}d}

~In systems involving more than two parallel compo-
nents, eqdation 5.6 can be generalized as follows:

Aop, = rgp PrLtt) > p)+AL(1-Prcz(t);>‘;))ASLrSL (5.7)

oL SL

where

ot
i

SL The overlapping outage-rate of componenﬁs
causing the contingeocy;

The capebility of the remaining components.

i
n

-rSL = .The average overlapping time of components-
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lcaﬁsing the cbntihgency.

Equations 5.6 and 5.7 can be interpreted in a very.
interesting way. The first term 6ﬁ the riéht hand side of
these equatidns represents the contribution'to_the réte of
ehcountering the overload state due to the contingency re-
sulting in overload occurring in a high Ioad period. 'The
gecond term represents the contribution to the rate of en-
countering the overload state due to the contingency occur-
ring in a low .load period and extending into a high loéd'
period before the repair on the components,cauSing-fhe con-
tingency is completed. | ' .

The average duration associated with Aof 18 given
by: | | |

Tgp Ty,

r = 2L  (5.8)
oL rSL-l-rL )

where r# is the average duration of a high 1oéd pefidd.‘ Equaé
tioné 5.7 and 5.8 for the rate and duration of system overload
éondition coﬁsider that the durations of low load periods,
1/AL, are larger than the durations of ﬁhe:contingency.' If,
however, the low load duration is less than the duration. of
the contingency, the following tﬁo situations, after the over-
load outage has occurred, are possible.' ‘
(1) The service is restored as soon as the high load‘periodr-
| is over, no matter whether the components causing the
- contingency are restored to service or not.

(ii) The service is not restored if the‘time‘required té re-

pair the components causing the contingency is expected

to extend into another period of high load. In this



case, equations 5.7 and 5.8 are modified as follows:

A = A

oL SL ‘_(5'9)

r = r {5.10)

oL SL
The frequency and duration of interruptions due to
‘ compdnénﬁ overload outages are obtained‘for the simple sub-
-éiationrconfiguraﬁion‘shown'in Figlre 3.9 by cbnsideriﬁg the
-above methods of service restoration. Thé component‘éapa-

bilities and the associated failure and repair data used in

this study are given in Table 5.1.

. TABLE 5.1

COMPONENT DATA USED IN OVERLOAD OUTAGE STUDIES

-Component Failure Rate Repair Time Capability -

' B ‘ - F/yr : Hrs, Mw :
Transmission Lines  0.010 15.0 - 20
Transformers : 0.012_ o '_ 30.0 15
Breakers (total) 0.007 - . 10.0 ‘ -

Breakers also have a groungd fault rate of 0.002 f/yr with
, sw1tch1ng tlme = 1.0 hour. ‘

Disconnects are assumed to be completely réliable.

A Saskatchewan Power Corporation substation chrono-

logical load curveta)

'with a peak of 13.2 Mw was considered
to exist at the substation bus. The results for the average
rate and duration of intefruptions at the substation bus as
obtained from equations 5.7, 5.8, 5.9 and 5.10 are given in

Table‘5,2 fbr different values of bus peak load. It is c¢lear
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~ that the rates of interruption due to component overload out-

ages associated with service restoration procedure (i) are
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"~ higher than those associated with service restoration proce-
' ?dure;(ii);- The average duration'iﬁdex'associaﬁed ﬁith‘pro-
 ceduré‘(i) is, hbwever, sﬁai1e£‘than that associatedfwiﬁh
prodedure (ii). The total outage time'résulting f£rom ée:-,
vice reétoration prdéeduté (i) is always less thénfor;qqual

to that due to:servigé restofation procedure (ii). rh§ sudden
~increase in the'réte index'at_the peak load of 21.26 Mg:is'at-
tributed to line failufes which begin to make a contribution

to overloads at this load level.

5.4 Evéluationrof iﬁterruptions Due to Component Mainténancé‘
Outages Extending Into ﬁigh_ﬁoad Périods. |

- Component méintgnénce:outagés dépend on_ﬁhe load

- fluctuations. [Eé\generali components will not be taken out

~ for maintenande-if7such an action results in :,overlbéé_bf,
other components. This»implies that no maintenance #ctivity
‘ﬁill be sfarted in a high'load1pe:i?§zk It is, howevér,:pos-
sible that a mainténance-outagé starting in a low 1o§d'pé:iod‘
extends into a high load period and causes overload 6u£ages
of other components. If overloaded components are trippéd out
of service by the system proféction. the interruptions 6¢Curf
ring due torthis mode of‘component failure can be evalﬁétéd_ 
byrconsidering equations 5.6‘and 5.7.' As noted in seétidn- '
5.3, the first term on the right hand side of equation 5.7

- gives the contribution to the system interruption raﬁe dﬁe:to
component outages starting in high load period. Since no

maintenance will be performed in those periods where overloads
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may occur, thislterm is zero for component maintenance oute
ages. The‘second term in equation 5.7 gives the cOntribne
rtion to the interruption rate when a contingency starts in
a‘iow loed petiod but‘the loed transits to a high value beet
__fore the contingency is over. The contribution to'system“;;
‘Tlnterruptlon rate due to component 1 becomlng overloaded

when component 2 is out for malntenance, for a two component o

parallel system, 1srtherefore glven by.

R (1-Pr(L(t) > L)A2 2 (5.11)
where
X; = The maintenance outage rate of component 2.
f; = Theraverage.maintenance outage time_of compo-
nent 2.
| The average duration.associated with AOL is givenr
by: - .l L - u'-
: roL =l i%féLr , .‘ (5a12)
: r2+rL

It should be noted that in the formulation of equae
tion 5.9, it ie'asenmed that a maintenance outage is started
in a low load period (so that no other-system component is
overloaded) without any knowledge of the load in the immediate
future. This is not true if loads are'hignly predictable'in
nature. In such instances, equation 5.9 provides a pessimistic
>7estimate of the interruptionf;ate due to component'overload |
outages. |

Using equations 5.11and 5,12, interrnption rate and

dQuration indices due to component overload outages have been
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obtained for the substation coﬁfiguration shown in Figure | .
3.9. The data shown in Table 5.1 and 5.3 are used for this’
. study. The results obtained are,giveh in Table 5.4a It is
'clegrtfrom_this tabie and Table 5.2 that, for the data as-
,‘Sumed,'fhe gdntributionrto interruption indices due to )
events‘involving component maintenance and overload Qutéges
: incréﬁses as the system load‘iné:eaSes'and this contribution
715 1argér than that resultihé due to evenﬁsrihﬁolving coméq-

nent sustained and overload outages.

TABLE 5.3

COMPONENT MAINTENANCE DATA

Maintenance Average Maint.

Component - Rate, o/yr. Duration, Hrs.
Transmission Lines 0.25 7.0
Transformers o 0.25 10.0
Breakers j - 1.00 5.0

TABLE 5.4

INTERRUPTION INDICES DUE TO EVENTS INVOLVING
_COMPONENT MAINTENANCE AND OVERLOAD OUTAGES

Interruption  Average Dura- Total Outage

Peak Load Rate, £/yr. tion, Hrs. Time, Hrs./Yr.
14.52 ———— - -
15.97 0.3562 1.037 - 0.3694
17.57 ' 0.8014 ' 1.508 - 1.2084
19.33 0.9794 ‘2.598 ' 2.5444
21.26 : 1.0753 . 3.466 3.7259

23.38 1.4246 - 2.976 4.2400

5.5 Load Related Indices
In all the previous models considered; it was assumed

that the system components are'remQVed'by the system protection
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if the load exceeds their carrying capabilities. The compo-
nent carrying capabilities are considered to be constant.e,
In menyrcases, compcnents may be called upon to catry loads
.greater than their capabilities even at the risk of loss of
life. In such,cases; system_plenners may be interested in
detetmining the expected amount of overload experienced by
system components. This value when used in COnjuhcticn with
'frequency and dﬁration of states‘involving overloads can be
‘related to the expected loss ofrccmponent life during a sée-
cified period of tlme.rl

It is clear from Table 5.2 that frequency and
duration indices do not provide any information on the
exbected emount of load and energf interrupted if overlcaded
components are removed from service by the system protec-
tlon.. Thls 1nformation can be quite useful to system plan-
ners in- comparlng alternative conflguratlons. |

These load related indices can be evaluated from
the two state lcad model without any significant increase in
-attendant compﬁtaticnal tiﬂe.-As the frequency and duration
indices associeted with a pai‘ticular load level are e\}aiuated,
the amount by which‘ the loed exceeds the carrying capability
is also computed. The:everege of these values gives the
extent of‘overload experienced by the overloaded compcnents;
The expected value of overload expefiencedlby A component is
 then the weighted averege of the ovef;oad valces incthe dif-
" ferent ccntingehcy stetes &singrthe érobability of being in

those states as thelweighting factor. If in a particular
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state two or more &oﬁponents are overioﬁded, the amount of
overload is divided‘in the ratio of their capabilifies; Tﬁe
amount'of.load and-eﬁérgy interrupted at a bus, if ovérloaded
-,componentﬁ are removed'ffom servicé; are similarlyjobtained. '
Thése-indices havé'been calculated-fbrrthe substation*example ,
coﬁsidered in the pfeéious éectipns,'.fhe reSults are shown

~in Table 5.5.

TABLE 5.5

LOAD RELATED INDICES FOR SYSTEM IN FIGURE 3.9

Expected Amoﬁnt-

- Of Overload - Mw  Load Inter- Energy Inter=-

Peak Load

Transformer Lines rupted - Mw  rupted-Mwhr.

13.20 —— Ce—_— — , -
14.52 -—— - : - —
15.97 - 0.1976 -—- 15.1976 0.3912
17.57 ' 1.0830 -— 16.0830 - 1.4885
19.33 1.4278 - 16.4277 4.1345 -
21.26 2.2655 . 1.2587 - 17.2912 6.9711

- 23.38 - 3.2737 1.4063 - 18.5337 10.4843

- 25.72 4.2954 1.8654 19.7256 15.0885
.28.30 5.2533 - 2.9803 20.8208 20.3990
31.13 6.6548 4.3218 25.0760

122.2806 -

It is assumed in calculating the ehergy index,thaﬁ
the components are restored to service as sdon as the high
=ldad period is'over.' Téble 5.5 clearly Shdws that the load
reléted'indices are relatively more‘sensitiﬁé to load values

than the frequency and‘dura£ion‘indices.

5.6 Expansion Planning in Substations
A substation ﬁormally serves an area which can be
defined in'some,geoéraphical form. The area load increases

with the growth of customer demands. This growth process
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‘results in an increasedrrisk.of overloading tfﬁnsfdrmers
and other associated equipment under normal and contin—"
gency conditibns if no area and statioﬁ mbdifidationé are
made . 'Ege'risk of intefruptions due to componént‘overload
'outages can be held below a certain acceptable value by any -
of the following alternatives:
(iy' j'The GXIStlng station facilities are allowédrto carry
loads greater than‘their'capabiiitiesrthus accepting 3
‘a risk of reduced*useful equipment 1ife: |
(ii)l The existipg staﬁigh:components are répléced;by
higher'capébility components. If possible, new
" facilities can also be provided. This method of
decreasing‘ﬁhe risk"hés_an associatedApenaltf of
additional inveétmenﬁ. | o
(iii) New stations are pfoﬁided in the areé to share loé&s
" with the existing ones. This method also invpives
additional 1nvestmenﬁ:1
The problem is to develop a substatlon loadlng and
expan51on plan whlch will prov;de an acceptable level of ser-
--v1ce reliability at therlowest pQSSlble cost. It is quite
difficult to choose a single comprehensive index which de-
fines systgm reliability and a resulting acceptable level.
If it is'assumedlthat the overloaded componeﬁts
are‘tripped out ofrsefviée by the system pfotection, thé
interruption f;equeﬁcy and duratiqn due to‘compbnenﬁ over-~
load outages bén be quite uséful’indices in subst&tibn'exéan-

sion planning. This is illustrated by considering the
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substatibnrconfigurationrshéwn in.Figure 3.9. It.has been
f Aassumed‘that both peak and 6ff peak demands grow by 10%
every year. A Saskatchewan Power Corporation load with
a péak value of 13.2 Mw was considered to exist at the sub-‘
station bus‘inlthe first year and the transforﬁer'capabilities
' were assumed to be 10 MVA each. The interruption iaté‘ahd‘
'ﬁotal-duration indides 'due fo éomponent ovérload outages
were obtained through the years of expansion plannin§ by
using équations 5.77and_5.8. It was fufther aséumed ﬁhat~
with all the system components in'service, no overloading -
Vis allowed to occur. The acceptable levels of interrupéion
frequency and_total_interruption time due to component over-
load outageéwere arbitrarily séle_cted at 0.04 f/y-r arid 0.2
hrs/yr. One of the many possible expaﬁsion glternatives‘is-
considered below. | | |
(i)  Replace one 10 Mw capability transformer by Qne-with

20 Mﬁ carrying‘capability. |
(ii) ‘Replace the remaining 10 Mw capability transformer

with ahother 20 Mw transformer.
(iii). Provide a new 40 Mw capability substatién to share

| the area load. |

| The'inter;uption frequenéy and dufation indices
gs.obtained for this‘expansion‘altérnative are shown in -
Figures 5.1 and 5.2. The acceptable interruption réte index
requires that step (i) of‘expénsion be cafried out in year 2,
step (ii) in year 6 and ﬁtép (1iii) in year 7. 1In this case

it may, therefore, be advisable to go from step (i) to step
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Figure 5.2 System Total Outage Time Due to Component Over-:

load Outages as a Cr1ter10n of Substatlon Expan- -
sion Planning. ,
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(iii).directly;' The acceptable 1evel of lnterruptlon tlme
'hrequlres that step (1) of the expan51on be carried out in.
between years 2 and 3, step (11) in year 6 and step (iii)
inﬁyeaf'a. This analeis when pefformed in conjunction
, w1th present worth: studxes, can result Ln the selectlon
of a- rellable and economlc expansion plan.

It should‘be noted that the aeceptable levels'of:
' rate‘and duration indices affect the expension pattern
eignifieantly and when considered tegether'can‘give ?re4
ference to different ﬁlans. In such cases, £he.ekpected
loss of componeht life, determine&'using the expected over- . -
load values (as described in the p;evieus seetionl and their =
frequency and.duration of occurrence, can provide a unified
index for planninglgurposes. This will require determination'
of acceptable 1evels of'ldse of life forrdifferent comeonents'

in the system.

5.7 Evaluation of Overload Oueége Indiceerin Suﬁtransmission
Syetems | | |
| | In all the prev1ous examples, the systems con31dered
' have contalned only a SLngle load p01nt.‘ In system eonflgu-
- rations 1nv°1v1ng many load poxnts, the eveluation of inter—
'ruptions due to compenent oVerload outages becomes quite in4
"volved.f A prohibitive amount of effort and‘computatien ie
required to perform load flow studies to determine the load
values at which overload outages commence. This is evident

from the computations illustrated in reference 36. The amount
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of computation can be cohsiderably'decreased'and load fiow
studies avoided by ﬁsing a cu£ set approach(zl), The fol-
lqwing assumptions are.made'in the application §f this
method. | | |
(1) Loading;on the compohents are proportional to the bus

- loads they‘sﬁpply. | o
(ii) Cdmpénenf'c&pabilities'providé adequate_v¢ltage‘le§eis
| at the different buses.

The computer program described in Chapter-3 is used
_té-deﬁermine,the cut sets for various load points in the sys~
tem. The cut seté which are common to c.e'rté\in load points |
éarry the toﬁal load at those pqinﬁs...The outage indices
which result from these cut sets are determined using equa-
‘tions 5.7 and 5.8. The load parameters A, and r; used in
these equations ate evaluated by considering thé total'chrﬁno-
logical load curve for the load points having the cut set
under cOnsideratipn. The contribution to the outage indices -
due to cut sets which are associated with only one load point
is alsorcglculated using equations 5.7 and 5.8. The load

parameters, A\, and r for this case are evaluated by con-

Lf
sidering the'chronologiqal load curve at the load point for
which the cut set under éonsideration is appropriate. The
cohtfibutipns of different_cpt‘sets for a load point are
'evaluated separately and the results are combined‘to obtain
the frequency and duration indices due to component overload

ocutages. ‘A considerable reduction in computer time may be

achieved in some systems by using load cycles which are
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reﬁresentative ofrthe different periods. 'Arfurther reduc-
. tion in computation time is achieved by discarding those
'cu£_se£s which do not contain components liable to suffér_
overloads.
| The subtransmission‘system shown in Figure 5.3

was considered in reference 36 to illustrate the evaluation

- B R

 SOURCE

Figure 5.3 A Simple Subtransmission System

. of interruption ihdices due to componenﬁ overload outages by
'usfhg some of the teéhniques reviewed in section 5.2.- The

- same system is utilized to illustraterthe:applicatioﬁ of the
cut set épproaéh oﬁtlinéd above. The component pé:améteré
ﬁsed in‘tﬁis study are given in‘Table-SQG. The load model,
alSo’inen in Table 5.6, and the line capabilities of 100‘Mwﬂ
and 80 Mw as used‘in reference 36 were coﬁsidered ﬁo compare
‘the results evaluated from several other techniques(36) with
those-obtained by the cut set approach.

The various cut sets for load points B and C are
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shown in Figure 5.4. It is clear from this.figure that the
cut set with components 1, 2 and 4 is_commoa to both the

’eload points B and C. ‘The contribution of this cut set to

(I e T o I = T
7 — +{2

4 | aD POINT B =] 3

1 3
4' _ALOAD POINT.C 4

Figure 5. 4 cCut Sets for the System in Figure 5.3

the overload outage zndlces is evaluated using the comblned
chronologlcal 1oad curve for load poxnts B and C. The
 ,respective cﬁtonological load curves at points B atd C are
ﬁsea to evaluate:the'overloadaoutage indiees for the cut sets
involving COmponents 1, 2 and 3 for load point B and 3 and 4
for load point C. The results obtained by the siﬁple cut set
apﬁroach-are compared'ia Table 5.7 with thosagivenrby the
techhiqﬁes reviewed in seCtion 5.2. It is evident froﬁ_the
table that the-cut set-approach oives resultslwhich compare
reasonably well with the more accurate approaches presented
in the 11terature(36)
| It should be noted that the methods 1llustrated ;
in reference 36 for the computatlon of overload outage indices

require load flow studies and Markov analysis. The .computations
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were considerably eased by assuming the load to stay at.SOme-

, .hlgh value for half a day and a low value for the remaxnlng
"half of the day. The 1oads at pornts B and C were consrdered
1to be completely correlated.

"In many cases, however, the load model in whlch
a~¢ohstant exposure_to hlgh and low load periods is assumed
may not be wvalid. The'loads atrdifferent points may not be
.completely correlated. The cut set approach considers the .
chrohological loads at different points and therefore allows
for the’ 1nclu51on of drver31ty in loads and varylng exposure
to high load pericds. The overload outages caused due to
bunching of component failures in adverse_weatherlcan also-
be considered by a cut set approach. Theee considerations:
are 111ustrated in Flgures 5.5, 5. 6, 5 7 and 5.8 for the
- subtransmission system shown-in‘Figure 5.3. Figures 5.5
.and 5.6 shou the effect on the outage rate and total outage
time indices reepectively‘(due to component overload
outages) of varying the high load period durations. The
effectrof Varying component capabilities and adverse weather
assoc1ated failures is also 1llustrated. It is assumed that
fadverse weather periods occur at random throughout the year.
The figures clearly show that exposure to hlghrload-perrods{
rcomponeht capabiiities; component adverse weather associated
failures have a,sighificant effect on the OVerloaa outage
”indices. Figures 5.7 ahd 5.8 respectiveiy show the effect
on the outage rate and total outage time indices of diver-

sity in loads at load points B and C. It is clear from these
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figures that overload outage indices are significantly af-
'fected by diversity in the loads at the various points. The
dgreater the'lOAdjdiversity, the lower is the probability of

encountering component overloads.

5. 8 Summary
- Power system networks due to econaoinic con51dera-

3tion5c-often'1nvolve components with carrying capabllltles

-

' which are lower then the loads they may be called upon to

carry in different contlngency states. Thls practice ad-
mlts‘an assoelated loss 1n,rel1abr11ty due to componenr overe
load outages. In this chapter, eome of the available tech-
niques for the evoluation of interruptions dﬁe ﬁo'component
overload outages are reviewed. The effects on outage‘in-
dices of two different modes of service restoration after
the overload outages have occurred are examined. The'addi-
tional indioes of exﬁeeted component overload, expected load
ond energy loss indices are introducedrto estimate the
severity of overloads. Thelapplication of the overload
outage indices in expansion ‘planning. studles of substatlons
lS also lllustrated.  Such studies when performed in conjunc-
tion with present worth analysis can provide a useful ihput
to the selection of a reliable and economic expansion plan.
It has been illustrated in therpubliohed 1itera4‘
ture that the evaluatlon of overload ocutage indices in sys-
tems 1nvolv1ng many load points requlres a prOhlblthe amount

of computer time due to the associated Markov analy51s and
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load flow studies; This.éhapter has illustrated the appli~-
cation of a cut set approach to minimize théréomputation _

time and effort. The results obtained by this approach

are compared with thbse'obtained from more accuraté tech-
niques. A clqsé.proximity in the results in the‘éases
llconsidéred has been observed. The effects on overload

outage indices of component,dapabilities; ﬁigh loéd dura-
‘tidns, weather associated failufes, maintehapce considerations,

diversity in loads etc. are illustrated.



6. QUANTITATIVE EVALUATION OF COSTS OF SUPPLY INTERRUPTIONS |

t6.1 introduction

The basic. objective of electric power utllltles
is to satlsfy the customer requirements as economically as
possible and with a reasonable level of continuity and
quallty. The customer reaction to the oontinuity and qual—
ity of service being provided is therefore of prime signi-
ficance in determining_an acceptable level of system perfor?
- mance. As noted ‘in Chapter. 2, the average customer judges
the quality of his service on the basis of a composite reac-
tion to any interruption he may eXperience. Assuming '
‘Vsatisfactory_voltage levels, the customer reaction is de-
pendent upon the following factors: | |
‘(a) Frequency of interruptione.

(b) Duration of an interruption.

(e) Numberiof customers or the amount of load interrupted.
(d) Time of the day at which the interruption occurs.

(e) Season of the year in which the interruption'oocurs.
- (F) Apparent. reason for an 1nterruptlon.'

A survey was conducted in 1959 by Public Service:
Electric‘and Gas Company, Newark to measure customer dis-
satlsfactlon with Seerce in terms of "resentment" relative
to the above factors(37). Assuming an average mix of indus-
‘trial} commercial and residential customers, the'fdllowingt
conclusions were drawn. | ,

(i) Resentment islroughly proportional to the frequency

of outage and increases rapidly for frequencies
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greater than one per year.

(ii) Resentment is roughly proport10na1 to duration. -It
begins to rise rapidly after 6 hours and multlplles'
very rapidly after 24 hours. |

(iii) = Resentment is relatively 1ndependent of magnltude
of load interrupted up to lO_Mw.‘

{iv)'j_Outages‘during the evening period‘cauée‘abOut 2.5

-i‘times the resentment produced by day time,outagesf
--Outages duriﬁg the night period cause only about one
fhird the resentment of a”aay:time qgtagé.
t(v) ‘Tn compaiison with outages during the mild weather

| pe;iods in spring and fall, outdgés'dﬁiing the summer
airrconditioning seéson cause twice the résentment.
and those occurring during the winter heating season
5 times the resentment. |

(vi) Resentment caused by an unexélained outagé is nearly
3 times that resulting from a natural_cétéstrophe.‘

The above conclusions are derived considefing the
system as a whole and may ﬁot be gpplicable to any particular‘
customer. It shduld, however,‘be"nbted that the‘éustome; |
resentment.index‘is quité difficult to quantify ana a ﬁhyf'.

- sical appreciation and interpretation may not be possible.

In addition,rihis index does not provide any indication of

_ the monétary benefits obtained by alterhatiye system impréve-
ments and operating procedures. This chapter considers thé
costs of supply intérruptidns as a measure‘of customer satis-

faction. This provides a basis for the comparison of systems
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in which there is no consistent difference between the out-
age rate, duration and,toﬁal outage time indiées,of Syétem‘7

reliability.‘ The appllcatlon of 1nterrupt10n costs in the

‘evaluation of effectlveness of various 1mprovement plans is

also presented-ln ‘this chapter.

6 2 ' The Costs of Supply Interruptlons‘

' The technlques offered in the prev10us ‘chapters can

be efficiently used for cost effectlveness studies. The costs

" and the reliability benefits assoéiated with:a particular

improvement plan can be calculated. The costs and the effec-
tiveness, however; ére-not in commonsurate units. This

analysis permits the selection of a most cost effective

- choice but does not give any indication of whether the deci-

sions are worth implementing. This objedtive‘can be achieved

by performing cost-benefit studies. The costs and the bene-
fits must be in the same units. It’is eﬁident, howevar, that

cost—beneflt analysis is more dlfflcult to perform as - lt

~ requires more data than a cost-effectlveness analy31s.

The assessment_ofrcosts qf‘supply 1nterrupt10ns.
provides a bésis for costhenefiﬁ studies in power systems.
Two basic approaches are possible. The first approach con-
siders the viewpoint of the ﬁower utility;. Interruﬁtiogs to
customers may result in the following éosts to the'utility.
(i} -~ Loss of revenue from @ustqmers not served.

(ii) Loss of customer goodwill.

(iii) Loss of future potential sales due to  adverse customer

reaction.
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It should be-noted that if these costs Qere,therr
‘only factors employed in cost-benefit'studies} a very poor.
_quallty of customer supply could be Justlfled. SihCe the
-prlmary utlllty objectlve is to satlsfy tne customer needs,

' anralternatlve approach is therefore to consrder the V1ew-.‘
- point of the‘customer. The interruption frequency‘and dura-
~‘tion, the amount of load interrupted and the time at which -~
the interruptions occur are some of the factors ﬁhich influﬁl‘
ence the supply interruptionﬂcosts. .These costs are also
llkely to vary WLdElY dependlng upon the type of consumer.

An 1ndustr1al consumer may suffer 1osses due to lost produc-
't;on, spoiled product,_equlpment damage, ldle productlon |
'facilities and labour etc. An aqriculturalrconsﬁmer can
incur follow1ng costs due to supply 1nterrupt10ns-'

(i) =~ Labour cost for hand mllklng of the da1ry herd.

(ii) Loss of some of the milk production.

(iii) Cost of-grain,destroyed}during the dryinc-season.

(iv)“ Loss of some of the livestock, egg and poultry pro-.

duction etc.- _

.A'domestiC'consumer may suffer actual out—of-éOcket
economic loss only if the interruption is quiteiextended, but
may also suffer:other unquantifiable lossges associated with
‘his comfort and convenience; |

| A method 1nvolv1ng a national v1ewpo1nt was sug-
cested in reference 39 to determlne the dollar value of a
kwh curtalled Using this approach the cost of the inter-

. ruption in dollars per kwh is obtalned by dividing the GNP
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for a year by the kwh . consumed during the year.‘_This proce=~,
dure gives a value of approximately $0.60 per kwh of inter- :
'c:upticn in the U.S.(gg); It ehould be noted that £he eppli-
cation of ﬁhe costs based on_GNP and yearly;kwh consumption
ie only'&alid for broad studies which are natiocalin scope.
~In single systems, a better approach is to;estimete the costs
fcf interruptidns as expefienced by diffefent types cf‘cusﬁc-'
;mers.l The principal method of estimating these costs is‘éo_'
directly question the consumets as to how they'themseIVes
value the availability of electricity at their cremises. The
'egpected values-for costs of interruptions with different
types.cf customere can, thecefcre,_be obtained.e This proce-.
dure has been ueed in'SWeden.to estimate the cost of‘supply
1nterrupt10ns to 1ndustr1al domestlc, agrlcultural and com-
mercial consumers(38). -A SLmllar method was used by the |
Reliability‘Subcommittee of the Industrlal'and Commercial
Power Systems Committee of the I.E.E.E. to estimete che costs
~of supply.interruptions to industrial plants. A summary.cf
the results obtained by questiocing 30 companies ccvexing 68
‘plants in 9 indﬁstfies in the:U;é.A. and Cenada was made |
avallable in a recent paper(40) '

It is recognlzed that the interruptlons costs should
be split into two components, i.e., dollars per kw interrupted
and doilars per'kwh of interruption. This is essential be-
rcause some of the costs are proportlonal to the number and

magnltudes of 1nterrupt10ns whlle other costs are proportlonal

to the amount of energy 1nterrupted. Thus each customer can




156

be asked to provide estlmates of the follow1ng two costs.
(i) Dollars per fazlure - |

This includes extra-eXpense.incurred‘due to a
failure only excluding the costs of &owntime."For indus-
trial consgmers;iﬁhis will involve costs of dsmaged.equip*.'
mest,‘SPQiled psoduct; extra maintenacce and extra repair
scoscs; -
{id) eDollars per Hour of downtime -~

This includes the expenses incurredrdue'to‘the‘
'nonavailabiiity‘of electrical energy duriﬂg a certain period
.of time.- For iﬂdustrial customers, tﬁis includes thelesti--
mated revenues of product not made less expenses saved 1n'
labour materlal utllltles etc. 7

These costs are llkely to vary durlng dlfferent
perlods of the day and the seasons of the year. .ConSLder-
ing that the lnterruptlons are equally likely to occur at
Iany time, the above costs represent only the expected. value.s.'

The estimates of the costs of interruptions for
1ndustr1a1 plants, as: reported by I.E.E.E. sponsored survey(40)
are given 1n‘Tab1e 6. 1. It 15 clear from thlS table that
plants with a maxlmum demand less than 1000 kw have much
higher supply 1nterrupt10n costs than plants Wlth a maximum
demand of greater than 1000 kw. This 1ndlcates that small
induStriaisplants have a hiche:-cost of 1nterruptlons than
isrge industriai‘plants. It should, however, be recognized
- that the per kw asd per kwh costrestimetes Qary.considerably'

between different consumers and within individual consumer
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TABLE 6 1

AVERAGE COST OF SUPPLY INTERRUPTIONS FOR INDUSTRIAL

PLANTS IN U S.A. AND CANADA (40)

Plants _ {kw-- ékwh-
ALl Plants 1.8 2.68
: sPlants with.MaxQ l.QS - 0.94

Demand > 1000 kw

Plants with Max. 4.59 - 8.11
Demand < 1000 kw :

If the per kw and per kwh cost estimates for dif-

ferent types of customers are available, the costs incurred'

due_to service interruptions in a system can be easily cal-

culated by using the following equstibns‘

Cs.=

where

2

The

Ths

el

total cost of supply interruptions.

cost per kw of load interrupted for cus-

© tomer i.

_The
: Ths
: The

»The

for

cost per. kwh of 1nterrupt10n for, customer i.

‘f;equency-of lnterruptlon'fo:'customer i.

average interruption duration for customer i.

expected load interrupted per interruption

‘customer i.

6.3 8ystem Appllcatlons

The costs of supply 1nterrupt10ns can be utilized

in the evaluatlon of many dlfferent aspects of the rellablllty




158

problem;' These costs can be used to artiﬁe at a unified in-
dex of reliability. It was noteo in Chapter 3 that the out-
age fate and total outage time indices of‘feliability'can;give
"preference to different'sobstation COhfiguratioos. ﬁsingncosts
-of service 1nterruptlons at ‘a load p01nt, the outage rate and
?the total outage time can be asszgned economic penaltles to
obta;n a oompGSLte index for the comparison oﬁ various alte:—
native configuratiéns, This is-illustrated in Figure 6.1 for
 the Smele substatlon conflguratlons shown in Flgure 3. 5._,'
“The follow1ng data were assumed for the costs of supply 1nter—
ruptlons.

Cost per kw interrupted = $1.0.

Cost oer kwh-interrupted = $1.3.

When the criterion of contiouity of'sﬁpply to any
one of the two load points is considered, the ekpe-ct_ed value
‘of load ihterrupted per interruption was assumed to be 2 Mw .
in the case of a otiterioo involving oontinuity‘of supply to
both the‘load points,_the:expected‘amount of load inter;upted
per interroptionzwas'assﬁﬁed‘tc be 1 Mw per load point. It
15 clear from Figu:e 6.1'thet the‘first criterion of system
successful operation gives'preferenceito the system'in Figﬁrel
3.5£, i.e., a ring bus configuration, whereas the second
. criterion gives;preference'to syétem in Figure 3.59, i{e.;
atbreaker-and a half scheme. : |

The costs of supply interrubtions oan also be
utilized for the evaluation of benefits associated withe

having spare transformer capacity, standby units etc. This
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-aspect is illﬁstrated by considering the_substation config-
uration-shown'ih'Figure 3.9, Following data for:the.costs
of service interruptions were assumed for this,studyf

Cost per ks interrupted = $2,00;;

Cost per.kwh interrupted = $3.50.

Ekpectedfioad interrupted per ihterruption = 10 Mw.

‘Usihgfthese costs and’the'COmponentSOutageldata givén

in-Table 3. 4 the cost of service ihterruptiohs at"the sub-
statlon bus as obtained from equatlon 6.1 is $49 185.60 per
year. If a spare transformer can be made avallable Wlthln 20
hours, the 1nterrupt10n cost is redueed to $8, 008 50 per year,
a net decrease of $41, 177.10 per year. Thls can probably off-
set the cost of a spare transformer within three years. It is,
ltherefore, adv1sable in such a case to have a spare transformer.
This conclusion may not be valid if the repair time of the
transformer (1000 hours in thrs case) is relatively small..
This conclusion ‘may also not be valid 1f the cost per kwh of
1nterruptlon is very small. Another possrble ‘method to reduce
the costs of‘interruptions;is to provxde a standby unit to
pick up the load in the event of failure of the main supply.
In the case of thersubstationrexample, if the‘tihe:reqﬁired'
to bring the stahdby unit on line'is one hour, the cost of‘
supply interruptions is $7;§4§.10 per year. 'This cost de-
creases oonsiderably if the timeﬁreqqired to bring the stand~
by unit on line‘is reduced.  This is shown in Figure 6.2. The
Vadvahtage in having-a-standby unit-can only be justified-if

its annual capital and operational cost is less than the annual
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eest of interruptions sverted by the use of standby unit. .

Another application of the costs of suppiy inte;;
rﬁptiOns is illustrated by considering the distribution sys-
tem shown in ?1gure 2.4. It is assﬁmed that.this distfibu--
tion system serves 1ndussr1a1 customers at dlfferent load
'901nts. The cost data used in this study are as follows.
Load p01nts 2 and 5 - |

a= $1.5/kw, b = $5.0/kwh, C = 1 minute,"

d=0.0 hrs., F = 10 M.

Load point 3 -

a=8$3.5/kw, b = $15. O/kwh, C =5 mlnutes,

,d

0.0 hrs., Py = 8.0 Mw,
Load po;nt 4 and 6 -
- aPe = $3 000 00, bPe = 10, 000 0, ¢ = 0.5 hours,
d =10 mlnutes, e =0.70 |
In the above, | |
a, b and Pe are the‘same symbols as used 1n
equatlon 6.1.
C = The duration of time for which the interruption
does not cause any economic loss.
d = The time required to restart the p;ant after
the service is restored.
e = Tﬁe fsaction of time dsring whieh economic loss
cah”oscur. | |
. The costs of supply lnterruptlons calculated at
dlfferent load 901nts w1th -and w1thout line sectlon 8 between

buses 5 and 8 are given in Table-G.Z. ‘As expected, with the
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introduction of line section 8, ﬁhe maximum benefit:is ob~-

TABLE 6 2

THE COSTS OF SUPPLY INTERRUPTIONS |

Cost of Interrugtions, $/Year

Load Point Without Line Section 8 With Llne Section 8

2 3,819.15 2;534;52

3 8,293.25 ~ 5,526.68

4 1,276.98 . 480.73 . -

5 5,476.91 33.27 -

6 727.64 B 98.77 .
Total Costs 19,593.93-- - 8,673.97

'-tained by the customer at load p01nt 5. This'change iﬁJCOn—.
- figuration also results in an overall decrease of $10,719 .96
 per year in the cost of supply 1nterruptions,for the.entlre |
‘system. Thus the worth of line section 8 for the year under
study from the‘viewPoint'of system customers ié aéproximéteiyr
$10,720.00. This value can be-uséd in cost-benefit aha;&sis
to justify the prbposed investment in line section 8. if
should be noted that if instead of connecting buses 5 and 8
by line section 8, an addifional'line is provided hetweeh .
buses 1 and 2, the profile of cost of interruptions c@angés
considerably. This is evident from Table 6.3. o

| In this case, the maximum benefit is obtainedﬂﬁy
the customer at load point 3. Thé overall decrease in 6Oét7
of supply interruptions .is $12,262.84 per-yeér. This value

is greater than'the one obtained with a line section between
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TABLE 6.3

COSTS OF SUPPLY INTERRUPTIONS FOR THE MODIFIED SYSTEM

- Load Point Cost of Supply Interruptions, $/Year
 28.08

1,648.23

. 885.15

4,192.30

o v e WoN

' 577.33
" Total Costs _-:‘ 7,331.09

buses 5 and 8. This form of analysis, therefore, iﬁdicatea
thé benéfits obtained by different customers and the effec—
tiveness Bf alternative imprbvement plans consideiiné the
economy of the service area as a.wholé.

| " It should be noted that if tﬁe syétem shown in
_Figﬁré 2.4 (without line section 8) were undergroﬁnd with
component teméorary and maintenance outage éarameters equa1- 
:tolzero, the addition of line section 8 cannot be justified.
The overall annual cost of service interruptions with and
without 1line séction‘B'in the system respectively'are $1,567.0
ahd $7§Q.0. A very insignificant decrease ih the éost of
éupplygintérrﬁptions is obtained with the addition of line
..seétioﬁ 8‘ | | |

| _ The cost of supply 1nterruptlons can also be used

to determlne how much it is worth to lmprove the rellabilzty
of compopents such as power transformers,-czrcult breakers,

transmission lines etc. A reduction in the failure rate of
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a component may be worth the additional price peid:on the
pﬁrchase of therimprovedicomponenf.‘ This is illust}ated_in'
Fiéure 6.3 by'coﬁsiderieg.the substation exampiershown,in
Figure 3.9. Itlie‘cleer from-Figure 6.3 that the-Benefits
eésociated with ‘the improvement in reliability performance |
”eof c1rcu1t breakers and transmission llnes are not very 31gn1-
hflcant for the partlcular example under study.f The cost of
supply 1nterrupt10ns_ls decreased significantly by'transfor—'i
meér reliability improvements. ' The decrease in inﬁerfuption'.
cestsndue_to improvedrcomponen; perfOrmance éhould be compa;ed

with the costs required to achieve the improvements.

‘6J4'_Summarj

..The prime objective of electric powet utilitiesris'
to satlsfy the consumer s demand for continuous supply as
econemlcally as p0351b1e. The utility should determlne how “f
much expenditure_should be madertO'accgmpllsh a given expected
iﬁprovement in service. Since the censumer is not prepafed
‘_to pay the prlce for extremely hlgh operatlonal rellabllity,
the 1mprovement expendlture should be based on the value of
electrlc‘supply to the eus;omer, The cost of supply inter--
r&ptions as viewed from the customer's side of the meter is
a valuable tool ‘in estimetihg the deliar vaiue of the avail-
abiliéy of electric supply to the customer;f This-cheptef'pre—
sents a bas;s for the determinatzon of supply 1nterrupt10n .
j costs to different types of consumers. It 18 sometlmes qulte |

: dlfflcult to quantlfy somé of the psycholog1ca1 factors as
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comfort, convenience, anger etc. in terms ¢f dollars. The.

‘problém_is not, howeVer, inBurﬁountable as |what are really

- required are approkimate_and reasonable cost estiﬁa#es.
This chapter has also illustrat ﬁhé application

of cost of supply in#efruptioné in system gtudies. The cost

of supply inﬁerruptioﬁs aﬁerted‘by the’utilizaﬁion of spa:é7
'transformer Capacityg standby'units; additional faciliéies
_etc. can be calculated. These costs can then be taken as a o
basis for the assessment of ecoﬁomically juystified investment
in the:system._ The estimates of costs of ddpplj;interruptioné.
aisoprovide:é basis for the comparison of Systems in which
there is not a consistent differencé betwegn the outage rate

and duration indices of reliability.




7. _CONCLUSIONS

Thls the51s has 111ustrated many dlfferent aspects
of the transmlsSLOn and d;strlbutlon system rellablllty pro—
'ﬁ blem. ‘Spec1a1 emphae;s has,been placed on the evaluatlon‘of
subetation and switching‘stetion reliabilitypperformance,
3,0ne'of_the main qonoerhe has been the.developﬁeot of accu~
rate andrconsistentrmodels to represent the true componente_
and syetem'behaviour. Some aspeots of the problem are so‘
:oompiex that an acoorate model,may‘sometimee become‘oompuff
..tatronally unmanageablef. Realistié models should therefore-”
adequately represent'the true performance and at the*same
time'belmathematioeily tractable. ThlS ‘may requlre making
some simplifying but reasonable assumptlons.

System rellablllty performance in the thesis has-
been measured in terms of outage rate. average outage duraf
tion aﬁd toteleoutage‘time per year. All threerindiCes are
lmportant in order to make a meanlngful comparlson of various
system conflguratlons,= The average outage duration is a
"reiatively weaker index of_rellablllty, A design may have
the'same number of long interruptions as another design, but-
the average duratlon _may be dlluted by other sustalned 1nter-
'ruptlons whose duratxon is llmlted by short sw;tchlng tlmes.

7 The rellablllty 1nd1ces have been obtalned at different load
901nts of the system, ThlS approach is very useful because
a general level of system reliability does not rpdlcate_how
the'different continuity requirements of the_ouStomers are

being satisfied.
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The author’'s M. Sc; the31s( ) developed a set of
equatlons for the evaluatlon of lnterruptlons due to compo-
_nent permanent,,temporary, malntenance andeoverload outage
_rcategories. The failure eheracteristics of componehts ex-
posed to a changing environment were eoheidefed by using a
two'state-ﬁeathe: model. The results giﬁen by the equatiohs‘
A wefe'shOWnttotbe”quite°close to those obtaineﬁ'byhewtheore-
stically accurate Markov approa.ch(9 10). This thesis has il-
'lustrated the appllcatlon of the equatlons by a sequentlal
and stralghtforward technlque utlllzlng a 51mp11fy1ng cut
‘set approach {:g ba51c requlrement of the ana1y51s is the
determlnatlon of equlpment fallure comblnatlons which w111
cause 1nterrupt10n at the deSLgnated load p01nt:][mhe equa- U
tions which are permahentlyrstored in the computer memory are.
. then:Called in accordihg‘to the conditions.of weather, repair,

maintenance etc. for the evaluation of reliability indiceég

The resulting analysis indicates. the relative severity of dif- .. =

ferent failure catego:ies and delineates efficient.and:effec-"

tive means of:improvinglsystemrreliability.

| | Compoheht feilure.models considering‘only‘one sys-e:
-teh effect can proeide quite optimistic‘estimetesrof reli-e
ability indices. It is important to note thet‘e.line outage .-
due.to a phase to ground fauit causes an éhtirely.different
response of the protectlve system than that caused by a.
conductor open type fa;lure. The claSSLflcatlon of component e
fallure categorles accordlng to their system effects is there-

fore essentlal for accurate rellablllty predlctlons. This
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" thesis has considered two modes of component'failufe'design--
ated as active and passive. The system effect of.active
failures is the outage of many other healthy components to-
gether w1th the failed component, whereas the passive fallures
involve theroutage of the falled oomponent only . Ut11121ng
_'these‘coﬁcept51 a computer program ﬁas.beeh'developed to per-
* form system reliability studieé effidiently.e'The‘basic‘steps
" in the'program inVolvé- | | -
(i)  the determlnatlon of events and their p0331ble com~
| binations that can cause outage to the de31gnated load
“7901nt. The mode of service restoratlon corresponding
to each failure event. is aiso‘determined.
(ii) the calculatioa of outage frequency and duration in;
dices using approoriate equations.

-The performance of the failure modes and effects
analysis {FMEA) in steo”{i).does not ;equire any component.
outage data, and.freqoently the FMEA resulté are valuable
-indicatots of system reliability, The- program is.eapablez
of handling normally open or‘closed-switehes'or breakersepre—
sent in the system. The oﬁtput of the'proétam providea a
detailed perspective'of the system reliability perEOrﬁance,'
| Preventive maiatenance-polieies can have a signi-
ficant effect on theusystem rel;ablllty indices. The various
consideratlons involved in the selection of a preventlve
 .maintenance program from a rellablllty V1ewp01nt have been
dlscussed in this thesis. The optlmlzatlon of component

reliability performance requires the establishment of
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functional relations betweenrtherfailure'and-maintenancer
4.parameters. 1t has.been illuStrated that by properly
co—ordinating the'component maintenance, the contribution“
. of the’ malntenance associated failure events to the system
-‘outage 1ndlces can be conSLderably reduced. It is recom- f
mended that co-ordinated maintenance be performed on those
components which together are not. present in any system cut
set. hE'juStlflable increase 1n component average malntenance
time, to. retaln the beneflts of co-ordinated malntenance, haVe
'also been analyzed in this the31s..‘

The evaluatlon of lnterruptlons due to component
overload outages, in systems with many load poznts is qulte
difficult. The reliability indices depend upon the mode of
service restoration after the overload.outages_have occurred,
Some of the avallable technrques for the evaluation of over-

. 1oad outage indices have been rev1ewed in thls ttESls. Ther-‘
effects on the rellablllty lndlces of two methods of servrce
rrestoratlon, after the overload outages have occurred, have
been illustrated. It has been shown that the cut set approach~/’
can be extended for the evaluat;on of overload 1nd1ces in sys-
ftems,thh many load polnts, The assumptron 1s made that

' cOﬁponents'have fixed carrying caPabilities. This the91s has
also 1llustrated the appllcatlon of overload outage indices

in the expansion plannlng of substatlons. This study when."
performed in conjunctlon with a present worth analysis can

ald in the selection of a reliable and economic expansion

.plan.
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Custome:rsatisfaction expressed inidollars and
cents is the ultimate measure of system réliability._‘There
is‘no'justificatioh for increased reliabilityirespecialiy
if the custdmer‘has to be Called“upoﬁ‘to ?ay_for it hnleSS'

the increased‘réliébility,is,worﬁh.as much or more to him.
'.The'costs.of suppiy interruptions asseséed by the cuStomers.
themééivéé« provide a basis for estimating the dollar value
of fhe éVAilability:Of electric supply at their'prémiées.

The application,of iﬂterruption cost esﬁimates in the evaiuf
ation of economically jnstified'investments in the system :
has been illustrated. The‘econpmic benefits obtained by

the utilization ofrspare transformer capacity, sﬁandby ﬁnitst
additional facilities etc. have been evaluated.. The;e:ésti-
mates can be used in cost-benefit étﬁdies fér evaluéting‘tﬁe |

incremental benefits associated with different improvenient

plans. -Interruption‘cost eStimaﬁes have been used for the

comparison of systems in which there is not a consistent

difference between outage rate and duration indices.

The methods of reliability assessment‘presénted_in
- this thesis supply quanﬁit&tivély the probability ingredient
missihg‘from the contingency rule apprdach. The sensitivity;_
studies on compenent and system'paramete;s illustrated in
varidus chapters are valuable in indicating overall system‘
pérformance and in pinpointing system‘wéaknesses.r In con-
trast with many other-possibiy more sdphistic&ﬁed‘tééhniques;
it is believed that the Simpie aﬁd sequential:anaiysié-bré* 7

sented will readily be accepted by system analysts and plénners.
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9. APPENDICES

_ APPENDIX A
DEFINITIO\IS OF OUTAGE TERMS f

~A.1 Outage Def1n1t10n5(13)

Outaqel _

|  'an oﬁtage'deScribes,the,etaterof‘aﬁcomponent when
it'iesnOt‘evailable to perform its'intended function due to
eomelefent directly essociated with that component.

Outage Categories |

©1. Forced Outage
A forced outage is an outage that results from

emergency-conditione‘directly associated with a component
requiring‘that‘it be taken out of service immediately, either
automatically or as soon as switchingloéerations can be pef-
formed, or an outage caused by imp;oper operetioﬁcof equip~
‘ment or human error. ) . |
2, Scheduled Qutage 7

| A scheduled outage is an outage that results when
-a component is dellberately taken out of serv1ce at a selected
tlme,-usually for the purpose of constructlon, preventive main-
tenance Or,repai;. |

Forced Outage'Categories

1. Tran51ent Forced Outage
A tran31ent or temporary forced outage is an outage
whose cause 1s‘se1f-clear1ng so that the affected component

can be restored to service either automatically or as soon
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as a switch‘or circuit breaker canfbe reClosea or‘e'fuse re-
;Pléced. An example of a temporary forced outage-is-a'light-
| niné flaéhover which does not oermanently disable the flashed
component. |
- 2, Permanent Forced Outage
| A permanent or sustained forced outage 1s an outage
“whoechause is not-self—clearlng, but must be corrected by,
ieliminating the hazard or by repairing or replaciné rhe com-
—.bonent before it can be returned to service. An exemple of -
a sustalned forced outage is a WLre burndown. |

-.Weather Condltlons

1. Normal Weather
o . Normal weather xncludes all weather not’ desxgnated
as adverse or major storm disaster.
2. -Aﬁverse Weather
Adverse weather designates weapher cohditions which
' cause an abnormeliylhigh‘rate of forced oucageslfor.exPosed
componehts during the periode sﬁch condiﬁions persist, but-do
not qualify as major storm disaster} |
3. ‘Major Storm Disester
ﬁajor storm disaster designetes Wearher which ex-
ceeds design limits and which satisfies all of_the following:
(a) Erﬁensive'mechanical damage,- 7
(b) more thah a epecified percentage of customers out
| of:serﬁice, and
r(c) service restoration'cimes_longer rhan a specified

time.
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Examples of major storm disasters are hurricanes

..and major ice storms.

"‘Exposure Time

Exposure time 1S the time during'which a component

. is performing its intended function and‘is subJect to outege.

iSWitching;Time

| SWltChlng time is the period from the time a sthch-

fing operation iS'required due to a forced outage*until‘that

-:lSW1tChlng operation is performed. Fot'example, switching -
"operations include rec1051ng a Circuit breaker after a trio
out, opening or closing a sectionalizing sw1tch or circu1t,‘

breaker, or replacing a fuse link.

-_A.Z. DefinitionsAof-Customer.end.Sjstem'Oriented Reliability
Indices(14) _ |
1. System Average Interruption-FrequenCy Index.

This index is.defined'as'the‘average nomber of in—
terfuptions per costomer setved per time unit. It is deter- d
~mined by dividing the nuﬁber 0f customer intertuptions in a
VYeai by the nomber‘of customer eerved.‘rThis index may be
applied to sustained and/or temporary interruptions, and
this should be deSignated in the index. .

2. System Average Interruption Duration Index
7 This index is defined as the average interruption
‘ duration for customers served during a Sp601fled time period.

It is determined by‘diViding the sum‘of all customer inter-

~ruption durations during the specified period by the number



of customers served‘during that period.
3. ‘Customer Average intgrruptibn Frequency Index

This index is defined aé the average ﬁumber of
interruptions per customer ihterrupted ﬁer time‘unit. It
iéidetermined by dividing the number of customer inﬁefrup—

tions observed in a year by the number of customers af-

fected. Count customers affected only once regardless of -

number of interruptions that may be experienced.

4. Customer Average Inﬁerruption Duration’ Index

This index is defined as the avéxage interruption

duration for customers interrupted during a specified time
; ) . ,

. period.' It is determined by dividing the sum of all custoé'

:‘_mer interruption durations durihg the specified period by

‘the number of sustained customer interruptions during that

7 period; '
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'APPENDIX B-

h'cur SET APPROXIMATIONS

rhet =N represent the ith mlnxmal cut set for a
: partlcular load" p01nt._ Let C denote the fallure of this
“cut set. The probabillty of fallure at the load 901nt under.
' conSLderatlon is given by: - o S o
'_pF-- P [cl + c2 + c:3 + ] (L)
From the ba51c probablllty theory, the probablllty of ~occur-
'rence of events A or B is given by:
P (AtB) = P(A)4—P(B)J-P(Aﬁ)_l. ':.(Bz) -
: _When probabilities P(A) and P(B) are very small, equation
(B2) can be approxlmated as follows. 7 _ | _
| P(A+B) = P(A) + e _ ; <33j
Equatlon (BB) prov1des an upper bound on the probabllzty
_p(A+B).' The fallureeprobabllltles of power system.compo-
nents.are'ﬁery small ehdtherefore the probabilities'?(Ei)'
. P(E ) «... are very much smalier.' The expression (Bl) can

'then be approximated by the follow;ng relation:

P, = P[cl] + P[C]+ P[Ca] Foeeeenas

which proVidee a very'close=approx1matlon of_PF,' The system
failure;frequency can similarly be calculated by:the'fOIIOW6
ing approximation: = . '

Ep = I3 PG wyy
where.uii repreSents,the sum of the repair rates of ellithe

‘Componentshcontained in the cut set Ci.




" APPENDIX C

' OUTAGE RATE AND DURATION EQUATIONS COMBINING
 PASSIVE FAILURES AND MAINTENANCE OUTAGES

As noted in Chapter 3, component maintenance out- -

,jages have the same system effect as do the component pa581ve .

'éfailures. These outage 1ndices can be comblned to obtaln
”;equivalent total outage rates- and duratlons. Thls 1s shown
'7€below for a cut. set. of two components 1 and 2 ‘
S Equlvalent total outage rate of component 1

Equlvalent average outage duratlon of component l

= A1r1+"1 1 =
e b R b |

MM

el :

Similar expressions can be'Written-for-component-2'

The oontrlbutlon to the system fallure rate due to’
thls two component cut set 1s

A= A\ S (c1)

s. ‘e Z-eii' Aez lxez;}g"

This equation takes into consideration that a maintenance out-.
age cannot occur if there 1s ‘some outage already exxstlng in .

“the system.‘ The average duratlon a35001ated w1th the fallure |

‘rate A_ .is given by: o
: . - Teif2 ' Ly ej | e
tg © 7\e']_)*z Aglr i+r2)‘+-lezhl Aglry +rl) (Cz)‘

VEquations (Cl) and (CZ) y1e1d the following results.' 7
g = Apgn * A1A2rl * %2*1 2 * Alerz e

: ‘and' _-
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—
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] ()
r +A r.+i.r.+i,.r . ‘

S o5 MAF 15 R S M 2

Expressions (C3) and  (C4) are similar to those

obtalned by using the comblned equatlons of malntenance and

‘ pa551ve fallures glven in Chapter 2.

-Similar con51derat10ns

-are. appllcable for cut sets 1nVOIVLng larger number of com=-.

-ponents;




RELATION' BETWEEN

APPENDIX D

THE BREAKER MAINTENANCE OUTAGE RATE

AND' THE PRDBABILITI‘OF STUCK BREAKER STATE

 The state space diagram for a normally closed brea-

.ker protectlng an equlvalent component A is shown in Flgure

D.l.- The equlvalent_component deSLgnated as A represents a

Set of system components.the failures of which require the ...

operation of the breaker under consideration. In Figure

failure rate of equlvalent component A.
repair rate of equlvalent component A.
failure rate of the breaker.

repair rate ofAthe-breaker.

maintenanCe outage rate of.the'breaker. 3
maintenance'rate of,the breaker. |

maintenance outage rate of equivalent

component A.

D.1l,

"AA = The
uﬁ'?'The
AB = The
Mg =‘Tne

[1]
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" N
FB = The
. AA.= The_
" :
“A = The
As =_The

malntenance rate of equlvalent component A.

rate of breaker stuck condltlon.

-The l value depends upon - the breaker characterls-

tics and is a function of the number of times the breaker: is.

called upon to operate. 1In Figure D.l, the false trips of

“breaker have not‘been conSidered. It has been-aSSumed that.

-equivalent component A does not fail in the de-energized

‘-state;(where breaker is in a failed state).

State 2 represents a condition where component A

is working normally and the breaker is stuck. This state,
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Figure Dl State Space Model For a Component Protected By

' A Breaker.
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as showﬁ.infﬁigure_n.l, is terminated by the following three
events: | .

(i) The maiﬁtenaﬁde of the breaker is startéd,
(ii) The'féilures 6f equivalent component A.
(iii) The failures of;the breakef.

"LétiPi-denote the probability of existence of the
‘ith state.  Under steady~staté conditions, the frequency of
transitidns ihto state 2 is equal‘té the frequency‘ﬁf transi-

tions out of state 2. Therefore,
1] ’

Plks = Pz‘(lB +.AA + AB)
or ,
‘ | AsPl
P2 = -
. AB + AA + AB
Since P21
- A . o
P, = -m S : _ - (D.1)
. AL + EA + kB

B
Equation D.l clearly shows that if the maiﬁtenance rate of
‘ " - o ’ ' '
the breaker (AB);is'increased, the probability of a stuck

breaker condition (Pz) can be significantly decreased.




. APDENDIX E
ISOME.DATA COLLECTED FROM THE : o
SASKATCHEWAN POWER CORPORATION SYSTEM 7
The author was with the Saskatchewan Power Corpo-
' ratlon Reglna for about a month collectlng some component
'_and system data. The folloW1ng 1nformatlon was extracted
from'the'SPCaoutage-reports,'"'
'E.1 Outage Data
| 230 kv transmission lines
} Number of circuit miles = 777. 6 Number of lines =_7;f
Years of expetience = 3 (1970, 71,72), Number of
outages =_44.
| Total outage time = 26042 5 minates.
Permanent outage rate = 0 0189 f/yr/mlle, Average
outage durat;on = 9. 84 hrs.
133 kv transmissionallnes |
. Numbex of circuit milee ='140$.5, Number of lines = 18.
'YeatS'of‘experiehce1%'3 (1970,71,72), Number of
permanent outages = 96. |
Number‘of temporary outages =l21.0, Total outage‘
time = 15556.5 mimutes. |
Permanent-outage rate = 0.,0228 f/y:/mile;'Average
;outaoe duration = 2.71 hre.‘ | | | |
“Temporary outage‘rate = 0.00499'f/yr./mile.
72 kv‘grid lines |
Number of citcait miies = 194.2; Number of lines = 7.

Years of experience = 3 (1970,71,72), Number of
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permanent outages = 85.
Number of temporary outages = 15, Total outage
time = 3291. 5 minutes. |
Permanent outage rate = 0. 146 f/yr/mlle, Average
~ outage ‘duration = 38 7 minutes,
Temporary outage rate = 0.0257 f/yr/mlle.
138/72 kv transformers

" Unit years:of experlence = 174. Number of perma-

nent outages =f2‘
Number of maintenance outages = 5.
Permanent outage rate = 0.0115 f/yr., Maintenance
outage rate = 0.0287.

230 kv transformers
Unit years_ot experiencel=_63; Nambersof'oerma-
nent outaoes-= 0. |
n?ermanent_outage.rate =m0.0,r/yr.,

Other 138 kv transformers |
Unit years of experience = 109. Number of'perma—
'nent outages = 2. |
Permanent outage rate = 0.019 f/yr.

72,kv transformers |
Unlt years of experiehce = 198. Number of:perma?
nent_outages = 4.

Permanent outage rate 5'0.02 f/yr.

E. 2 Costs of Outages

Some estlmates for the costs of serv1ce interruptions

have been obtained by the Saskatchewan Power Corporatlon by
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directiy qguestioning the7customers. The estimates have not
.been separated into’ costs per kw and per kwh of lnterruptlon.
Some of the 1nterrupt10n cost estlmates obtalned 1n year 1970

. are given below:

Saskatchewan)ﬂinerals

One minute outage, $50,00 to 150.00 = Peak .Load = 1 MVA

30 minutés outage = $262.00 to 362.00

‘One hour‘outagep $474.00 to 574.00
Oﬁtages longer than 3 hours in,summer1and:one\and one -
' helf heurs'in winter = $4550 to 5282 + $414 per addl—
thnel hr. of outage.
Boh Beer. |

.Labour -‘cost + Direct_

Cost per hour of interruption

cost ' ' s

|

175.00+1298.00=$1473.00

‘Burns Food Limited

One minute outage = §17.65 - : Peek_Load =
30 minutes outage = $529.50 1.5 Mva
- One hour outape L= $l323.44 o |
Pulp Mill o

One minute outage %‘$5000,b0 Peak Load
30 minutes outage = $15000 to 2;000
. One hour‘outage- = $50000.06
Potash | |

10-15 MvVAa

One minute outage = $600.00 . Peak Load

30 minutes outage = $10000 te‘20000

One hour outage $200067to 40000



0il Refineries

:_One‘minute 6utage - i.":Peak Loaqf='6:ﬁVA‘
30 minutes outage = $1000 | |
i One hour'oufaée'? =‘$20000
Hﬁdsﬁn'Bay,,Regina‘ | | -
Onéxminufe cutage =‘$200;00 | Peak Load = 1 MVA

30 minutés—outagg = $4500.00 -

One hour outage . = $9000.00-
' - Canada Cement' ' '
_ One minutg-outage = ——— ~  Peak Load =

30 minutes outage =_$25,007-,

One‘houi outage = $50.00

E.3 The Substation Chronological Load Curve

- The substation ch:onological load Curve'used in

studies given:;n Chapters 3 and 5 is shown in Figure.E.l.'

2 MVA
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AN ILLUSTRATION OF SYSTEM CUT SETS

APPENDIX F

A cut set is a set of components which when removed from

the system interrupts all connections between the source point

and the load point. If all the components in a cut set fail,’

the system will be failed regﬁrdless of the condition'of'the

other components in the system. The system may have a large

number of cut sets and a particular component may be in more

than one of them. The cut sets for load point A shown in

Figure F1 are as follows:
1

SOURCE
2

Figure F1: A System for Illustration of Cut Sets

Cut Set

1

“n & »

Components in Cut

3
1,2
1,3

1,2;3
2,3
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A mininalrcut_sét is defined as a cut sef in which there .
is no éubSet of camponeﬁts whose failure aione will cause the
system to fail. This imp1iés.that a nominimal cut Sét
corresponds to ﬁore_componeht failures than3a;e required to
~ cause system failure. 'Thé minimal'égt sets for load point A
are as“follows:

* Minimal Cst . Components in Minimal -

Set o : ~___Cut Set
1 | s
2 , _ - 1,2
These minimal cut sets are shown in'Bigure F2
' !
»> 3 < ..—'-—‘ - — ]
‘ 2
First Order - A ~ Second Order
Cut Set R Cut Set

Figure F2: Minimal Cut Sets for System in Figure Fl
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